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Introduction: The epidemic spread of the harmful bacterium Xylella fastidiosa
causing the “olive quick decline syndrome”, decimating olive trees in southern
Italy, in the region of Apulia, prompted investigations to search for olive
genotypes harbouring traits of resistance.

Methods: A prospecting survey was carried out to identify, in the heavily infected
area of Apulia, olive genotypes bearing resistance. Given the limited genetic
diversity in the commercial olive groves with few cultivars widely cultivated,
surveys targeted predominantly spontaneous olive genotypes in natural and
uncultivated areas. Trees, selected for the absence of symptoms, were
subjected to diagnostic tests and parentage analysis to disclose their genetic
background. Transcriptomic analyses were also employed to decipher the
molecular pathways in resistant genotypes. Artificial inoculations were carried
out to confirm the resistant phenotypes of four open-pollinated seedlings of the
cultivar Leccino.

Results: Among the 171 olive collected genotypes, 139 had unique simple
sequence repeat (SSR) profiles, with the cultivars Leccino, Cellina di Nardo, and
Ogliarola salentina being the most frequent candidate parents. Among the
Leccino progeny (n. 61), 67% showed a highly resistant (HR), resistant (R), or
tolerant (T) phenotype to infection by X. fastidiosa. The occurrence of such
phenotypes among those deriving from Cellina di Nardd and Ogliarola salentina
was 32% and 49%, respectively. Analyses of the transcriptomic profiles of three
Leccino-bearing genotypes, naturally infected and not showing symptoms,
unravelled that a total of 17,227, 13,031, and 4,513 genes were found altered in
the expression, including genes involved in photosynthesis, cell wall, or primary
and secondary metabolism.
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Discussion: Indeed, transcriptomic analyses showed that one of these genotypes
(S105) was more resilient to changes induced by the natural bacterial infection
than the remaining two (S215 and S234). This study consolidates the evidence on
the presence and heritage of resistance traits associated with the cv. Leccino.
Moreover, valuable insights were gathered when analysing their transcriptomic
profiles, i.e., genes involved in mechanisms of response to the bacterium, which
can be used in functional genetic approaches to introduce resistance in
susceptible cultivars and initiate strategies in olive-breeding programs through

marker-assisted selection.
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Introduction

The cultivated olive (Olea europaea, subsp. europaea, var.
europaea) is one of the most important oil crops in the world, and
95% of total olive oil production is derived from the Mediterranean
Basin (Mariotti et al., 2023). Olive accounts for a very rich varietal
heritage, which is represented by more than 1,200 named cultivars,
over 3,000 minor cultivars, and an uncertain number of genotypes
including pollinators, local ecotypes, and centennial trees (Hosseini-
Mazinani et al., 2014; Diez et al., 2015; Mousavi et al., 2017; El Bakkali
et al., 2019; Salazar-Garcia et al., 2019; Sion et al., 2019; Valeri et al,,
2022; Mariotti et al., 2023). Nowadays, the olive cultivation scenario is
rapidly changing with the transition to modern and intensive
cultivation schemes, entailing the plantation of a restricted number
of cultivars suitable to such management systems, thus reducing the
large biodiversity typical of the traditional olive industry. Locally
grown varieties, empirically selected by farmers and naturally tested
for their resilience to climate change, reduced water supply, energy,
and chemical resources, represent a high-value source of variability
for the sustainability of olive cultivation (Sakar et al., 2016; Sorkheh
and Khaleghi, 2016; Cheng et al., 2017; Veloso et al., 2018; Hussain
et al., 2019; Khadari et al., 2019; Mousavi et al., 2019; Atrouz et al.,
2021; Islam et al., 2021; Omri et al., 2021; Topi et al., 2022; Valeri
et al,, 2022; Duran et al, 2022). In traditional olive-growing areas,
such as Apulia, much of the great genetic and phenotypic variability
represented by the local germplasm is only partially explored, and
often, some traditional varieties have been grafted with a few selected
cultivars as happened in the Salento peninsula with the cultivars
Ogliarola salentina and Cellina di Nardo. For this reason, it is
important to conduct an in-depth investigation to adequately
preserve and evaluate the current diversity of the olive tree and
thereby initiate a renewal of olive growing against emerging diseases
and climate change.

Currently, this important Mediterranean crop and landscape
iconic tree is threatened by a severe disease, the olive quick decline
syndrome (OQDS), caused by a strain of the bacterium Xylella

Frontiers in Plant Science

fastidiosa subsp. pauca (Xfp). This harmful plant pathogenic
bacterium has been extensively investigated in the American
continent where the pathogen originated and has evolved under
different selective factors in biologically and genetically distinct
populations (Castillo et al., 2020; Kahn and Almeida, 2022). In the
Americas, it is well known as the causal agent of detrimental
diseases in crops and landscape trees, while it is only in the last
decade that outbreaks emerged in the European and Mediterranean
countries, with infections affecting olives, almond trees, and several
essences typical of the Mediterranean flora (Landa et al.,, 2020).
Bacterial invasion in these new territories encountered favourable
climatic conditions, a number of susceptible host species, and
efficient insect vectors, such as the spittlebug Philaenus spumarius
L., contributing to the expansion of the initial outbreaks and
favouring the persistence of the infections in endemic or epidemic
forms. OQDS is the most emblematic example of the detrimental
impact of this pathogen conquering the Old Continent (Saponari
et al,, 2019). This deadly disease was described for the first time in
the South of the Apulia region (southern Italy), where in 2013 an
outbreak of Xfp was recorded (Cariddi et al.,, 2014). In the same
area, the extensive cultivation of highly susceptible olive cultivars
Cellina di Nardo and Ogliarola salentina caused the rapid evolution
of the initial outbreak into one of the most severe epidemics in the
history of plant diseases. Several million olive trees, including
centennial plants, have been decimated with inestimable damage
affecting different ecosystem services (Schneider et al., 2020).

Further investigations in other olive-growing areas in the world
disclosed the occurrence of symptoms resembling those of OQDS
reported in Apulia, Brazil (Coletta-Filho et al., 2016), Argentina
(Tolocka et al., 2017), and Ibiza (Moralejo et al., 2020). In all cases,
different X. fastidiosa (Xf) strains belonging to subsp. pauca (Xfp)
have been detected and/or isolated from the diseased trees.
Conversely, in California where only strains of the subsp.
multiplex have been reported infecting olives, only mild shoot
dieback phenomena have been so far described (Krugner
et al., 2014).
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Nowadays, no curative solutions exist to rehabilitate Xylella-
infected plants, and currently, the control relies on reducing vector
population and removal of infected sources, whose success depends
on the timely application of the interventions (Morelli et al., 2021).
In this context, as for many vascular plant diseases that are difficult
to control with conventional means, genetic resistance represents
the most promising long-term strategy for their sustainable
management. With reference to the major Xylella-susceptible
crops, such as grapevines, citrus, and olives, significant variations
in the plant response and transmissibility of the bacterium are
observed among genotypes and cultivars. Plants of susceptible
cultivars generally harbour high bacterial populations in all
tissues and show severe symptoms, while those exhibiting
resistance maintain low bacterial loads, erratic distribution of the
bacterium in the infected tissues, and limited expression of
symptoms. In grapes, all domesticated grapevines (Vitis vinifera
ssp. vinifera) are susceptible to Xf, whose infections cause the
notorious Pierce’s disease (PD), while some wild relatives, mainly
Vitis arizonica, exhibit strong resistance to PD. Resistance
phenomenon in this wild species has been associated with the
segregating Pierce’s disease resistance 1 (PdRI) locus (Krivanek
et al., 2006; Riaz et al., 2008).

Similarly, in citrus, the existence of genetic traits of resistance to
Xfp has been reported; i.e., several mandarins (Citrus reticulata) are
considered resistant (Niza et al., 2015), while the majority of the
commercially cultivated sweet orange (Citrus sinensis L. Osb.)
varieties are susceptible (Laranjeira et al., 1998). Citrus hybrids
obtained between these two groups of species demonstrated the
segregation of the resistance genetic traits in the progeny (Mauricio
et al., 2019).

In olives, resistance phenomenon to Xfp has been discovered in
two cultivars, Leccino and FS-17, whose infected trees show limited
occurrences of desiccation phenomenon on the canopies, together
with low populations and localized presence of the bacterium in the
canopies of the trees. Recent studies, mainly based on physiological
and anatomical observations and metagenomic approaches, suggest
a quite complex network of host-pathogen interactions and factors
involved. For example, resistant trees of the cv. Leccino appear to be
able to isolate the bacterium in xylem vessels (Walker et al., 2023),
respond to and better manage the drought stress caused by the
bacterium (de Pascali et al., 2019; Surano et al,, 2022), efficiently
resist to the activity of the bacterial cell wall-degrading enzymes
(Montilon et al., 2022), and sustain a “resilient” microbiome
(Baptista et al., 2019; Giampetruzzi et al., 2020; Vergine et al., 2020).

It should be remarked that despite the relevant research
investments over the last century, the genomic architecture of
resistance to Xylella has been limitedly investigated, and its
genetic basis remains largely unclear. Even so, the most recent
research outcomes suggest the existence of common defence
responses across the main crop species. For example,
investigations on the resistant olive cv. Leccino indicates that
proteins belonging to the leucine-rich receptor kinase family are
involved in the plant response to infections (Giampetruzzi et al,
2016), a research route that is supported by the existence of similar
evidence in grapevine (Agiiero et al., 2022) and citrus (Rodrigues
et al., 2013).
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In olives, despite the germplasm richness in terms of genetic
diversity, preliminary results of large-scale screening for Xfp
resistance indicated that none of the tested olive cultivars/
selections showed a level of resistance similar to or higher than
that of Leccino and FS-17 (Boscia et al., 2017). In contrast, in olives,
the availability of large, crossbred populations of genotypes is very
limited due to scarce investments in breeding programs, whose
main challenge is the long duration of the preselection and selection
phases. However, the emergence of OQDS makes it no longer
possible to devote research efforts to the development of new
resistant genotypes by classical or biotechnological approaches. In
the meantime, to take advantage of the natural selection process of
resistant genotypes in the area affected by the Xfp epidemic, we
conducted an extensive survey in the demarcated infected area of
Apulia where the cultivated and natural olive germplasms are under
high pressure of inoculum for many years.

Surveys carried out over the past 6 years allowed us to identify
171 spontaneous olive genotypes, based on the absence of manifest
Xfp symptoms, which were tested for several years to monitor the
occurrence of the infections, the bacterial population size, and the
development of symptoms. Over time, several genotypes became
symptomatic and were discarded from further studies and
assessments, while many of them remained symptomless or with
mild desiccation phenomenon. Parentage analysis was carried out
to disclose the genealogy of these genotypes and assess which
cultivars contributed to the resistant phenotypes. On a few
selected genotypes displaying highly promising resistant
phenotypes, more in-depth analyses were carried out, i.e.,
transcriptomic profiling and artificial bacterial inoculations to
reproduce under controlled conditions artificial infections and
monitor the genotype response to Xfp.

Results

Phenotype assessment on the
selected germplasm

In 2022, a final assessment was performed on all selected
spontaneous trees by scoring the presence/absence of symptoms
and by testing multiple sub-samples from each tree. Genotypes were
categorized as highly susceptible (HS), susceptible (S), tolerant (T),
resistant (R), and highly resistant (HR) based on symptoms severity,
estimation of the bacterial population in the tree, and frequency of
Xfp-positive shoots in the canopy. According to the results of the
genetic assessment, these 171 genotypes have been divided into two
groups after genetic analysis—open-pollinated seedlings (n. 139)
(Supplementary Figure S1) and cultivars (n. 32) (Supplementary
Table S1)—with the latter including genotypes visually
misidentified as putative seedlings.

The selected genotypes were all asymptomatic and with low or
undetectable levels of the bacterium when firstly identified in the
area (Supplementary Figures S1A, B). Nonetheless, almost half of
them during the period of observation (2016-2022, Supplementary
Figure S1B) became symptomatic and highly infected, as shown by
the number of genotypes categorized as HS or S (Supplementary

frontiersin.org


https://doi.org/10.3389/fpls.2024.1457831
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

La Notte et al.

Figure S1E). However, it should be considered that concomitant
biotic/abiotic stresses in some cases may have exacerbated the
desiccation phenomenon.

In contrast, the absence of symptoms and the low infection rates
in the remaining genotypes not necessary can be associated
unambiguously with the host response, given the variable
epidemiological conditions occurring in the different locations
(i.e., adverse conditions for the vectors) and the observations
limited to single unique individual trees without biological
replicates. This shortcoming emerges also from the phenotypic
assignment for the 32 genotypes that afterwards have been
assigned to known cultivars (Supplementary Table S1). In this
batch of trees, while data are consistent for the resistant cultivar

10.3389/fpls.2024.1457831

Leccino and the susceptible cultivar Cellina di Nardo and Ogliarola
salentina, there are examples like Arbequina and Simone whose
trees have been categorized as resistant, but recent data from
commercial groves and experimental plots indicate that they are
among the most susceptible (Saponari, personal communication).

Genetic diversity and
differentiation analysis

Among the 171 identified spontaneous genotypes, 139 had
unique simple sequence repeat (SSR) profiles, while 32 of them
were known olive cultivars. To analyse the genetic diversity of these
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spontaneous olive trees, 25 mostly diffused cultivars in the Apulia
region were included in the study for SSR profile comparison. A
neighbour joining (NJ) statistical method, selected to draw a tree
based on a genetic distance matrix, showed that spontaneous
genotypes separated into three distinct clusters (Figure 1). The
first cluster (highlighted by all branches in dark grey colour) was
divided into two sub-clusters, of which one was represented by
highly susceptible (nine, red colour) together with a mix composed
of tolerant (12, brown colour), resistant (22, light green), and
susceptible (35, fuchsia) genotypes with the presence of some
known cultivars such as Ogliarola salentina, which is considered
nowadays the most susceptible cultivar, along with Canino,
Ottobratica, and Coratina. The other sub-cluster instead mostly
includes tolerant (five) and susceptible (six) genotypes together with
the cv. Ascolana tenera. The second cluster (grey branches) includes
genotypes with different responses to Xfp and was represented by
the presence of the highly susceptible cv. Cellina di Nardo. This
cluster groups spontaneous olive trees both highly susceptible (six)
and highly resistant (three); a considerable number of resistant (16)
and tolerant (5) genotypes are also present. The third cluster (light

10.3389/fpls.2024.1457831

grey) contains approximately the same number of susceptible (16)
and resistant (19) genotypes, including the cultivar Leccino
(Figure 1). These findings showed high genetic diversity and
admixture in terms of susceptibility among spontaneous
genotypes rescued in a limited area.

The 10 loci used in this study showed a high degree of
polymorphism among the 171 unique genotypes and revealed a
total of 146 alleles. Allele numbers for all samples ranged from a
minimum of five to a maximum of 21, respectively, at EMO90 and
DCAO9 loci (Supplementary Table S2). The number of effective
alleles ranged from 2.72 to 6.82, and Shannon’s information index
ranged from 1.31 to 2.22. The mean of Ho was the same as that of
He (0.80). Fixation values (F) were negative on average, excluding
GAPU103A and UDO-043. A negligible or moderate number of
null alleles were observed except for the latter two loci, for which the
number of homozygous alleles was high. The polymorphism
information content (PIC) values were higher than 0.5 at all loci,
with an average value of 0.74 and maximum discrimination power
for DCA9 (0.83) and UDO-043 (0.84) (Supplementary Table S2).
To better study the allele frequency and its possible correlation with

TABLE 1 Indices of genetic diversity of resistant and susceptible populations (POPs).

Locus Population \| NE] Ne | Ho He UHE F PA PAf
DCA3 Resistant 93 12 477 1.84 0.86 0.79 0.79 ~0.09
DCA3 Susceptible 78 11 5.72 1.95 0.79 0.83 0.83 0.04
DCA5 Resistant 93 11 3.04 1.40 0.74 0.67 0.68 -0.10
DCA5 Susceptible 78 9 3.45 1.50 0.77 0.71 0.71 -0.08
DCA9 Resistant 93 16 592 2.08 0.95 0.83 0.84 -0.14
DCA9 Susceptible 78 17 6.57 224 0.94 0.85 0.85 -0.10 168 0.019
DCA16 Resistant 93 16 433 1.91 0.82 0.77 0.77 -0.06
DCA16 Susceptible 78 17 5.65 2.12 0.87 0.82 0.83 -0.06 158 0.019
DCA18 Resistant 93 14 4.80 1.95 0.85 0.79 0.80 -0.07
DCA18 Susceptible 78 13 6.59 2.07 0.96 0.85 0.85 -0.13
EMO90 Resistant 93 5 2.66 1.15 0.62 0.62 0.63 0.00
EMO90 Susceptible 78 5 2.77 115 0.65 0.64 0.64 ~0.02
GAPU71B Resistant 93 7 2.81 1.26 0.70 0.64 0.65 ~0.09
GAPU71B Susceptible 78 7 3.09 1.34 0.64 0.68 0.68 0.05
GAPU101 Resistant 93 12 462 1.81 0.88 0.78 0.79 -0.13
GAPU101 Susceptible 78 10 4.52 1.79 0.87 0.78 0.78 -0.12
GAPU103A Resistant 93 11 4.57 1.74 0.81 0.78 0.79 -0.03
GAPU103A Susceptible 78 16 4.46 1.91 0.63 0.78 0.78 0.19 148 0.038
UDO-043 Resistant 93 16 6.70 2.07 0.82 0.85 0.86 0.04
UDO-043 Susceptible 78 14 5.71 2.02 0.74 0.82 0.83 0.10 218 0.026
Mean Resistant 93 12 4.42 1.72 0.80 0.75 0.76 —-0.07
Susceptible 78 12 4.85 1.81 0.79 0.77 0.78 -0.01

For each simple sequence repeat (SSR) locus: number of individuals in each POP (N), number of alleles (Na), number of effective alleles (Ne), Shannon’s information index (I), observed
heterozygosity (Ho), expected heterozygosity (He), fixation index (F), presence of null alleles (Fnull), private allele (PA), and private allele frequency (PAf). In bold the highest values of Fixation

index (F) and Private Allele frequency (PAF) are reported.
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Xfp resistance, the 171 genotypes were divided into two populations
(POP): susceptible (including HS and S) and resistant (containing
HR, R, and T) genotypes (Table 1). The fixation index (F) had the
highest value in GAPU103A of POP susceptible (0.19), unravelling
the high inbreeding level in this population. A similar result was
observed also for the UDO-043 locus, whose F value (0.10) was
higher in susceptible POP. In addition, the frequency of private
alleles had the maximum level in this POP (0.038) (Table 1).

To identify the genetic relationships of these 171 selected
genotypes with international cultivars, their SSR profiles were
subjected to phylogeny reconstruction through NJ method
analysis together with a set of 482 SSR data from cultivars
representative of the worldwide olive diversity (Supplementary
Figure 52). The 653 genotypes were grouped in two main clusters,
where the spontaneous genotypes clustered really close to each
other and with the Italian cultivars and only in a few cases with the
Greek cultivars (Supplementary Figure S2). Moreover, few
spontaneous trees are distributed all over the dendrogram, while
none of the studied genotypes were present in the clusters of
Spanish and Middle Eastern cultivars.

The population structure analysis of data on the 171 selected
genotypes and 482 internationally known cultivars showed
stabilization in terms of log-likelihood values of AK at K = 2 at
first and, assigning individuals to a population for values above
60%, except the cases of intermixed genotypes (Figure 2A). Most
genotypes were placed in POP2, while some genotypes, S71_S,
S314_R, S12_S, S280_8S, $259_T, S168_S, GM10_T, S236_S, S75_S,
GM28_T, and S9_S, were assigned among the worldwide genotypes
in the first population (POP1). Moreover, some of these such as
S177_R, GM24_T, and S278_R had a high intermixed value. The
second stabilization point of Bayesian analysis was fixed at K = 8
(Figure 2B). In POPI1, the cultivars were mostly of East
Mediterranean origin and some Italian ones, and only one

10.3389/fpls.2024.1457831

spontaneous tree was present in this population. The second
population (POP2) was represented by a few spontaneous
genotypes, both tolerant and susceptible to Xfp, together with
several Sicilian cultivars, some of the other Italian cultivars from
the centre of the Peninsula, and, finally, cultivars from Greece,
Turkey, and France. POP3 includes all East Mediterranean and
Iranian cultivars, such as Shami, Sourani, Elmacik, Zard, Fishomi,
and Mari, from that area; none of the studied genotypes fell into this
cluster. Seventy-eight (78) out of 139 spontaneous genotypes were
present in POP4, in which the Italian cultivar was Ogliarola
salentina, with some of the most diffused cultivars from Tuscany
such as Leccino, Americano, Frantoio, Leccio del Corno, and
Pendolino. In this POP, three out of seven highly resistant
genotypes to Xfp were included. A mix of international cultivars
such as Canino, Dokkar, Olivastra seggianese, and Koroneiki
together with the spontaneous genotypes S175_R, GM2I_R,
GM32_R, S277_T, S274_R, and S75_S, with most of them
resistant to Xfp, were assigned to POP5. POP6 was represented
by only seven genotypes including three spontaneous genotypes,
three cultivars from the eastern side of the Mediterranean Basin,
and the cv. Simone autochthonous of Apulia. In POP7, most of the
cultivars had Spanish origin, and as already observed in the NJ tree
made with 653 olive genotypes, none of the spontaneous plants
were genetically linked to the cultivars originating from this
country. In POP8, 56 spontaneous genotypes showing a unique
genetic profile were present, and the most important cultivars
assigned to this POP were Cellina di Nardo, Nociara, and FS-17,
with several intermixed cultivars (Figure 2B). Based on these results,
all genotypes that were not related to known olive varieties were
placed in the same genetic population at k = 2 (POP2). Moreover,
134 genotypes out of 139 were placed only in two populations
(POP4 and POP8) when K was selected to be equal to 8
(Figures 2A, B).
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Paternity analysis

Parentage analysis identified the first and second candidates for
95 genotypes, which are characterized by few trio locus mismatching
(from zero to three, from a total of 20 alleles) out of 139 spontaneous
trees (Supplementary Table S3). For the remaining 41 genotypes, only
one candidate parent was identified, while in three cases, S277_T,
$203_S, and S50_HS, none of the parents were identified.

The most frequently identified parents belong to the most
common cultivars of the area, Ogliarola salentina, Leccino, and
Cellina di Nardo, which were identified in the parental pairs of 72,
60, and 47 crosses, respectively (Figure 3A). In detail, in 33 out of 60
crosses involving the cv. Leccino, the second parent was cv.
Ogliarola salentina, while 22 progenies had cv. Cellina di Nardo
as the second parent. The 52 crosses that did not include the three
cultivars mentioned above have different cultivars contributing to
the parental pairs such as the Apulian varieties Nociara, Nolca, and
Silletta, together with other Italian cultivars widely diffused as
Cipressino and Frantoio (Supplementary Table S3; Figure 3A).

Correlations between phenotypes and
parental pairs

Among these 139 genetically unique genotypes when Leccino
was one of the parents of the crosses, the majority (67%) of the
progeny had an HR/R/T phenotype, while the remaining 33%
showed an HS or S phenotype (Figure 3B). Conversely, excluding
the spontaneous seedlings derived from Leccino, those from Cellina
di Nardo and Ogliarola salentina showed, in the majority of the
crosses HS or S phenotypes, respectively, 68% and 51% (Figure 3C).

unknown cvs
a7
17%

Frequency of HR/R/T vs HS/S GENOTYPES

10.3389/fpls.2024.1457831

Analysis of the phenotypes of the crosses between Leccino and
Cellina di Nardo or Leccino and Ogliarola salentina indicates that
the two main susceptible cultivars clearly affect the frequency of the
genetic traits of resistance in the progenies. More than 90% of
crosses between Leccino and Cellina di Nardo express an HR/R/T
phenotype, whereas this percentage drops to 47% in the case of the
crosses Leccino x Ogliarola salentina. Such outcomes reflect the
highest susceptibility to Xfp of the cultivar Ogliarola salentina
compared to Cellina di Nardo (Figure 3B; Supplementary Table S3).

RNA-seq analysis on three selected
resistant genotypes

Three spontaneous seedlings resulting from the crosses of
Leccino x Cipressino—”S105” and “S215”, respectively classified
HR and R, and Leccino x Ogliarola salentina, S234, classified R—
were selected for the RNA-seq analysis (Figure 4). Quantitative PCR
showed that Xfp was found erratically distributed in the canopy of
these three olive seedlings. Total RNA extraction and construction
of libraries were carried out by collecting multiple shoots (Figure 4;
Table 2). A total of 704,768,698 100-bp paired-end (PE) reads were
generated through the Illumina platform from 15 samples (5
samples x 3 selected olive genotypes) (Figure 4; Table 2). The
reads had a high quality with average phred scores Q20 and Q33 of
98.5 and 95.5, respectively. Reads were mapped to the cv. Farga
genome version 9 (Julca et al., 2020) (Table 2).

Principal component analysis (PCA) revealed that the RNA-seq
data have sufficient structure to distinguish samples according to
the genotype (20.42% of variance PC2 component) (Figure 5A) or
condition (35.6%) (Figure 5B). This analysis also suggested a
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$105

FIGURE 4
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Olive trees of the genotypes selected for transcriptomic analysis. Olive tree S105 (A), S215 (B), and S234 (C). S215 originates from the rootstock of a
dead tree of the cultivar Ogliarola salentina. Five subsamples were collected from each tree.

distinction of samples according to the PCI, whose variance
explains the clear separation of genotypes S215 and S234. We
therefore investigated the PCA grouping of libraries from the
three individual genotypes (Figure 5C). This representation
showed that the PC1 component explains most of the variance
and clearly separates the libraries into two groups (Figure 5C). In
contrast, this clustering fits with the infection condition for the S105
genotype since it separates samples according to the real-time
quantitative PCR (qPCR) results; this was not completely in line
with that of the S215 and S234 genotypes. For example,
S215_N2_12 and S234_N2_18, both testing negative to Xfp by

qPCR assay (Xf_neg), clearly clustered (PC1 supported by 77.74%
and 72.85% of the variance, respectively) with Xf DDpos samples
(Table 2). However, considering that tissues originate from
asymptomatic plants that have low bacterium load, the negative
qPCR results could be affected by the detection limit of qPCR assay.
Thus, for the gene expression analyses, samples were categorized
according to the PCA separation rather than the qPCR results:
positive samples “Xf DDpos” (S105_P4_4, S105_1_8, S105_3_7,
S215_N2_12, S215_P1_8, S234_P3_16, and 234_N2_18) or
negative “Xf_neg” (S105_N1_5, S105_N3_7, S215_9_14,
s215_15_15, S215_17_16, S234_8_20, S234_13_22, and

TABLE 2 Xfp detection and RNA-seq data on tissues from three selected spontaneous seedlings.

Olive Sample  gPCR results: Cq value and Total number of Number of reads (mapping Condition/
tree ID estimated CFU/mL raw reads rate %) cv. Farga_OEA9 cluster PCA
$105_N1_5 0 51,738,948 41,787,669 (80.8)
Xf_neg
$105_N3_7 0 43,146,068 28,604,720 (66.3)
$105 $105_P4_4 27.56 (1.68E+04) 53,206,518 44,044,670 (82.8)
$105_1_8 33.60 (2.56E+02) 50,679,566 38,281,320 (75.5) Xf_DDpos
$105_3_7 29.86 (3.42E+03) 45,321,692 34,232,245 (75.5)
$215_N2_12 0 (%) 39,814,216 33,678,065 (84.6)
Xf_DDpos
$215_P1_8 24.66 (1.26E+05) 48,750,452 40,017,090 (82.1)
$215 $215_15_15 0 46,628,346 34,949,963 (75.0)
$215_17_16 0 40,566,968 32,787,093 (80.8) Xf_neg
$215_9 14 0 43,468,698 34,853,671 (80.2)
$234_N2_18 0 (%) 55,856,138 47,643,756 (85.3)
Xf_DDpos
$234_P3_16 29.04 (6.04E+03) 40,782,520 34,781,583 (85.3)
$234 $234_13_22 0 45,189,426 36,722,134 (81.3)
$234 18 21 0 49,976,950 39,290,416 (78.6) Xf_neg
$234 8 20 0 49,642,192 40,377,123 (81.3)

Quantitation cycle values (Cq) generated by qPCR and basic statistics of samples subjected to RNA-seq. The number of raw reads and relative mapping rate on the cv. Farga genome are reported.
The column/cluster PCA indicates the Xfp status as defined based on the principal component analysis. Xf_neg = Xfp negative samples; Xf_DDpos = Xfp-positive samples. (*) Samples with Cq

value of “0” but clustering with infected samples (Xf_DDpos group).

Frontiers in Plant Science

frontiersin.org


https://doi.org/10.3389/fpls.2024.1457831
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

La Notte et al.

(A) CV. Farga V9 (grouped by genotype)

Samples PCA

10.3389/fpls.2024.1457831

(B) CV. Farga V9 (grouped by condition)

Samples PCA

- [Sio5 5 7R 0 S,
5105 18] 1051 8]
. N
[S10s N3 7} [s215 15 5]
0- . > 50- . ®
[ S105 P4 4. .
Sioma [S2:5 e EEEE s [sz:e 78
o o
5215 0°14]
8 H
s S215 P18 5
g N — goup
k4 stos M
§ & E XL00pes
] sz 8 ey
B d = 2
[s234 1322}
100
5234 P3 15} 5234 P3 16
|_ﬁm $234 N2 18
E ) % % “fo0 7 ) % %
PC1: 35.63% variance PC1: 35.63% variance
‘Samples PCA (C) CV. Farga V9 ( grouped by condition)
-
Samples PCA Samples PCA
of . EImmn D “ .
N
; s [s215 022}
: 5105 - g paf FEEE
o 5, gon s | EzmEm o
§o B £ S215 oo I S234 .
R eioma 2. ey H ey
. — = r 109 E” o E] 1% r
fsios 3 7y - PC1: 78.99% variance. PC1: 82.59% variance

FIGURE 5

Principal component analysis (PCA) on 15 RNA-seq samples. PCA was performed on dataset of normalized counts from mapping RNA-seq libraries
on cv. Farga genome; samples were grouped by genotype (A) or condition (B) or analysed per genotype (C).

§234_18_21 (Table 2; Figure 5C). This clustering was also
confirmed by a sample-to-sample distance analysis by correlation
distance method on the RNA-seq data mapped on the Farga
genome, as it grouped samples according to the genotype and
Xf_DDpos/Xf_neg condition (Supplementary Figure S3).

Major genes driving the separation of samples Xf_DDpos and
Xf_neg according to PCl showed that Expansin-like Bl
(OE9A106136T1, OE9A061049T1, and OE9A016298T1),
galactinol synthase (OE9A047763T1,2), ribulose bisphosphate
carboxylase oxygenase activase (OE9A079773T1,2), beta-amylase
3, chloroplastic (OE9A045257T1 and OE9A107186T1), and
ABSCISIC ACID-INSENSITIVE 5 (OE9A075379T1,2,3,4) are
among the 20 top loading genes whose transcripts are
downregulated in Xf DDpos plants according to the transformed
expression level graph. In contrast, beta-glucosidase-like proteins
(OE9A093988T1, OE9A054617T1, OE9A117672T1, and
OE9A051211T1), gibberellin 2-beta-dioxygenase 1-like
(OE9A116007T1,2,3), sugar transport protein 13 (OE9A030382T1
and OE9A049120T1), probable 2-oxoglutarate-dependent
dioxygenase At3gl11180 (OE9A092418T1,2,3) and ethylene-
responsive transcription factor ERF071-like (OE9A032259T1,2)
were among the 20 bottom loading genes mainly upregulated in
the Xf DDpos 215 and 234 genotypes, as shown in the relative
transformed expression level graph (Figures 6A, B).

Identification of differentially
expressed genes

The exploratory analysis of the RNA-seq data indicates that the

PC1 component, which explains most of the variance, led to a clear
distinction of Xf_DDpos/neg samples, likely suggesting that a
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localized response to Xfp occurs in colonized sectors of the tree
canopy. We therefore set this clustering (Table 2) as a condition for
the successive examinations. The DESeq2 analysis on the datasets
obtained by mapping reads on cv. Farga v9 genome indicated that
the “S234” genotype strongly perceived the pathogen presence
showing the highest number of differentially expressed genes
(DEGs) [p < 0.001 = 17,227, filtered by false discovery rate (FDR)
<0.05 = 13,080], compared to those of the “S215” genotype (p <
0.001 = 13,030 filtered by FDR < 0.05 = 9,956) and those of the
“S105” genotype DEGs (p < 0.001 = 4,513 filtered by FDR <
0.05 = 2,897) (Figure 7). This DEG distribution fits with data
arising from the phenotyping since genotype S105 ranked “highly
resistant”, which is clearly distinct from the other two seedlings
classified “resistant”. DEGs having a lesser fold change (FC)>2
and <-2 will form the dataset for the subsequent functional
enrichment study aiming to investigate the metabolic pathways
affected by Xfp infection by MapMan4 analysis.

MapMan metabolic pathway analysis
of DEGs

A total of 17,227, 13,030, and 4,513 DEGs for each genotype
were mapped to 1,972 hierarchically organized functional categories
(BINs). To have a better overview of biotic stress-related pathways,
new customized ontology-derived pictorial representations of BINs
were created in MapMan4.

The BIN representing the “metabolism overview” clearly
showed that the higher number of DEGs that were downregulated
in the S234 and S215 genotypes were related to the photosynthesis
process (Figure 8). A detailed BIN representation (Supplementary
Figure 54) shows that DEGs having the lowest fold change (<-5)
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were transcripts coding for chlorophyll a-b binding domain-
containing proteins (OE9A075888T1 and OE9A096707T1), which
enter the composition of the photosystem II. DEGs upregulated
in the S234 and S215 genotypes belong to functional categories
related to “cell wall”, “lipid metabolism”, and “secondary
metabolism” (Figure 8).

Within the “phenolics” subcategory of “secondary metabolism”,
we found transcripts coding for DOWNY MILDEW RESISTANCE
6-like (DMR6-like, OE9A054976T1, and OE9A079697T1 similar to
VvDMR6.2/1), while in the “cell wall, pectin” subcategory, DEGs
were represented by genes coding for pectin methyl esterase
inhibitor family protein (OE9A103328 and OE9A018498).
Moreover, upregulated DEGs in S234 and S215 were those
annotated as “cell wall, expansin activities” code for alpha-class
expansin, Expansin A-1 (OE9A055620), and for beta-class
expansin, Expansin-like BI (OE9A100033), respectively. Among
the BINs related to the plant-pathogen interactions, those
representing the “external stimuli response”, subcategories “light”
(abiotic stress) and “pathogen” (biotic stress) showed a higher
number of DEGs in S234 (“abiotic” 144 and “biotic” 105) and
S215 (“abiotic” 113 and “biotic” 98) genotypes compared to the
S105 (“abiotic” 39 and “biotic” 33) (Supplementary Figure S5).
Interestingly, all DEGs related to “pathogen” were upregulated in
$234 and S215, with the highest values of fold expression for genes
coding for a polygalacturonase inhibitor-like protein
(OE9A070676T1 and OE9A036088T1) and ACBP60 family
proteins similar to protein SAR DEFICIENT 1 (OE9A093289T1
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and OE9A068952). Moreover, transcripts in the response to the
“toxic” subcategory were found downregulated in S105 and
upregulated in the S234 and S215 genotypes (Supplementary
Figure S5). A BIN representation of receptor-like kinases (RLKs),
key components of the signalling pathway including pathogen
recognition, was created according to Shiu and Bleecker (2001).
This functional clustering was composed of several DEGs annotated
as WAK-like, DUF26, S-Domainl,2,3 subfamilies of RLKs and
DEGs annotated as RLCK-VII, which were more upregulated in
the S234 and S215 genotypes, while DEGs of the LRR XII subfamily,
coding for probable LRR receptor-like serine threonine-kinase
At3g47580 (OE9A013998T1 and OE9A100116T1), were, in
addition, highly expressed in the S105 genotype (Supplementary
Figure S6). Moreover, a higher number of Receptor-like
cytoplasmic kinases (RLCKs), annotated as PBS1, was upregulated
in $234 and S215 than in S105. Analysis of DEGs annotated in BINs
of regulatory processes such as transcription factors (TFs)
(Supplementary Figure S7), currently distinguished in 91 families
by MapMan4, showed that a higher number of WRKY, NAC, and
ERF/DREB/AP?2 transcripts, known to be involved in biotic stress
responses, were upregulated in XfDD samples of the S215 and S235
genotypes compared to those of S105. Among the most upregulated
classes of TFs (decreased fold change >+5), a WRKY transcription
factor 30 (OE9A105450T1 and OE9A042006T1), a NAC domain-
containing 2-like (OE9A057226T1 and OE9A102768T1), and
ethylene-responsive transcription factors ERF071-like
(OE9A032259T1) and ABRI1-like (OE9A066785T2) were found.
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Gene ontology enrichment analysis
of DEGs

The Gene Ontology (GO) enrichment analysis of the 440
upregulated DEGs in the S105 genotype identifies “protein serine/
threonine kinase activity” (GO:0004674), “ADP binding”
(GO:0043531), and “protein kinase (GO:0004672) molecular
functions (MFs) having higher FDR enrichment values (2.40E-08
and 2.30E-13) (Supplementary Table S5). A careful examination of
the enriched transcripts in these three categories discloses the
presence of receptor-like kinases (probable LRR receptor-like serine
threonine-kinase At3g47570, leucine-rich repeat receptor-like serine
threonine tyrosine-kinase SOBIRI, and wall-associated receptor
kinase 2-like, L-type lectin-domain containing receptor kinase-like)
and several disease resistance proteins (late blight resistance homolog
R1A-10, with disease resistance RGA3 and RPMI-like among the
DEGs having the highest decreased fold change) (Supplementary
Table S4). In contrast, differing from that of S105, molecular
functions enriched from upregulated DEGs of genotypes S215 and
$234 (Supplementary Tables S7, S9) have more commonalities, as
they are referred to as “Transcription factor activity, sequence-specific
DNA binding” (GO:0003700), “Heme binding” (GO:0020037),
“Sequence-specific DNA binding” (G0:0043565), and Calcium ion
binding” (GO:0005509), which further marks the different responses
to the infections of these two seedlings compared with S105. Indeed
“ADP binding” (GO:0043531), “Protein serine/threonine kinase
activity” (GO:0004674), and Protein kinase activity” (GO:0004672)
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are the highest enriched categories in this genotype. Several
transcription factors involved in the ABA signalling pathway, plant
development or defence response, such as ethylene-responsive
transcription factors ERF071-like (OE9A032259) (Yelli et al., 2018)
and ERF096-like (OE9A102306) (Catinot et al., 2015), and probable
WRKY transcription factor 53 (OE9A042006) and 40
(OE9A054922) were in the GO:0003700 (Transcription factor
activity, sequence-specific DNA binding) and GO:0043565
(Sequence-specific DNA binding) terms, which were enriched in
S$234 and S215 (Supplementary Tables S6, S8). Moreover, a cationic
peroxidase 1-like (OE9A024386) and other peroxidases are enriched
in genotype S234. These secreted class III peroxidases belong to the
class 9 subfamily of pathogenesis-related proteins (Almagro et al,
2009). GO analysis of the downregulated genes shows that the
“Nucleosome” (GO:0000786) cellular component is the most
supported term in genotype 105 (Supplementary Table S11), being
enriched of several members of the core histone complex (histone
H2B, H4, and H3) (Supplementary Table S10). Many chlorophyll a-
b binding proteins are downregulated in genotype S215
(Supplementary Table S12) and contribute to enriching the terms
“Chloroplast thylakoid membrane” (GO:0009535) and “Chlorophyll
binding” (GO:0016168) (Supplementary Table S13). These
apoproteins enter the composition of the light-harvesting complex
of photosystem II (PSII). The expression of these proteins is
repressed by the ABA-responsive WRKY transcription factor 40
(Liu et al., 2013), which, indeed, is found upregulated in this
genotype as reported above.

“Carbon utilization” (GO:0015976) is the biological process
enriched in downregulated genes in genotype 234 (Supplementary
Table S15), among which a key enzyme of the Calvin cycle, a
phosphoribulokinase, chloroplastic-like that regenerates p-ribulose-
1,5-bisphosphate, is downregulated (Supplementary Table S14).

Xfp screening test on candidate new
resistant genotypes

During the vector transmission test carried out in September
2021, individual replicates for each genotype were tested 8 months
post-vector inoculation (mpvi) by collecting mature leaves. The
results of the diagnostic tests showed high efficiency of
transmission. All replicates tested positive, except for the control
Leccino, for which four out of 10 replicates tested negative, and for
Cellina di Nardo and S105, in which one replicate escaped the
infection (Figure 9A).

When diagnostic tests were repeated 16 mpvi using the xylem
tissues recovered from the shoots, the results showed that albeit the
bacterium was efficiently transmitted in the leaves where the insects
were forced to feed, the systemic colonization of the plants did not
occur in all replicates. For the genotypes under testing, the number of
infected plants ranged from 7 to 9 out of 10 replicates. Similarly, in
Leccino, eight replicates out of 10 turned out to be positive. In the
case of Cellina di Nardo, all nine plants initially testing positive were
confirmed to be systemically infected, with one replicate remaining
negative (most likely because the transmission failed) (Figure 9A).
Although in the genotypes under testing the estimated bacterial
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MapMan metabolism overview showing the differentially expressed genes (DEGs) in each genotype (S105, S215, and S234). Results obtained from
DESeq2 were loaded into the MapMan Image Annotator module to generate the metabolism overview map. The different colours represent the
decreased log2 fold-change values of the gene expression levels in response to Xf infection: blue represents downregulated DEGs, and red
represents upregulated DEGs.

population varied among the replicates, their median sizes were  of Xfp-induced dieback was observed in one replicate at 12 mpvi.
significantly lower than those recorded in the susceptible replicates ~ These progressed rapidly, with eight out of nine infected replicates of
of Cellina di Nardo, with the only exception of S105 (Figure 9B). As  Cellina di Nardo showing symptoms at 16 mpvi, two of which
expected, the occurrence of a high level of bacterial population in the ~ developed severe desiccation with the plants that completed died
control plants of Cellina di Nardo resulted in the appearance of the  (Supplementary Figure S8A). At the same time, none of the Leccino-
typical symptoms of shoot dieback and desiccation. The initial sign  infected replicates showed withering or desiccation phenomenon,
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and for the genotypes under test, these were recorded to a limited
extent only in a few replicates. More specifically, such alterations
were recorded in two replicates of genotype S218 (Leccino x Cellina
di Nardo) and two replicates of genotype S234 (Leccino x Ogliarola
salentina) (Supplementary Figure S8C). None of the infected plants
of the remaining two genotypes (S105 and S215), both derived from
the cross Leccino x Cipressino, showed alterations resembling those
previously reported.

At 24 mpvi, the difference in genotype response to Xfp became
much more evident. All the infected replicates of Cellina di Nardo
showed severe desiccations, resulting in the complete collapse of the
plants (Supplementary Figure S9B); replicates of Leccino S218 and
§234 (Supplementary Figures S9A, D, F) showed mild symptoms
consisting in shoot defoliation and dieback, while the plants of
genotypes S105 and S215 did not show any desiccation phenomenon
(Supplementary Figures S9B ,C). Moreover, the estimation of the Xfp
population sizes showed that those from the genotypes are significantly
lower than those of Cellina di Nardo and more similar to those of
Leccino (Figure 9C). Overall, under our experimental conditions, all
Leccino-bearing genotypes showed resistance against the bacterial
infection, thus confirming the field phenotype. This response was
similar to that of the parental Leccino in S218 and S234 and much
higher than that in genotypes S105 and S215. Interestingly, while
bacterial host colonization did not vary in time in the replicates of S105,
$215 efficiently counteracted the bacterial plant colonization, with only
two replicates testing positive at 24 mpvi (Figure 9A).

Discussion

Because of its long life and productive cycle, olives must cope with
several biotic stresses, i.e., insects, fungi, bacteria, and viruses, and the
understanding of the molecular basis of the olive response to these
stressors is of fundamental importance for breeding programs towards
sustainable and innovative crop management solutions (Arias-
Calderon et al,, 2015; Cabanas et al., 2015; de Pascali et al., 2019).
The challenges posed by the recent introduction in the Mediterranean
olive-growing area of the harmful bacterium X. fastidiosa and the
expansion of this crop in new areas where the bacterium is already
established (i.e., south and north America) make it necessary to explore
the high variability of the Olea species for characterizing the genetic
determinants controlling the plant response to this biotic stress. The
present study is the first to exploit the genetic diversity of spontaneous
olive seedlings that survived the detrimental impact of Xfp infections in
the Apulia region, where one of the most severe worldwide Xylella
epidemics emerged in the last decade. Although the data were mainly
collected under field conditions, with many variables affecting host
responses to the infections and mainly referred to observations on a
single individual tree per genotype, the long-term period of the field
selection proved to be effective in differentiating genotypes based on
their susceptibility and ultimately to identify potential new sources of
resistance to Xfp.

Investigations on these populations can contribute to rapidly
advance the characterization of the traits of resistance observed in this
species. The phenotypic response to Xfp of more than 170 spontaneous
genotypes was studied during 6 years of field observations and laboratory
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FIGURE 9

Quantification of Xf population by gPCR in the Xfp-inoculated olive
genotypes. (A) Table with the number of positive plants recorded at
8, 16, and 24 mpvi for each genotype and for the controls (Leccino
and Cellina di Nardo). (B, C) gPCR standardized values obtained with
the following formula = 1/((Cq rimM)/(Cq COX)) for the positive
plants at 16 mpvi and 24 mpvi, respectively. Data were subjected to
ANOVA, and the means of treatments were compared using
Dunnett’s test (p < 0.05). Bars marked with the same letter are not
statistically different.

tests, and their genetic relatedness with 480 national and international
olive cultivars was analysed. In addition, to dissect the olive interactions
with Xfp and to facilitate the identification of candidate genes
contributing to the resistance phenotype, the transcriptomic profiles of
three genotypes were deeply analysed.

Genetic differences between the
spontaneous genotypes

The Bayesian analysis of population differentiation revealed the
clear separation of spontaneous genotypes mostly in two and eight
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POPs. Cultivars from two of the most important olive-growing
countries, such as Spain and Greece, did not show any genetic
similarity to the analysed spontaneous olive trees. In contrast, 52%
of HR, R, and T genotypes were present in the POP4, which includes
the susceptible Ogliarola salentina and the resistant cultivar Leccino,
together with other highly diffused varieties, Frantoio and Pendolino.
Several HR, R, and T genotypes were assigned also to POP8, which
they grouped with the susceptible cv. Cellina di Nardo, the resistant
FS17, and the Apulian varieties Nociara, which contributed as parents
of some genotypes here analysed. Our results show that the SSR
markers are not informative enough to support correlation studies
between the genetic clusters and predictive Xfp phenotype responses,
most likely because SSRs were developed to discriminate olive
varieties by selecting the most polymorphic traits and because
multiple traits contribute to resistance. However, it was interesting
to associate two SSRs, GAPU103a and UD099-043, with a positive
fixation index, which were observed only in the susceptible genotypes,
highlighting the possibility that the susceptible cultivars are
genetically similar in some parts of their genome. Further analyses
such as quantitative trait loci (QTLs) and genome-wide association
studies (GWASs) on a large set of olive genotypes both resistant and
susceptible could contribute to identifying markers linked to the
susceptibility to Xfp close to the two mentioned SSRs, confirming this
preliminary correlation.

Cultivar Leccino in the parentage analysis

The parentage analysis clearly assigns the cultivar Leccino as the
direct parent in several spontaneous genotypes that did not
succumb to Xfp infections, suggesting that the genetic heritage of
this cultivar can be exploited to disclose the mechanisms of
resistance and in breeding programs to confer resistance to
the progenies.

The analysis demonstrates that Leccino has transferred with
high frequency the traits of resistance to Xfp to the surviving
seedlings, even with the two autochthonous susceptible cultivars,
Cellina di Nardo and Ogliarola salentina, a finding that raises hope
to preserve the characteristics of these local cultivars in the
landscape and agricultural regeneration programs for this
devastated area. In contrast, this study also confirms that multiple
traits concur to confer resistance to Xfp in olive, as highlighted in
previous studies targeting anatomical, physiological, and molecular
features in resistant vs. susceptible olive trees (Giampetruzzi et al.,
2016; Montilon et al., 2022; Surano et al., 2022).

Plant response to Xfp at
transcriptomic level

The genome resources of the wild olive (O. europaea var.
sylvestris) and the cultivars Picual and Farga are publicly available
(Cruz et al., 2016; Unver et al., 2017; Jiménez-Ruiz et al., 2020). To
map the RNA-seq transcripts, we selected version 9 of the cv. Farga
because its genome assembly was improved by anchoring it to a
genetic map (Julca et al, 2020), and it provides the most
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comprehensive set of functional annotated genes at the time this
work was performed.

Transcriptomic studies enabled to identify large sets of
transcripts involved in important metabolic pathways and the
mechanisms of stress tolerance. The transcriptomic profiles
allowed to identify differentially expressed genes involved in the
tolerance to biotic (Leyva-Pérez et al., 2018; Grasso et al., 2017) and
abiotic (Bazakos et al., 2015; Guerra et al., 2015; Mousavi et al.,
2019, 2022; Karamatlou et al., 2023) stresses.

Regarding the olive response to Xfp, Giampetruzzi et al. (2016)
firstly described the transcriptomic profiles of field-grown plants of
‘Ogliarola salentina’ and Leccino, showing that the resistant
‘Leccino’ harbour structural genes and/or regulatory elements that
counteract Xfp infection. In-depth molecular investigations by
RNA-seq analysis on three candidate new resistant genotypes
showed that genes responding to biotic and abiotic stresses and
controlling plant hormone levels to regulate the tradeoff between
defence and growth have altered expression upon Xfp infection.
Indeed, the activation of defence genes subtracts energy from plant
growth, a delicate balance between the processes that should be
finely tuned by regulating plant hormone levels. Among genes
regulating hormone levels, the At3g11180 orthologue encoding 2-
oxoglutarate-dependent dioxygenase (JOX1), a 20G oxygenase that
inactivates the plant hormone jasmonic acid (JA) by hydroxylation,
was found to be upregulated (Caarls et al., 2017).

This gene is induced in Arabidopsis thaliana upon infection
with the necrotrophic fungus Botrytis cinerea and with infestation
by the caterpillar Mamestra brassicae, and its knock-out inhibits the
root and shoot growth in favour of enhanced resistance to these
pathogens and pests. JOX1 finely tunes the JA hormone levels,
which need to be controlled to counterbalance the response to biotic
stress with the plant growth, a mechanism that is exerted by another
oxygenase found differentially expressed, the DOWNY MILDEW
RESISTANCE 6-like oxygenase (DMR6-like). DMR6-like was
among the upregulated genes annotated in the “secondary
metabolism” BIN by MapMan4. It controls the levels of the plant
hormone salicylic acid (SA) in A. thaliana (Zeilmaker et al., 2015),
and its knock-out mutation makes this herbaceous host resistant to
the downy mildew Hyaloperonospora arabidopsidis, the bacterium
Pseudomonas syringae, and the oomycete Phytophthora capsici.
Similarly to JOX1, DMR6-like suppresses plant immunity as their
mutation enhances the expression of defence genes. Both are
therefore “susceptibility genes” (Koseoglou et al., 2022) whose
possible biotechnological application has been demonstrated in
grapevine, tomato, potato, and banana (de Toledo Thomazella
et al., 2021; Kieu et al, 2021; Tripathi et al., 2021; Giacomelli
et al., 2022; Pirrello et al., 2022).

The study of DEGs within each tree clearly indicates that a plant
defence response occurs in the tissues invaded by the bacterium,
with DEGs being much higher in $215 and S$234 than in S105, as
also reflected in the associated Gene Ontology studies. In the highly
resistant genotype, S105 Xfp induces the lowest perturbation of gene
expression. The Gene Ontology analysis shows that molecular
functions relying on the activity of cell wall-associated protein
kinases belonging to the basal immunity response are boosted in
Xfp-infected tissues. Several RLKs, described in our previous study
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(Giampetruzzi et al, 2016) or other transcriptomic analyses in
citrus (Rodrigues et al., 2013) and grapevine (Choi et al., 2013), were
found upregulated in S215 and S234 (WAK-like, DUF26, S-
Domainl,2,3, and RLCK-VII) or S105 (LRR-RLK At3g47580).
Moreover, NBS-LRR resistance proteins, late blight resistance
homolog R1A-10, disease resistance RGA3, and disease resistance
RPM1-like are found overexpressed in spontaneous genotype S105.
Of note is the upregulation of SOBIRI in S105, a regulatory LRR-
RLK that provides the intracellular kinase domains to LRR-RLPs to
allow the cytoplasmic transduction of RLP cell wall-detected stimuli
(Wei et al,, 2022). Considering that RLK and RLP genes are present
in the PdRIb locus of Pierce’s disease resistance in V. arizonica/
candicans (Agiiero et al, 2022), it is tempting to speculate that
members of this family of proteins are, at least, involved in the
Xylella interactions in different host species in addition to olives.

The overall responses of genotypes S215 and S234 have a gene
composition that differs from that of S105. The GO analysis of
upregulated genes indicates that an intense transcription activity is
occurring in plant tissues testing positive by qPCR. Interestingly,
the epigenetic control of the plant response is envisaged from the
GO analysis of downregulated genes in genotype S105. Indeed, the
inhibition of expression of histone H2B or its post-translational
modification has been associated with the induction of salicylic
acid-mediated response to viruses or fungi (Hu et al., 2014; Zhang
et al, 2015). A biotic stress response is supported by a number of
transcription factors being mainly upregulated in the S215 and S234
genotypes, among those represented by ethylene-responsive
transcription factor ERF071-like (OE9A032259), which was found
responsible for tylose formation in Xylella-infected grapevines
(Zaini et al,, 2018; Ingel et al., 2021) and ABRI-like. Conversely, a
downregulation of the photosynthesis is observed in both the S215
and S234 genotypes affecting, respectively, the light capture/
conversion activity of photosystem II and the dark reactions of
the Calvin-Benson cycle likely caused by the diversion of the
metabolic processes of these genotypes in the defence direction.

Although, out of the scope of this work, when the RNA-seq
datasets were blasted against the plant virus database, sequences of
olive leaf yellowing associated virus and olive latent virus 1 were
found only in genotype S215, while no viral RNA sequences were
detected in S105 and S234 (data not shown). Such finding confirms
the lack of seed transmission for the most common viruses infecting
olives (Martelli, 2013) and suggests that the wide global distribution
of olive viruses is a consequence of the movement of infected
cuttings for the vegetative propagation rather than a consequence of
the seed dispersion or local vector transmission. Indirectly, this
finding confirms that S105 and S234 are seed-originated trees and
that S215 is part of a grafted tree whose scion was most like infected,
allowing the viruses to translocate and infect the rootstock
(genotype S215).

Artificial inoculations on the selected
candidate new resistant genotypes

Artificial inoculations performed for the four selected resistant
genotypes confirmed, under controlled conditions and using
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biological replicates, their interesting resistant features as
recorded in the field. Interestingly, the only genotypes in which
mild symptoms affecting few replicates were recorded are those
derived from Leccino crossed with the two local susceptible
cultivars (Cellina di Nardo and Ogliarola salentina). Conversely,
those crossed with Cipressino, whose preliminary data show that it
is not as susceptible as the two aforementioned cultivars (Saponari,
personal communication), remained symptomless. With regard to
the bacterial population size, it should be remarked that these are
small potted plants in which the whole vegetation was subjected to
multiple events of transmission (insects caged for 7 days), which
may explain why the population and the distribution of the
infections are higher than those generally recorded in the field. In
this regard, it is worth noting that genotype S105, which appears to
activate different mechanisms of response to Xfp infections
compared to S215 and S234, upon vector inoculation, showed the
highest values of bacterial population among the four genotypes
tested. Surprisingly, infection in S215 did not progress with time,
likely inhibiting Xfp spread.

Conclusively, genetic and transcriptomic analyses indicate that
resistance to Xfp in olives is controlled through the involvement of
different gene pathways, as exemplified by the gene expression
profiles recovered in the spontaneous genotypes S234 and S215
compared to those of S105 and that these genetic traits are mainly
inherited by the cv. Leccino. The present work further confirms
previous evidence and indicates that this cultivar represents a good
candidate parental line for breeding programs towards extending
the panel of currently available Xfp-resistant genotypes. More
importantly, our work contributes to the identification of
potential target genes for biotechnological approaches based on
genome editing techniques as well as the identification of
spontaneous seedlings that, following the standard procedure for
the registration of new varieties, will extend the list of resistant
cultivars currently available. Nevertheless, the availability of these
selected resistant genotypes will be exploited to generate new
genomic data supporting the implementation of the olive genome
resources that are currently very limited, especially for the Xylella-
resistant olive cultivars, hindering the identification of
genetic determinants.

Materials and methods
Phenotype assessment

In 2016, prospecting surveys were carried out in the Xylella-
epidemic area of Apulia, namely, in the Salento Peninsula, to search
for olive trees surviving the devastating impact of the Xfp infections.
This is the area where the first European outbreak of Xylella was
reported in 2013. Since then, millions of trees of the cultivar Cellina
di Nardo and Ogliarola salentina, the predominant cultivars grown
in this area, succumbed to the infections, developing the typical
OQDS. Inspections were focused on trees or olive shrubs located
close to severely affected olive groves but apparently free from the
typical desiccation phenomenon associated with Xfp infections, i.e.,
displaying promising phenotypic traits of resistance to bacterial
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infections. Surveys and sampling were carried out all year-round,
with most of the field surveys performed in late summer/autumn
when symptoms are more evident and trees can be also assessed for
olive production and fruit characteristics.

Surveys were prioritized in the area surrounding the first
outbreak (discovered in 2013), where infections had a longer
history compared to areas where the infections expanded and
progressed during this decade. To this end, locations were
empirically categorized into three different classes according to
the year when infections were firstly discovered, with “3”
corresponding to the first outbreak areas and “1” to the most
distant areas from the initial outbreaks where infections have
been detected only recently (border of the demarcated infected
area) (Supplementary Figure S1).

Most of the genotypes were located in non-cultivated areas
(spots of “Mediterranean maquis”) on the borders of orchards or
roads. Only a few consisted of plants i) grown within olive groves or
gardens or ii) re-grown from the rootstocks of ancient trees of
Cellina di Nardo or Ogliarola salentina, whose canopy was
completely dead. To increase the efficacy of the visual selection of
the genotypes, only plants in the adult stage were considered in our
surveys. In contrast, plants in the juvenile stage were excluded, both
for the short time of exposure to the infections and for the lack of
symptom development in young plants. Finally, 171 spontaneous
genotypes were retained and monitored for several years.
Throughout the field assessments, Xfp-induced symptoms were
observed, and these were recorded using an empirical scale from
0 to 5 (0 when the tree did not show any desiccation and 5 when the
whole canopy was severely affected) (Table 3).

Diagnostic tests for X. fastidiosa

From each asymptomatic genotype, a representative sample
consisting of several branches and shoots was collected. When the
first diagnostic test yielded negative results (i.e., the bacterium was
not detectable or present in the samples) or at low concentrations

TABLE 3 Criteria used to categorize the field-selected genotypes. .

Classification =~ Symptom  Estimation Distribution

of the tree score of the bac-  of bacte-
terial popu-  rium in the
lation canopy (%
(average of  of the
the results subsamples
on testing
the positive)
subsample)

Highly >3.5 10°-10° CFU/mL | >80%

susceptible (HS)

Susceptible (S) 2.5-3.5 10°-10° CFU/mL | >80%

Tolerant (T) <2 10*-10° CFU/mL | >50%

Resistant (R) <2 10°-10* CFU/mL | <40%

Highly <1 10°-10* CFU/mL | <25%

resistant (HR)
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(high quantitation cycles), the test was repeated by testing from four
up to eight subsamples/genotype (n. of sampled varied according to
the size of the trees) to gather validated data on the presence and
distribution of the bacterium on the canopy (Table 3). Genotypes
testing negative or with low bacterial populations were subjected to
further visual inspections and diagnostic tests for the following
years to assess the durability of the potential resistant phenotype.

Diagnostic tests were carried out by qPCR assay designed to
target a region of the rimM gene (Harper et al., 2010). Briefly, total
DNA was purified from 0.5 g of plant tissue prepared from semi-
hardwood shoots, using the commercial kit Maxwell® RSC
PureFood GMO and Authentication Kit (Promega Corporation,
Madison, WI, USA). An aliquot of 1.5 pL (containing approx. 82.5
ng of total DNA) of the purified DNA was then used to set the
multiplex qPCR reactions in a final volume of 12.5 uL, containing
1x TagMan Fast Advance Master Mix (Applied Biosystems, Foster
City, CA, USA) and the primers targeting both the bacterial gene
and those specific to amplify the plant constitutive cytochrome
oxidase (COX) gene as internal control (Weller et al., 2000). Both
sets of primers were used at 300 pM of concentration, while the
TagqMan probes were at 200 pM (Supplementary Table S16). Each
run included three replicates of a serial standard dilution containing
from 107 to 10 CFU/mL for generating a calibration curve used to
estimate the bacterial populations in the Xylella-infected samples.

Samples were categorized as positive when the quantitation
cycle (Cq) produced was lower than 34 and negative when Cq
values were higher or not detected.

Categorization of the spontaneous trees

Field and laboratory data were used to categorize the
spontaneous genotypes into the following classes: HR, R, T, S,
and HS (Supplementary Figures S1A, C; Table 3). Briefly,
categorization was based on symptoms, estimation of the bacterial
population size, and the frequency of infected shoots/branches on
the canopy.

DNA extraction and SSR genotyping

Genomic DNA was extracted from fresh leaves using a plant
DNA purification kit (Exgene Plant SV mini, GeneAll, Seoul,
Korea) according to the manufacturer’s instructions. For genetic
analysis, 10 highly polymorphic SSR markers were used, including
DCA3-5-9-16-18, EM0O90, GAPU71B-101-103A, and UDO-043,
which were previously selected as the best-performing loci (Baldoni
et al,, 2009; Haouane et al., 2011) and have also been used in several
olive genotyping studies (Mousavi et al., 2017). PCR amplifications
were performed in a final volume of 25 uL containing 25 ng DNA,
10x PCR buffer, 200 uM each dNTP, 10 pmol of each forward and
reverse primer, and 2U of Q5 High-Fidelity DNA Polymerase (New
England Biolabs, Ipswich, MA, USA) (Supplementary Table 516).
All amplifications were performed under the following conditions:
5 min at 95°C, 35 cycles consisting of 25 sec at 95°C, 30 sec at the
appropriate annealing temperature, 25 sec at 72°C, and final
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elongation at 72°C for 40 min. To distinguish alleles, fluorescent
fragments were resolved by capillary electrophoresis in an ABI 3130
Genetic Analyzer (Applied Biosystems-Hitachi) using the internal
GeneScan' " 500 LIZ Size Standard (Applied Biosystems®, Thermo
Fisher Scientific, Waltham, MA, USA). Sample analyses were
performed using GeneMapper genotyping software v5 (Applied
Biosystems-Hitachi).

SSR data of spontaneous genotypes were compared with those
of a wide representative sample of Mediterranean and beyond
cultivars previously published (Trujillo et al., 2014; Mousavi et al.,
2017; El Bakkali et al., 2019; Valeri et al., 2022) for a total of
653 genotypes.

Frequency analysis and
genetic differentiation

For each SSR locus, the number of alleles (Na), effective alleles
(Ne), Shannon’s information index (I), observed (Ho), and expected
(He) heterozygosity and fixation index (F) were calculated using
GenAlEx 6.5 (Peakall and Smouse, 2012). PIC was calculated for
each microsatellite locus using CERVUS version 3.0.3 (Kalinowski
et al, 2007; Marshall et al, 1998). To determine the genetic
relationships among spontaneous olive accessions with national
and international olive varieties, a triangular genetic matrix was
performed by GenAlEx 6.5, and the cluster analysis with the NJ
method was displayed by the Mega 7 software (Kumar et al., 2016).
The final dendrograms were drawn by Figtree 1.4.4
(tree.bio.ed.ac.uk/software/figtree/) to better visualize the
placement of each spontaneous olive tree.

Bayesian model-based cluster analysis was also performed for
SSR data using STRUCTURE v.2.3.4 software (Pritchard et al,
2000) to identify genetic populations. For cluster values from K =1
to K = 10, an admixture model and independent allele frequency
model (no prior information was used to define clusters) were used
to perform a Markov chain Monte Carlo (MCMC) simulation
algorithm. The length of the burn-in period was set to 10,000;
MCMC after the burn-in period was set to 10,000, and for each K
value, the calculation was repeated 20 times. The method of Evanno
(Evanno et al., 2005) was used to determine the optimal K value.
The program Structure Harvester v.0.9.94 website was used to
calculate the optimal value of K using the deltaK criterion (Earl
and vonHoldt, 2012).

Paternity was determined for spontaneous olives using the
maximum likelihood-based method described in Kalinowski et al.
(2007) and implemented in CERVUS version 3.0.3 (Marshall et al.,
1998; Kalinowski et al., 2007). Logarithm of the odds (LOD) scores
were computed for each sample to assign the best candidate parent
with a 95% confidence interval. Ten thousand offspring were
simulated, allowing for selfing and using the following
parameters: the number of candidate fathers was the number of
total analysed varieties in this study. The proportions of “typed
loci”, “mistyped loci”, and “minimum typed loci” were always set at
0.95, 0.05, and 9, respectively, with a relaxed value of 85% and a
strict level of 95%.
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Plant materials for transcriptomic profiling
of selected olive genotypes

Genotypes S105, S215, and S234, categorized as HR and R and
showing interesting agronomic features, were selected and sampled
to recover the RNA fractions for high-throughput sequencing. S105
was a tree located on the border of a plot with horticultural crops
and olives, S234 was grown in an olive grove of Cellina di Nardo,
and S215 corresponded to the vigorous and productive vegetation
developed below the grafting point of a century-old tree of Ogliarola
salentina, whose canopy was completed dead.

Given that each genotype was available as an individual single
tree, multiple samples were collected from the same tree, and the
recovered xylem tissues were used to extract both the DNA and
RNA fractions. Total DNA fractions were used to assess the
presence of bacterial DNA using the same qPCR assay described
above, while the purified RNA was used for library construction.

RNA-seq library preparation
and sequencing

Based on gPCR results (i.e., presence/absence of detectable
bacterial DNA), five samples for each genotype were then
processed for RNA-seq analysis, including at least one sample
testing positive in qPCR. Total RNAs were extracted from 1.5 g
of xylem tissues that were scraped from debarked olive twigs of
approx. 0.5 cm in diameter. Tissues were powdered in liquid
nitrogen and immediately stored at —80°C until RNA extraction
was performed according to Giampetruzzi et al. (2016). RNA
concentrations were determined by spectrophotometry using a
NanoDrop apparatus (Thermo Fisher Scientific, Waltham, MA,
USA). The integrity of the RNA was assessed by 1% agarose gel.

One microgram of total RNA was used for cDNA synthesis
using Illumina’s Stranded mRNA Sample Prep Kit followed by
library preparation following Illumina’s guidelines for the TruSeq
Stranded mRNA LT sample prep kit. Products were then sequenced
using an Illumina NovaSeq platform (Illumina, San Diego, CA,
USA) on a 100-bp paired-end run.

RNA-seq data processing and first
exploratory data analysis

The FastQC tool was used to assess the read quality of the raw
reads. RNA-seq paired-end reads obtained by the sequencing were
aligned using the TopHat2 tool (Kim et al., 2013) on the olive genome
of O. europaea L. subsp. europaea var. europaea cv. Farga, publicly
released into the National Center for Biotechnology Information
(NCBI) (Cruz et al., 20165 Julca et al., 2020). Raw read count data
from the mapping genome were determined using SeqMonk software
version 1.48.1 (https://www.bioinformatics.babraham.ac.uk/projects/
seqmonk/), and the resulting abundance data were analysed first
using the pcaExplorer R package (Marini and Binder, 2019) in order
to cluster the samples according to their genotype (genotype) and
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Xf DDpos/Xf_neg status (condition). Genes with less than 1 count
summed up across all samples were excluded from further analysis.

PCA was carried out based on the normalized gene expression
variance-stabilizing transformation (VST) from the RNA-seq
datasets with the samples clustered according to their condition
(Xf_DDpos/Xf_neg) and genotype (S105, S215, and S234).
Hierarchical clustering data analysis on most variable genes
(3,000 genes/transcripts) was performed in R using the
pcaExplorer package. Clustering analysis was performed using
Euclidean distances and the complete linkage method.

Differential gene expression analysis

Gene/transcript expression levels in the RNA-seq analysis were
measured as raw count reads per transcript by SeqMonk. The
DESeq2 package version 1 software was used to identify DEGs on
the identified clusters, considering genes annotated in the cv. Farga
genome. Differential gene expression analysis was performed via
pairwise comparisons between the cluster of libraries of infected
samples (Xf_DDpos) and the cluster of libraries on healthy
samples (Xf_neg).

For all genotypes, differential gene expression analysis was
conducted between the two classes Xf neg and Xf DDpos as
indicated in Table 2. Among all the obtained DEGs, those having
a decreased log2 fold change greater than 2 or less than —2 with an
adjusted p-value of less than 0.001 and the Benjamini-Hochberg
FDR (FDR < 0.01) were considered for further analysis.

Functional enrichment analysis of GO was performed to
identify the significant terms and pathways filtered according to
the Bonferroni-corrected p-value <0.05. GO enrichment terms and
pathways were analysed using the ShinyGO and agriGO v2.0 tools
(http://systemsbiology.cpolar.cn/agriGOv2/). In addition, the
differential expression profiles were mapped to the metabolic
regulatory pathway in detail using MapMan4 (Bolger et al,, 2021).
Considering that the MapMan software lacks the mapping file from
the O. europaea reference genome, firstly, the coding sequences
were extracted from cv. Farga genome annotations and then
uploaded to Mercator4 v.2.0 (https://www.plabipd.de/
mercator_main.html) for gene annotation and to obtain the
corresponding mapping file. Then, the mapping file containing
the gene expression value was imported into MapMan and
metabolism overview; maps were drawn for each genotype using
the MapMan software.

Artificial inoculation of four
selected genotypes

To confirm the phenotypic responses recorded under field
conditions on the individual trees, the same Leccino-bearing
genotypes used for transcriptomic analysis, plus genotype S218 (a
cross between Leccino and Cellina di Nardo), were propagated and
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artificially inoculated to monitor the phenotypic response to the
infection under controlled conditions. Briefly, 10 replicates for each
genotype were obtained by grafting, and when shoots reached 20-30
cm in length, the whole plants were individually caged with 10 P.
spumarius adults previously maintained for 1 week on Xfp-infected
olive plants for bacterial acquisition. After 10 days of transmission, the
insects were removed, and the plants were maintained in a greenhouse
under controlled temperature conditions (25°C-30°C). The panel of
plants included the same number of replicates of cultivars Cellina di
Nardo (S) and Leccino (R). Plants were firstly tested by collecting four
leaves 8 months after the transmission and then re-sampled at 16 and
24 months by collecting small portions of shoots. Diagnostic tests by
gqPCR were carried out as previously described. Plants were also
continuously inspected for the expression of symptoms.
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