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PLANT-MICROORGANISM INTERACTIONS

The roots of olive cultivars differing in tolerance to Verticillium dahliae show
quantitative differences in phenolic and triterpenic profiles
Martina Cardoni a, Lucía Olmo-García b, Irene Serrano-García b, Alegría Carrasco-Pancorbo b and
Jesús Mercado-Blanco a,c

aDepartment of Crop Protection, Institute for Sustainable Agriculture, Spanish National Research Council (CSIC), Córdoba, Spain; bDepartment of
Analytical Chemistry, Faculty of Sciences, University of Granada, Granada, Spain; cDepartment of Soil and Plant Microbiology, Zaidín
Experimental Station, CSIC, Granada, Spain

ABSTRACT
Verticillium wilt of olive (VWO), caused by Verticillium dahliae, is a major concern in many olive-
growing countries. An efficient VWO control measure is the use of tolerant/resistant cultivars. Low
information is available about olive secondary metabolites and its relationship with VWO
tolerance. In this study, a comprehensive metabolic profiling of the roots of six olive cultivars
differing in their level of tolerance/susceptibility to VWO was addressed. Potential changes in the
metabolite profiles due to the presence of the pathogen were also assessed. A strong relationship
between the quantitative basal composition of the root secondary metabolic profile and VWO
tolerance/susceptibility of olive varieties was found. Tolerant cultivars showed higher content of
secoiridoids, while the susceptible ones presented greater amounts of verbascoside and
methoxypinoresinol glucoside. The presence of V. dahliae only caused few significant variations
mostly restricted to the earliest times after inoculation. Thus, a rapid activation of biochemical-
based root defense mechanisms was observed.
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Key policy highlights

1. Quantitative differences of secondary metabolites in roots
contribute to explain the tolerance/susceptibility of olive
cultivars to Verticillium dahliae.

2. Higher basal content of secoiridoids correlate with toler-
ance, while greater concentration of verbascoside and
methoxypinoresinol glucoside seem to be linked to
susceptibility.

3. Few alterations are observed in the olive root metabolic
profiles in the presence of the pathogen.

4. Changes in the root metabolic profile occur at early times
after pathogen inoculation which suggests a rapid acti-
vation of a biochemical-based defense response against
V. dahliae.

1. Introduction

Verticillium wilt of olive (VWO), caused by the soil-borne
fungusVerticillium dahliaeKleb., is one of the most devastat-
ing diseases affecting olive (Olea europaea L. subsp. europaea
var. europaea) cultivation worldwide (Montes-Osuna and
Mercado-Blanco 2020). The consequences for this relevant
crop range from the partial loss of production on affected
branches to the total destruction of the tree (López-Escudero
and Mercado-Blanco 2011). A number of contributing fac-
tors explain the difficulty to control the disease (Tsror
2011). Therefore, the implementation of an integrated man-
agement strategy is the best way to confront this vascular

pathogen (López-Escudero and Mercado-Blanco 2011). Fol-
lowing this approach, the use of resistant/tolerant cultivars is
the most sustainable and economically viable measure to
reduce the severity and the spread of VWO (Valverde et al.
2021, 2023; Serrano et al. 2023). During the last decades, a
considerable body of knowledge about screening, evaluation,
and breeding for new genotypes/cultivars showing tolerance
to VWO has been generated. However, no olive cultivar has
so far been reported as fully resistant to VWO (Bubici and
Cirulli 2012; Trapero et al. 2012, 2015; García-Ruiz et al.
2014; Montes-Osuna and Mercado-Blanco 2020).

Plant tolerance is determined by a combination of consti-
tutive (prior to infection) and inducible (during pathogen
attack) defense mechanisms (Thatcher et al. 2005). In the
case of VWO several studies have demonstrated that the
first defense mechanisms against V. dahliae take place in the
roots (Gómez-Lama Cabanás et al. 2015; Gharbi et al. 2017;
Leyva-Pérez et al. 2018). Basal defenses operating in olive
roots are related with the morphology/architecture of the
root system and with the composition of the root cell wall.
Our previous studies showed that specific root structural traits
increase the tolerance to V. dahliae in olive plants (Cardoni
et al. 2021, 2022a). In addition, the layer composed of suberin
and lignin deposition in the root cell wall is an important
mechanical defense barrier preventing the entry of soil-
borne pathogens (Ferreira et al. 2007; Sabella et al. 2018; Car-
doni et al. 2022a). Other components of the cell wall that con-
tribute to plant defense are phenolic compounds and, to a
lesser extent, pentacyclic triterpenes, both classified as plant
secondary metabolites (Uccella 2000). They may act as

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the
posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

CONTACT Jesús Mercado-Blanco jesus.mercado@eez.csic.es; Alegría Carrasco-Pancorbo alegriac@ugr.es
Supplemental data for this article can be accessed online at https://doi.org/10.1080/17429145.2023.2206840.

JOURNAL OF PLANT INTERACTIONS
2023, VOL. 18, NO. 1, 2206840
https://doi.org/10.1080/17429145.2023.2206840

http://crossmark.crossref.org/dialog/?doi=10.1080/17429145.2023.2206840&domain=pdf&date_stamp=2023-05-02
http://orcid.org/0000-0002-3466-1697
http://orcid.org/0000-0001-7285-9138
http://orcid.org/0000-0002-4167-308X
http://orcid.org/0000-0001-8856-4676
http://orcid.org/0000-0003-1895-5895
http://creativecommons.org/licenses/by-nc/4.0/
mailto:jesus.mercado@eez.csic.es2.Ifpossible,wekindlyrequesttoalsoaddassecondcontactperson:Alegr&iacute;aCarrasco-Pancorbo;alegriac@ugr.es
mailto:alegriac@ugr.es
https://doi.org/10.1080/17429145.2023.2206840
http://www.tandfonline.com


defense (against herbivores, microbes, viruses, or competing
plants) and signal (to attract pollinating or seed-dispersing
animals) compounds as well as protectors from ultraviolet
radiation and oxidants (Kutchan 2001). Due to their antioxi-
dant, antimicrobial, antifungal, antiviral, and anti-inflamma-
tory activities, the majority of the studies carried out on these
compounds are related to their pharmacological activities and
therapeutic implications (Dzubak et al. 2006; Li et al. 2022; Liu
et al. 2022). Unfortunately, little is known about their quanti-
tative distribution in plants and even less about their role in
plant’s defense. Regarding olive plants, the studies on penta-
cyclic triterpenoids are limited to leaf and fruit tissues and
on the changes of these compounds during the olive ontogeny
(Jäger et al. 2009; Guinda et al. 2010; Olmo-García et al. 2016,
2018).

Phenolic compounds constitute one of the most com-
mon and widespread groups of substances in plants
(Ryan and Robards 1998). They are secondary metabolites
derived from the shikimate-phenylpropanoids-flavonoids
pathway, producing monomeric and polymeric phenols
and polyphenols (Lattanzio and Cardinali 2006). They
comprise secoiridoids, simple phenols, phenolic acids,
flavonoids, and lignans. Plant phenols may be divided
into two classes: (i) preformed phenols, synthesized during
the normal development of plant tissues, and (ii) induced
phenols, produced by plants in response to physical
damage, infection, or when stressed by elicitors (i.e.
heavy metal-salts, UV-irradiation, temperature, pathogens).
It has been shown that preformed phenols and polyphe-
nols, stored in the plant cell as inactive bound forms,
can be readily converted into biologically active antibiotics
by plant hydrolyzing enzymes (glycosidases) in response to
pathogen attack (Link and Walker 1933; Johnson and
Schaal 1952; Ruiz-Barba et al. 1991; Marsilio and Lanza
1998; Lattanzio and Cardinali 2006). If pre-existing antimi-
crobial phenols are not sufficient to stop the development
of the infectious process, plant cells usually respond by
increasing the level of those compounds at the infection
site (inducible defense mechanisms), inhibiting pathogen
enzymes involved in cell wall degradation (Kunej et al.
2020). Moreover, the increased level of phenols provides
an adequate substrate to oxidative reactions catalyzed by
polyphenol oxidase (PPO) and peroxidase (POD) that,
consuming oxygen and producing fungitoxic quinones,
make the medium unfavorable to the further development
of pathogens (Pichersky and Gang 2000).

Induced phenols may also be synthesized constitutively
but, additionally, their synthesis is often boosted under biotic
or abiotic stress. In fact, if the basal defenses are overcome,
elicitors produced by phytopathogenic microorganisms
induce a cascade of defense responses in the cells of their
host plants. Regarding olive plants, the studies on phenolic
compounds are mainly focused on their antioxidant and
organoleptic properties, and mostly on olive oil, drupes,
and leaves (Kanakis et al. 2013; Termentzi et al. 2015).
Very little is known about the composition of phenols in
olive roots. For instance, a significant decrease in oleuropein
and hydroxytyrosol concentrations during olive ripening has
been reported in roots of the cultivar (cv.) Picual (Ortega-
García and Peragón 2010). The olive root phenolic compo-
sition under water deficit conditions was also investigated
by Mechri and co-workers, who reported that roots of
water-stressed plants had high levels of total phenols,

oleuropein being the predominant compound (Mechri
et al. 2019). Skodra and co-authors found that phenolics
such as hydroxytyrosol, vanillin, and acetoxypinoresinol
were reduced in roots under salinity conditions (Skodra
et al. 2021).

Regarding the role of phenols in olive defense mechan-
isms our knowledge is also scant, particularly in the case of
V. dahliae. Baídez and co-workers showed that olive plants
responded to V. dahliae infection by a rapid accumulation
of phenols in the stem (e.g. phloem and xylem tissues),
thereby restricting or slowing down the growth of the patho-
gen. These authors also tested the antifungal activity of eight
different phenolic compounds against V. dahliae, showing
that rutin, oleuropein, and luteolin-7-glucoside were the
most toxic metabolites (Báidez et al. 2007). A negative associ-
ation between the amount of V. dahliae DNA and total
phenols and oleuropein content in olive root tissues has
been reported (Markakis et al. 2010). No information is
available about the relationship between the olive root meta-
bolic profile and tolerance/susceptibility to V. dahliae. Fur-
thermore, most of the studies performed on the role that
olive root secondary metabolites can play in defense mech-
anisms against pathogens focused on the detection of specific
compounds typically present in olive oil or drupes (e.g.
oleuropein, verbascoside, quercetin, luteolin, hydroxytyro-
sol, and luteolin 7-O-glucoside) through HPLC analysis
(Del Río et al. 2003; Báidez et al. 2006; Markakis et al.
2010). This type of targeted analysis does not provide a
broad coverage of the olive root metabolome. Only one
work dealing with a comprehensive metabolic profiling of
olive roots is available so far (Michel et al. 2015). In this
study, the authors carried out the qualitative characterization
of different plant organs (leaf, stem, and root) of cvs. Koro-
neiki and Chetoui by liquid chromatography coupled to
high-resolution mass spectrometry (LC-HRMS). However,
to the best of our knowledge, the quantitative determination
of most of the secondary metabolites present in olive roots
has not yet been accomplished, partly due to the analytical
challenges related to the quantification of compounds
belonging to several chemical classes that, in addition, are
found at different concentration ranges in this organ.

Therefore, the objectives of this study (and the hypotheses
to-be-tested) were: (I) to explore potential differences in the
composition of secondary metabolites present in roots of
olive varieties differing in their tolerance level to VWO
(the presence of high variability in the metabolic profiles of
the different olive varieties would be expected); and (II) to
investigate the involvement of secondary metabolites in
root olive defense mechanisms in relation to the presence/
absence of V. dahliae (the tolerance level to VWO could be
related to the presence of specific compounds). To that
end, a powerful multi-class LC-MS method capable of moni-
toring compounds from different chemical classes within a
single run and using just one sample treatment was
implemented.

2. Materials and methods

2.1. Chemicals and standards

LC mobile phases were prepared with deionized water pro-
duced by a Millipore Milli-Q system (Bedford, MA, USA),
LC-MS grade acetonitrile purchased from Prolabo (Paris,
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France) and acetic acid from Sigma-Aldrich (St. Louis, MO,
USA). Gradient grade ethanol (EtOH), used for analytes
extraction, was supplied by Prolabo. Analytical standards
of tyrosol (CAS: 501-94-0), hydroxytyrosol (CAS: 10597-
60-1), verbascoside (CAS: 61276-17-3), oleuropein (CAS:
32619-42-4), maslinic acid (CAS: 4373-41-5), oleanolic acid
(CAS: 508-02-1), and betulinic acid (CAS: 472-15-1) were
acquired from Sigma-Aldrich. Standards of oleuropein agly-
cone (CAS: 31773-95-2) and ligstroside (CAS: 35897-92-8)
were provided by Toronto Research Chemicals (Toronto,
Canada). Stock solutions of pure standards were prepared
in ethanol/water (80:20, v/v) and serially diluted to cover a
concentration range from 0.1 to 500 mg L-1 for the external
calibration curves. All the standards and samples were
filtered through 0.22 μm nylon syringe filters (Clarinert,
Agela Technologies, Torrace, CA, USA) and stored in dark
flasks at −20°C until analysis. Mobile phases were filtered
through a 0.45 μm nylon membrane filter (Nylaflo, Pall Cor-
poration, Michigan, MI, USA).

2.2. Plant material, inoculation with V. dahliae, and
root sampling

Five-month-old, self-rooted olive plants, purchased in a
commercial nursery in Córdoba province (Southern
Spain), were used in this study. Three of the olive cultivars
(‘Frantoio,’ ‘Empeltre,’ and ‘Changlot Real’) are classified
as tolerant to VWO while another three (‘Picual,’ ‘Hoji-
blanca,’ and ‘Lechín de Sevilla’) are reported as susceptible
to V. dahliae (López-Escudero et al. 2004; Gómez-Lama
Cabanás et al. 2015; Trapero et al. 2015, 2018; Valverde
et al. 2021; 2023). This set of plants was used in a parallel
bioassay to determine the root lignin content upon inocu-
lation with V. dahliae (Cardoni et al. 2022a). Before the
inoculation with the pathogen, plants were kept for two
months in the greenhouse in order to acclimatize them to
the experimental conditions of light, temperature, and rela-
tive humidity described in Cardoni and co-workers
(2022a). Then, 72 plants (12 for each variety) were inoculated
with V. dahliae V937I (an isolate representative of the defo-
liating pathotype) by adding to each pot 150 mL of a conidia
suspension in water (5·106 conidial/mL). These conidia were
obtained by filtering through sterile cheesecloth V937I cul-
tures grown in potato dextrose broth during seven days in
the dark at 27°C and with a constant shaking (190 rpm). A
set of 90 additional plants (15 for each variety) were watered
just with 150 mL of tap water and used as control (non-
inoculated). At time-point 0, and at 1, 2, 7, and 15 days
after inoculation (DAI), six plants per variety (i.e. three
V. dahliae-inoculated and three control plants) were
sampled. The roots of each plant were uprooted, gently
cleaned under tap water, rapidly frozen in liquid nitrogen,
and stored at −80°C until further processing. Additionally,
seven V. dahliae-inoculated and three control (non-inocu-
lated) plants per variety were kept under the same green-
house conditions up to 100 DAI to evaluate differences in
the disease development. Results in this regard were earlier
reported (Cardoni et al. 2022a).

2.3. Processing of root samples

Each root sample was lyophilized and ground to a fine pow-
der in a 50 mL stainless steel mill jar with two tungsten beads

(Ø 1.2 cm) using a MM 301 mixer mill (Retsch GmbH,
Haan, Germany). To maximize the number of extracted
compounds (belonging to different chemical classes) from
the root matrix a solid-liquid extraction procedure was
adopted according to Serrano-García and co-authors
(2022). Root tissues powder (0.1 g) was weighed in a conical
centrifuge tube and vortexed for 2 minutes with 5 mL of
EtOH/H2O mixture (60:40 v/v). After using ultrasound for
30 minutes to assist the release of the metabolites from
root tissues, the tube was centrifuged at 8500 rpm for
6 min. These steps were repeated two times, the first one
with EtOH/H2O (80:20, v/v) as extracting agent, and the
last one with pure EtOH. All supernatants were combined,
filtered through nylon membrane filter (see above) and
stored at −20°C until use.

2.4. LC-MS methodology

Two LC-MS systems were used for sample analysis: a Waters
Acquity UPLC H–Class system coupled to a Q-TOF
SYNAPT G2 mass spectrometer (Waters, Manchester, UK)
for qualitative purposes (acquisition of high-resolution MS
data); and an Agilent 1260 LC system (Agilent Technologies,
Waldbronn, Germany) coupled to a Bruker Daltonics
Esquire 2000 IT mass spectrometer (Bruker Daltonik, Bre-
men, Germany) to carry out the quantification of the tar-
geted analytes. In both cases, metabolites separation was
done at 40°C on a Zorbax Extend C18 column (4.6 ×
100 mm, 1.8 μm particle size, Agilent Technologies), accord-
ing to the procedure earlier described (Serrano-García et al.
2022). A mobile phase gradient of acidified water (1% acetic
acid, v/v) (Phase A) and acidified acetonitrile (1% acetic acid,
v/v) (Phase B) was applied at a flow rate of 1 mL min-1. Sol-
vent gradient was as follows: 10–25% Phase B from 0 to
10 min; 25–60% Phase B from 10 to 12 min; 60–80% Phase
B from 12 to 14 min; 80–100% Phase B from 14 to 18 min,
kept for 2 min; then return to initial conditions in 2 min
and 3 min of re-equilibration time. MS data were acquired
in negative polarity from 50 to 1000 m/z; the electrospray
ionization source parameters were selected in accordance
to the LC flow and the particular configuration of the
instrument used in each case (Serrano-García et al. 2022).
MassLynx (Waters), Agilent ChemStation (Agilent Technol-
ogies), together with Esquire Control and Data Analysis 4.0
(Bruker Daltonik) were the software used for instrument
control and MS data treatment.

2.5. Statistical analysis

To analyze the basal concentration of the compounds under
study a heatmap (R package pheatmap) (Kolde 2018) was
generated considering only the control (non-inoculated)
plants at each sampling time. To assess possible differences
among these compounds due to the olive genotype, the
sampling times, the VWO tolerance level (VWO-tolerant
vs. VWO-susceptible cultivars) or the presence/absence of
V. dahliae (V. dahliae-treated vs. control plants), data were
analyzed with one-way ANOVA (R function aov) consider-
ing separately the factors ‘variety,’ ‘time,’ ‘tolerance,’ and
‘treatment.’ The Tukey honestly-significant-difference with
a p-level of 0.05 (R package agricolae) (De Mendiburu and
Simon 2015) was used as post hoc test. Finally, to evaluate
which compounds mostly influenced the differences among
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the four factors listed above a Principal Component Analysis
(PCA) was carried out considering separately ‘variety,’ ‘time,’
‘tolerance,’ and ‘treatment’ (R package factoextra) (Kassam-
bara 2016).

3. Results

3.1. Qualitative characterization of olive roots
metabolic profiles

From a qualitative point of view, the metabolic profiles
obtained were similar for all root samples analyzed, regard-
less of the cultivar, the sampling time, the VWO tolerance
level, and the presence/absence of the pathogen. Significant
differences were found only at the quantitative level. The
LC-MS chromatogram of a representative root sample is pre-
sented in Figure S1. The 31 most abundant compounds
accounting for roughly 95% of the LC-MS chromatogram
area are listed in Table 1. The acquired MS data (accurate
mass of the mainm/z signal corresponding to the pseudomo-
lecular ion [M-H]-, as well as MS/MS main fragments for
most of the compounds) and the information retrieved
fromMassLynx for molecular formulae calculation (theoreti-
cal mass, difference to the experimental mass and reliability
of the mass shift and isotopic ratio of the proposed formula,
i-FIT) are shown. When possible, the identity of the com-
pound assigned to each chromatographic peak is displayed,
together with the level of confidence in the annotation (Sum-
ner et al. 2007).

Several phenolic glycosides were detected in the olive
roots, namely hydroxytyrosol glucoside and three isomers
of verbascoside, a caffeoyl phenylethanoid glycoside that
has hydroxytyrosol and caffeic acid moieties in its structure,
whose identity was confirmed with the corresponding pure
standard. As far as secoiridoids are concerned, oleuropein,
ligstroside, and oleuropein aglycone were unequivocally
annotated by comparison of retention times and MS spectra
with their authentic standards. The rest of the compounds
belonging to this family have annotated thanks to the chro-
matographic andMS data (HRMS andMS/MS) and previous
reports on secondary metabolites from olive tissues. This was
the case of nuzhenide, dimethyl ligstroside, elenolic acid glu-
coside, acyclodihydroelenolic acid hexoside, and the com-
pound with formula C16H22O11, which can be either
oleoside or secologanoside (Michel et al. 2015; Olmo-García
et al. 2018). Regarding lignans, five compounds were anno-
tated based on the acquired MS information, relative reten-
tion times, spectral library searches, and available
literature: acetoxypinoresinol, two isomeric peaks of C26H34-

O12, which had been already assigned to cycloolivil glucoside
(Michel et al. 2015), together with 7,9ʹ:7ʹ,9-diepoxy-8,8ʹ-lig-
nan-3,3ʹ,4,40,8-pentol, 3,3ʹ-Di-Me ether,4-O-ꞵ-D-glucopyr-
anoside (hydroxypinoresinol glucoside), 7,9ʹ:7ʹ,9-diepoxy-
8,8ʹ-lignan-3,3ʹ,4,4ʹ,5,8-hexol, 3,3ʹ,5-tri-Me ether,8-O-ꞵ-D-
glucopyranoside (methoxypinoresinol glucoside) and
3,3ʹ,4,4ʹ,8-pentahydroxy-7,9ʹ:7ʹ,9-diepoxylignan,3,3ʹ-di-Me
ether, 8-Ac,4-O-ꞵ-D-glucopyranoside (acetoxypinoresinol
glucoside) (Al-Warhi et al. 2022). Three triterpenic acids
were also identified by comparison with the analyzed pure
standards: maslinic, betulinic, and oleanolic acids.

Besides the compounds mentioned above, ten additional
peaks were annotated as ‘unknown’ (Table 1). Unknown_1,
with molecular formula C25H38O18 must likely correspond

to an elenolic acid diglucoside derivative since it showed
two main fragments in its MS2 spectra: [M-H-C2O2H4]

-

(m/z 562.1767, C23H34O16) corresponding to elenolic acid
diglucoside and [M-H-C2O2H4-glucose]

- (m/z 403.1238, C17-

H24O11), which is the monoglycosidic form of elenolic acid.
Unknown_2 (C28H44O9) and 3 (C28H44O8) could be related
pregnane glycosides that have a C21 steroidal scaffold and a
seco-pregnane-type glycoside. Unknown_4 and 5, with mol-
ecular formulas C21H30O13 and C21H30O12, respectively, are
also related compounds only differing in the number of O
atoms. The calculated formulas for unknown_6 and 8
matched eukovoside, a verbascoside derivate, and martyno-
side, a hydroxytyrosol derivative, respectively (Torres-Vega
et al. 2021). Taking into account the analytical window in
which they eluted (after triterpenic acids), both unknown_9
(C14H28O2) and 10 (C23H32O2) might belong to the fatty
acids family and could be annotated as myristic acid and
behenic acid, respectively. Contrariwise, a pseudo molecular
formula containing just CHO atoms could not be calculated
for unknown_7 since it presented an even m/z (504.1566).
This indicated that the compound has an odd molecular
mass (i.e. an odd number of nitrogen atoms in its molecular
formula). Consequently, no tentative identity could be
suggested for this compound.

3.2. Quantitative characterization of olive roots basal
metabolic profiles

The quantification of the main detected metabolites was
addressed in a subsequent step. Compounds lacking pure
standards were quantified by using the external calibration
curve of a reference compound belonging to the samemetab-
olite subfamily or presenting a related chemical structure.
This is a standard approach when the goal is not to find
the absolute amount of the analytes but to compare samples
or study the evolution of some compounds of interest
(Olmo-García and Carrasco-Pancorbo 2021).

The basal composition of the control (non-inoculated)
plant roots, calculated as the average of values scored for
all replicates and at all sampling times, was mainly consti-
tuted by verbascoside, oleuropein, and elenolic acid gluco-
side (Table 2). As mentioned above (section 3.1) VWO-
susceptible and VWO-tolerant cultivars showed similar
metabolites composition. Nevertheless, quantitative differ-
ences between the two groups of varieties are worth men-
tioning. The first ones (‘Picual,’ ‘Lechín de Sevilla,’ and
‘Hojiblanca’) showed a significant higher concentration of
acyclodihydroelenolic acid hexoside (p = 2.87·10−16 for ‘Pic-
ual’ and ‘Lechín de Sevilla’), maslinic acid (p = 3.32·10−10 for
‘Picual’ and ‘Lechín de Sevilla’), methoxypinoresinol gluco-
side (p = 2·10−16), oleanolic acid (p = 1.7510−06 for ‘Picual’
and ‘Lechín de Sevilla’), unknown_7 (p = 2.75·10−14 for
‘Hojiblanca’ and ‘Lechín de Sevilla’), and verbascoside (p =
1.38·10−11) compared with the VWO-tolerant cultivars
(‘Changlot Real’, ‘Empeltre,’ and ‘Frantoio’). In contrast,
‘Frantoio’ and ‘Empeltre’ showed significantly higher con-
centration of elenolic acid glucoside, oleuropein, and oleur-
opein aglycone (p = 8.57·10−14, 1.77·10−7, and 3.64·10−7,
respectively) (Table 2).

Considering each sampling time (0, 1, 2, 7, and 15 DAI)
the dataset of control plants could be grouped by ‘variety’
and ‘tolerance.’ Indeed, basal concentration values of all
sampling time points clustered together for each variety,
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except for ‘Hojiblanca’ at 0 DAI and ‘Empeltre’ at 2 DAI
(Figure 1). Furthermore, VWO-susceptible (‘Lechín de
Sevilla,’ ‘Hojiblanca,’ and ‘Picual’) and VWO-tolerant (‘Fran-
toio’ and ‘Empeltre’) varieties grouped separately, the three
susceptible cultivars displaying more similar heatmaps
among them than those showed by tolerant varieties. Inter-
estingly enough, the constitutive metabolic profile of ‘Chan-
glot Real’ plants appeared to be quite different to that scored
for the rest of cultivars, including the other two tolerant var-
ieties examined in this study. When carefully examining the
clusters formed according to the analyzed compounds
(Figure 1), some interesting trends can be highlighted. The
central cluster was mostly composed of secoiridoids and
related compounds (unknown_1, oleuropein aglycone, nuz-
henide, elenolic acid glucoside, and ligstroside). Overall,
these metabolites showed higher concentrations in ‘Frantoio’
and ‘Empeltre’ roots compared with VWO-susceptible culti-
vars. In contrast, the pentacyclic triterpenes (maslinic and
oleanolic acids), phenolic glycosides (unknown_4, 5, and 6
and verbascoside) and lignans (acetoxypinoresinol, acetoxy-
pinoresinol glucoside, and methoxypinoresinol glucoside)
grouped in the lower cluster (Figure 1) and showed overall
higher concentrations in VWO-susceptible cultivars. It is

also worth mentioning that some metabolites grouped in
the upper cluster, such as oleuropein and unknown_8,
showed higher abundances in ‘Empeltre’ and ‘Frantoio’ com-
pared with the VWO-susceptible varieties.

3.3. Metabolic profile variations over time

Most of the compounds found in olive roots did not show
consistent significant variations either over time (Table S1)
or between control and inoculated plants (Table S2). How-
ever, two groups of metabolites showing significant differ-
ences considering the factor ‘treatment’ can be highlighted
(ANOVA p < 0.05). The first one was composed of metab-
olites showing significant variations between control and
inoculated plants over time in VWO-tolerant cultivars. The
second group was constituted by compounds exhibiting sig-
nificant differences over time for the factor ‘treatment’ in
VWO-susceptible varieties.

3.3.1. Time-course change of metabolite
concentrations in VWO-tolerant cultivars
Overall, control plants of cvs. Empeltre and Frantoio
showed higher concentrations of the secoridoid nuzhenide

Table 1. Secondary metabolites detected in olive root extracts by LC-ESI-QTOF MS.

RTa

(min)
Experimental

m/z
Theoretical

m/z
Errorb

(mDa)
Calculated

formula [M-H]-
i-
FITc MS/MS Identity

Annotation
confidence leveld

Simple phenols and glycosides
1.3 315.1084 315.108 0.4 C14H19O8 450 135.04 Hydroxytyrosol glucoside Level 2
5.7 623.1973 623.1976 −0.3 C29H35O15 212 311.09 Verbascoside (isomer 1) Level 1
6.7 623.1976 623.1976 0 C29H35O15 685 311.09 Verbascoside (main

isomer)
Level 1

7.4 623.1974 623.1976 −0.2 C29H35O15 302 311.09 Verbascoside (isomer 2) Level 1
Secoiridoids and derivatives
1.5 407.1558 407.1553 0.5 C17H27O11 305 375.13 Acyclodihydroelenolic acid

hexoside
Level 2

2.3 389.1086 389.1084 0.2 C16H21O11 291 345.12 Oleoside/Secologanoside Level 3
3.4 403.1238 403.124 −0.2 C17H23O11 228 223.06 Elenolic acid glucoside Level 2
7.3 509.1661 509.1659 0.2 C24H29O12 465 443.16/347.11 Demethyl ligstroside Level 2
9.4 685.2343 685.2344 −0.1 C31H41O17 266 - Nuzhenide Level 2
9.8 539.1763 539.1765 −0.2 C25H31O13 604 377.12/307.08 Oleuropein Level 1
11.7 523.1814 523.1816 −0.2 C25H31O12 350 361.13/487.17/291.09/259.10 Ligstroside Level 1
13.2 377.1237 377.1236 0.1 C19H21O8 229 307.08/275.09/345.10 Oleuropein aglycone Level 1
Lignans
3.6 537.1974 537.1972 0.2 C26H33O12 330 375.15 Cycloolivil glucoside

(isomer 1)
Level 2

4.2 537.197 537.1972 −0.2 C26H33O12 365 375.15 Cycloolivil glucoside
(isomer 2)

Level 2

7.9 535.1815 535.1816 −0.1 C26H31O12 203 265.07 Hydroxypinoresinol
glucoside

Level 2

8 565.192 565.1921 −0.1 C27H33O13 251 179.05/519.18/339.12 Methoxypinoresinol
glucoside

Level 2

8.6 577.1924 577.1921 0.3 C28H33O13 500 415.14 Acetoxypinoresinol
glucoside

Level 2

12.7 415.1396 415.1393 0.3 C22H23O8 275 415 Acetoxypinoresinol Level 2
Triterpenic acids
15.7 471.3473 471.3474 −0.1 C30H47O4 301 – Maslinic acid Level 1
17.4 455.3526 455.3525 0.1 C30H47O3 371 277.22 Betulinic acid Level 1
17.8 455.3527 455.3525 0.4 C30H47O3 341 – Oleanolic acid Level 1
Unknowns
2.3 625.1984 625.198 0.4 C25H37O18 203 565.18/403.12 Unknown_1 Level 3
2.6 523.2906 523.2906 −0.1 C28H43O9 350 172.10 Unknown_2 Level 3
3.9 507.2955 507.2958 −0.3 C28H43O8 262 – Unknown_3 Level 3
4.3 489.1608 489.1608 0 C21H29O13 252 327.11 Unknown_4 Level 3
4.6 473.1657 473.1659 −0.2 C21H29O12 306 325.11 Unknown_5 Level 3
9.1 637.2137 637.2132 0.5 C30H37O15 235 420.16 Unknown_6 Level 3
10.3 504.1566 - – – – 423.13 Unknown_7 Level 4
11 651.2287 651.2289 −0.2 C31H39O15 213 – Unknown_8 Level 3
17.8 227.2012 227.2011 0.1 C14H27O2 165 – Unknown_9 Level 3
17.8 339.2323 339.2324 −0.1 C23H31O2 225 309.2 Unknown_10 Level 3
aretention time; b difference between the experimental and the theoretically calculated mass; c score showing the reliability of the mass shift and isotopic ratio of
the proposed formula; d Level 1: identified metabolites; Level 2: putatively annotated compounds; Level 3: putatively characterized compound classes; Level 4:
unknown. See also Figure S1 showing a representative chromatogram.
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along time. Furthermore, this compound decreased sig-
nificantly (p < 0.05) in the V. dahliae-inoculated plants
of these varieties at 1 DAI (Figure 2(A)). A similar
trend was observed for unknown_3, that showed a signifi-
cant decrease (p < 0.05) in inoculated plants of the VWO-
tolerant varieties compared with the susceptible ones
(Figure 2(B)). Contrariwise, the pentacyclic triterpene
oleanolic acid showed a significant increase (p < 0.05) in
the same plants at 7 DAI. The same trend was detected
for the VWO-susceptible varieties at 15 DAI (Figure 2

(C)). Finally, a significant increase (p < 0.05) of the
unknown_5 metabolite was also detected in V. dahliae-
inoculated plants of VWO-tolerant cultivars at early
sampling times (between 1 and 2 DAI) (Figure 2(D)).

3.3.2. Time-course change of metabolite
concentrations in VWO-susceptible cultivars
The unknown_7 metabolite showed an overall higher con-
centration in control plants of the VWO-susceptible culti-
vars during the whole experimental time, compared with

Table 2. Basal composition of metabolites scored for control (non-inoculated) olive plant roots.

Compound Changlot Real1 Empeltre Frantoio Hojiblanca Lechín de Sevilla Picual ANOVA p value

Simple phenols and glycosides
Hydroxytyrosol glucoside 1.47 (b) 0.49 (b) 0.47 (b) 0.37 (b) 0.88 (a) 0.50 (b) <2·10−16

Verbascoside 24.51 (b) 28.64 (b) 32.43 (b) 45.96 (a) 47.62 (a) 44.20 (a) 1.38·10−11 −
Acyclodihydroelenolic acid hexoside 0.026 (c) 0.03 (c) 0.04 (bc) 0.05 (b) 0.07 (a) 0.07 (a) 2.87·10−16 −
Secoiridoids and derivatives
Oleoside/Secologanoside 0.39 (a) 0.38 (ab) 0.29 (bc) 0.28 (c) 0.36 (abc) 0.28 (c) 4.26·10−04

Elenoic acid glucoside 4.20 (bc) 7.05 (b) 13.12 (a) 3.99 (c) 5.26 (bc) 5.11 (bc) 8.75·10−14 +
Demethyl ligstroside 0.58 (ab) 0.38 (b) 0.75 (a) 0.81 (a) 0.80 (a) 0.42 (b) 5.82·10−06

Nuzhenide 0.06 (c) 0.13 (b) 0.19 (a) 0.05 (c) 0.11 (b) 0.12 (b) <2·10−16

Oleuropein 8.53 (b) 21.11 (a) 14.48 (a) 7.04 (b) 8.68 (b) 8.26 (b) 1.77·10−07 +
Ligstroside 1.36 (ab) 2.03 (ab) 2.43 (a) 1.19 (b) 1.46 (ab) 1.49 (ab) 3.65·10−08

Oleuropein aglycone 0.03 (b) 0.16 (a) 0.17 (a) 0.05 (b) 0.14 (ab) 0.054 (b) 3.64·10−07 +
Lignans
Cycloolivil glucoside 0.44 (c) 1.23 (a) 0.34 (c) 0.50 (c) 0.79 (b) 0.49 (c) <2·10−16

Hydroxypinoresinol glucoside 0.21 (c) 0.29 (bc) 0.61 (a) 0.39 (b) 0.28 (bc) 0.39 (b) 4.48·10−14

Methoxypinoresinol glucoside 1.06 (c) 1.20 (c) 1.07 (c) 1.29 (bc) 2.02 (a) 1.52 (b) <2·10−16 −
Acetoxypinoresinol glucoside 1.41 (c) 1.58 (bc) 1.92 (b) 1.42 (c) 2.90 (a) 0.76 (d) <2·10−16

Acetoxypinoresinol 0.06 (b) 0.08 (b) 0.09 (b) 0.06 (b) 0.27 (a) 0.04 (b) 1.21·10−13

Triterpenic acids
Maslinic acid 0.04 (d) 0.06 (cd) 0.06 (cd) 0.08 (bc) 0.10 (ab) 0.13 (a) 3.32·10−10 −
Betulinic acid 0.08 (c) 0.34 (a) 0.15 (bc) 0.13 (bc) 0.21 (b) 0.06 (c) 5.75·10−13

Oleanolic acid 0.03 (c) 0.06 (ab) 0.05 (bc) 0.07 (ab) 0.07 (a) 0.08 (a) 1.75·10−06 −
Unknowns
Unknown_1 1.67 (b) 1.40 (b) 6.80 (a) 1.81 (b) 1.73 (b) 1.89 (b) 9.94·10−14

Unknown_2 0.08 (b) 0.29 (a) 0.06 (b) 0.09 (b) 0.11 (b) 0.07 (b) <2·10−16

Unknown_3 0.21 0.23 0.22 0.24 0.18 0.20 0.223
Unknown_4 0.05 0.09 0.08 0.10 0.10 0.11 0.145
Unknown_5 0.05 (c) 0.12 (b) 0.09 (b) 0.09 (b) 0.16 (a) 0.10 (b) 5.07·10−12

Unknown_6 0.08 (ab) 0.06 (b) 0.11 (a) 0.08 (ab) 0.10 (a) 0.10 (a) 4.18·10−04

Unknown_7 0.30 (c) 0.36 (bc) 0.43 (b) 0.66 (a) 0.65 (a) 0.48 (ab) 2.75·10−14 −
Unknown_8 0.07 (c) 0.19 (a) 0.11 (b) 0.06 (c) 0.08 (bc) 0.06 (c) <2·10−16

Unknown_9 0.07 (c) 0.13 (b) 0.08 (c) 0.13 (b) 0.17 (a) 0.07 (c) <2·10−16

Unknown_10 0.20 0.38 0.19 0.22 0.26 0.16 0.361
1Averages of all replicates at the five sampling times (n = 15) are expressed in mg·kg−1. Letters between brackets (when present) indicate Tukey’s post hoc test
differences (p < 0.05). Significant higher value for tolerant (+) or susceptible (−) plants are indicated.

Figure 1. Hierarchical clustering heatmap showing the quantitative basal metabolites composition present in roots of control (non-inoculated) olive plants at
different sampling time points (t0, 1, 2, 7, 15 days). The concentration of each compound is the average value of three replicates (n = 3) per variety.
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the tolerant varieties (Table 2 and Figure 3(A)). Moreover,
this compound further increased its concentration at 1
DAI in the V. dahliae-inoculated plants of the former culti-
vars (significantly in the case of ‘Hojiblanca’ and ‘Lechín de
Sevilla’ plants). This trend was not observed in VWO-toler-
ant varieties (Figure 3(A)). Similarly, the secoridoid oleoside/
secologanoside showed an increase only in the inoculated
plants of VWO-susceptible cultivars at 7 DAI (Figure 3
(B)). In contrast, the unknown_2 metabolite decreased in
this set of plants at 2 DAI (Figure 3(C)). Likewise, at 1
DAI, the unknow_8 metabolite showed a lower concen-
tration in V. dahliae-inoculated plants of the VWO-suscep-
tible cultivars at 1 DAI (p < 0.05) (Figure 3(D)). Finally,
the unknown_9 metabolite also decreased between 2 and
15 DAI in ‘Hojiblanca’ and ‘Lechín de Sevilla’ inoculated
plants (p < 0.05) (Figure 3(E)).

3.4. Contribution of root metabolites to explain
differences between VWO-tolerant and VWO-
susceptible cultivars

The PCA performed on the root metabolites explained more
than 60% of the total variance (Dim. 1 = 31.9%, Dim. 2 =
28.4%), with a major contribution of unknown_5 (19.9%)
and unknown_9 (16.6%) for the first axis, and unknown_ 2
(22%) and oleuropein (21.6%) for the second one. This stat-
istical approach considered four different factors, namely
‘variety,’ ‘tolerance,’ ‘time,’ and ‘treatment.’However, signifi-
cant differences were observed only for the first two. In fact,
the PCA showed no variations either for ‘time’ or for

‘treatment’ (Figure S2). The PCA separated VWO-tolerant
and VWO-susceptible cultivars in two different groups on
the first dimension (Figure 4(A)), with a major influence of
oleuropein, unknown_2, cycloolivil glucoside, and oleuro-
pein aglycone for the first group, and maslinic acid,
acyclodihydroelenolic acid hexoside, unknown_7, and meth-
oxypinoresinol glucoside for the susceptible varieties, thus
further supporting results shown in Figure 1. Considering
the factor ‘variety’ it is interesting to note that ‘Picual’ and
‘Hojiblanca’ clustered together on the left-lower quadrant,
close to ‘Lechín de Sevilla’ (right-lower quadrant). On the
other hand, the tolerant cultivars were more separated
among them and grouped on the upper half of the plot
(Figure 4(B)).

4. Discussion

In contrast to other olive-derived matrices such as fruit, oil,
or leaf, olive roots have been scarcely studied from a compo-
sitional point of view (Báidez et al. 2006; Michel et al. 2015;
Mechri et al. 2019). Therefore, in this study, the metabolic
profile of roots from both control and V. dahliae-inoculated
plants was exhaustively investigated by means of a multiclass
LC-MS method capable of determining metabolites belong-
ing to several chemical classes, including simple phenols, gly-
cosides, lignans, secoiridoids, pentacyclic triterpenes, fatty
acids, etc. Nine out of the 31 metabolites reported in Table
1 were unequivocally identified (annotation confidence
level 1) by comparison with their authentic standards,
including a phenolic glycoside, three secoiridoids and three

Figure 2. Time course variation in the concentration of nuzhenide (A), unknown_3 (B), oleanolic acid (C), and unknown_5 (D). Green and ocher bars represent
VWO-tolerant and VWO susceptible control (non-inoculated) plants, respectively, while black bars correspond to Verticillium dahliae-inoculated plants. Error bars
show the standard deviation of three biological replicates (n = 3). Lowercase letters indicate Tukey’s post hoc test differences (p < 0.05) among control (black) and
inoculated (red) plants. Statistical differences resulting from the ANOVA analysis between the control and inoculated plants are represented by asterisks (level of
significance p < 0.05). DAI, days after inoculation.
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pentacyclic triterpenes. A group of 11 compounds were puta-
tively annotated (confidence level 2) on the basis of their
relative retention times, HRMS and MS/MS information
retrieved from public spectral libraries and previous reports
on olive-related matrices (Kanakis et al. 2013; Michel et al.
2015; Olmo-García et al. 2018; Al-Warhi et al. 2022). With
regard to compounds annotated with a confidence level 3
(putatively characterized compound classes), it is worth
mentioning that the compound named oleoside or secologa-
noside has been previously described in olive matrices. How-
ever, since both molecules are mass isomers sharing a very
similar skeleton with a glucose moiety attached, we were
unable to distinguish them without an available pure stan-
dard. In addition, tentative identities were proposed for 9
‘unknowns’ as phytochemicals described in other plant tis-
sues that have plausible chemical structures and belong to
families of compounds already present in olive-related
matrices. Thus, unknown_1 was classified as an elenolic
acid diglucoside derivative thanks to the MS/MS data, as
described in section 3.1. Unknowns_2 and 3 could be preg-
nane glycosides such as seco-illustrol-3-O-β-L-diginopyra-
nosyl (dardanol D) isolated from Mandevilla dardanoi
roots (Lins et al. 2022). Although the molecular formula C21-

H30O13 had been assigned to acetylbarlerin in olive fruit and

leaf wastes (Cádiz-Gurrea et al. 2021), unknown_4, together
with unknown_5, could also be benzoic acid allopyranosides
such as Keteleeroside A and C, respectively, which had been
previously found in twigs of Keteleeria evelyniana Mast
(Wen et al. 2011). As far as unknown_6 is concerned, it
could correspond to eukovoside, a verbascoside derivative
previously isolated from Buddleja globosa Hope (Torres-
Vega et al. 2021). These authors also reported martynoside
in the same matrix, which is another hydroxytyrosol deriva-
tive that could match unknown_8 in the present study.
Finally, unknown_9 and 10, were tentatively designated as
saturated fatty acids previously found in trace amounts in
olive oil (Boskou 2006). Just one compound (unknown_7)
was labeled as Level 4 (unclassified) (Table 1). While no
plausible identity was suggested for this one, differentiation
and quantification of this metabolite were accomplished in
this present study. Interestingly, eight of the determined
compounds (i.e. hydroxytyrosol glucoside, verbascoside,
oleoside or secologanoside, oleuropein, ligstroside, oleuro-
pein aglycone, hydroxypinoresinol glucoside, and maslinic
acid) were previously detected in roots of two Greek olive
cultivars (Koroneki and Chetoui) using a similar analytical
method (LC-HRMS) (Michel et al. 2015). However, cyclooli-
vil glucoside, acetoxypynoresinol glucoside, and oleanolic

Figure 3. Time course variation in the concentration of unknown_7 (A), oleoside/secologanoside (B), unknown_2 (C), unknown_8 (D), and unknown_9 (E). Green
and ocher bars represent VWO-tolerant and VWO susceptible control (non-inoculated) plants, respectively, while black bars correspond to Verticillium dahliae-
inoculated plants. Error bars show the standard deviation of three biological replicates (n = 3). Lower case letters indicate Tukey’s post hoc test differences (p
< 0.05) among control (black) and inoculated (red) plants. Statistical differences resulting from the ANOVA analysis between the control and inoculated plants
are represented by asterisks (level of significance p < 0.05). DAI, days after inoculation.
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acid were not detected in root tissues in that work, although
their presence was reported in leaves and/or stems. Finally, it
is important to note that no flavonoids were found in the
roots of the cultivars assessed, what is in agreement with pre-
vious findings (Michel et al. 2015; Skodra et al. 2021).

While from the qualitative point of view no differences
were detected, tolerant and susceptible cultivars here exam-
ined did show significant quantitative differences for several
compounds. Indeed, considering either the entire time-
course of the experiment or individual sampling times
(Table 2 and Figure 1), ‘Frantoio’ and ‘Empeltre’ (VWO-tol-
erant varieties) showed a significantly higher constitutive
content of oleuropein, oleuropein aglycone and elenolic
acid glucoside. It is noteworthy that these compounds also
mostly influenced the cluster formed by tolerant plants in
the PCA analysis (Figure 4). Oleuropein aglycone and eleno-
lic acid glucoside are products of the enzymatic hydrolysis of
oleuropein. The first step is the hydrolysis of the glycosidic
linkage by β-glucosidase with the formation of oleuropein
aglycone that, in a second step, is hydrolyzed to elenolic
acid and hydroxytyrosol by esterase activity (Marsilio and
Lanza 1998; Kanakis et al. 2013; Termentzi et al. 2015).
Oleuropein and its aglycone, extracted from the fruit,
showed in vitro antimicrobial activity against bacteria (Lac-
tobacillus plantarum and Leuconostoc mesenteroides) and
fungi (Rhizopus sp., Rhizoctonia solani, Geotrichum candi-
dum, and Penicillium cyclopium) (Juven and Henis 1970).
The antimicrobial proprieties of oleuropein, extracted from
olive fruit and fermented brines, were also tested against Lac-
tobacillus planyarum (Ruiz-Barba et al. 1991; Marsilio and
Lanza 1998) and Staphylococcus aureus (Tassou and Nychas
1994). Furthermore, the same compound extracted from
olive roots showed inhibitory activity in vitro against Phy-
tophthora spp. (Del Río et al. 2003). These authors
affirmed that the content of oleuropein in olive roots,
together with tyrosol and catechin, contribute to impede

the access of this oomycete, inhibiting mycelial growth and
preventing its proliferation to the rest of the plant. In pre-
vious studies about olive response to cold (Ortega-García
and Peragón 2009) and salt (Petridis et al. 2012) stresses in
leaves and roots, respectively, oleuropein was described as
a stress-tolerant agent. Olive plants accumulated this com-
pound in different organs to protect themselves from oxi-
dative damage (Ortega-García and Peragón 2009). Thus, it
is plausible to think that the higher basal content of oleuro-
pein and its derivatives present in the roots of VWO-tolerant
plants, compared with that scored in the susceptible varieties,
may be linked to the ability of the former group to overcome
the disease. Considering individual sampling times (Figure
1), other secoridoids such as ligstroside, nuzhenide, and
unknown_1 (an elenolic acid derivative) also showed signifi-
cant higher basal concentrations in root tissues of VWO-tol-
erant cultivars. Therefore, it can also be argued the existence
of a link between a higher basal content of secoiridoids in
olive roots and tolerance to V. dahliae. Nevertheless, further
evidence is needed to confirm these hypotheses.

Regarding VWO-susceptible plants, three compounds were
predominant in their basal root tissue composition, both con-
sidering single sampling times and the whole elapsed exper-
imental: methoxypinoresinol glucoside, maslinic acid, and
verbascoside (Table 2 and Figure 1). Furthermore, these com-
poundsmostly influenced the cluster formed by the susceptible
cultivars in the PCA analysis (Figure 4). No information about
the first compound is available in the literature. Concerning
maslinic acid, most of the studies so far performed focused
on clinical tests (antitumoral, antidiabetic, antioxidant, cardio-
protective, and neuroprotective activities) (Deng et al. 2021).
Moderate antifungal activity againstAspergillus flavus,Ustilago
maydis, andA. niger has also been reported using in silicoPASS
(Prediction of Activity Spectra for Substances) analysis,
although no inhibitory effect against different bacteria was
found (Jamkhande et al. 2016). Conversely, maslinic acid

Figure 4. Principal Component Analysis (PCA) of olive root metabolites performed with ‘tolerance’ and ‘variety’ as factors. Compounds with a contribution to the
two dimensions higher than 4% were considered for the analysis. Verbascoside, acetoxypinoresinol glucoside, ligstroside, and unknown_8 were not considered
because they were highly correlated with other metabolites that had a higher percentage of explanation (acyclodihydroelenolic acid hexoside, unknown_5, and
oleuropein).
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extracted from olive leaves showed antimicrobial activity
against oral streptococci and anaerobic pathogenic bacteria
(Porphyromonas gingivalis, Fusobacterium nucleatum, Parvi-
monas micra) (Karygianni et al. 2019). So far, only one study
has reported antimicrobial activity of this metabolite against
plant pathogens. Indeed, in vitro antifungal activity ofmaslinic
acid extracted from leaves of Cobretum erythrophyllum
(Burch.) Sond. against six different pathogenic species ofFusar-
ium has been demonstrated (Seepe et al. 2021). In this present
study no significant variation in the concentrations ofmethox-
ypinoresinol glucoside andmaslinic acid afterV. dahliae inocu-
lation was detected. Therefore, it is unlikely to ascribe any
antifungal role (at least againstV. dahliae) to these compounds.
Furthermore, the significantly higher concentration of these
metabolites in the roots of non-inoculated VWO-susceptible
cultivars compared with that in the tolerant varieties may
suggest a possible role, yet to be identified, in susceptibility to
V. dahliae.

Verbascoside was the metabolite detected at the highest
concentration in all olive roots here analyzed, what agrees
with previous studies on the same matrix (Mechri et al.
2019, 2020). In olive plants infected by Pseudomonas savas-
tanoi pv. savastanoi, the etiological agent of the olive knot
disease, increased biosynthesis of this compound in the
lesions (tumors) caused by this bacterium in the tree was
associated with a plant defense mechanism (Cayuela et al.
2006). Contrariwise, no significant changes were found in
our study for this compound after V. dahliae inoculation.
A recent study has shown a reduction of verbascoside con-
tent in roots of water-stressed olive plants compared with
well-watered plants (Mechri et al. 2019). It is worth mention-
ing that Verticillium wilt causes symptoms similar to those
produced by water stress. Indeed, the invasion of the vascular
system by V. dahliae hinders the water flow, triggering the
plant physiological responses resembling those caused by
drought stress (Ayele et al. 2020; Zarco-Tejada et al. 2021;
Cardoni et al. 2022b). Our results may suggest a negative
association between the content of verbascoside in olive
roots and the tolerance level against this vascular pathogen.
In fact, as for the previous two metabolites, its higher con-
centration in the basal metabolic profiles of the VWO-sus-
ceptible cultivars (Table 2) suggested a correlation between
verbascoside content and V. dahliae susceptibility. Consider-
ing the metabolic profile of non-inoculated plants at each
sampling time, unknown_4, unknown_7, and acyclodihy-
droelenolic acid hexose also exhibited higher concentrations
in VWO-susceptible cultivars compared with the tolerant
ones. Therefore, a greater content of these metabolites may
be linked to the susceptibility of cvs. Picual, Hojiblanca
and Lechín de Sevilla to V. dahliae. Further studies about
the role of these compounds in VWO tolerance/suscepti-
bility would be convenient.

It isworth noticing that the basalmetabolic profile of ‘Chan-
glot Real’was not only different from that of the VWO-suscep-
tible cultivars but also from the profiles displayed by the other
two VWO-tolerant varieties here assessed. While compounds
found at significantly higher concentrations in the VWO-sus-
ceptible cultivars (i.e. methoxypinoresinol glucoside, maslinic
acid, verbascoside, acyclodihydroelenolic acid hexose,
unknown_4, and unknown_7) showed lower contents in
‘Changlot Real,’ metabolites with significantly higher values
in the other tolerant cultivars (i.e. hydroxypinoresinol gluco-
side, oleuropein, oleuropein aglycone, elenolic acid glucoside,

ligstroside, nuzhenide, and unknown_1) were also found at
low concentration in the roots of this cultivar. An ‘intermedi-
ate’ or ‘discrepant’ behavior for this cultivar was earlier
reported when examining the expression pattern of some
defense-response genes (Gómez-Lama Cabanás et al. 2015).
In this study, ‘Changlot Real’ plants exhibited some genes
expression trends similar to those showed by cv. Frantoio
while other genes displayed expression patterns alike to ‘Picual’
plants. Moreover, in another study, progenies obtained from
‘Frantoio’ and ‘Changlot Real’ parents yielded different results.
Indeed, while the first cultivar produced a large number of
VWO-tolerant seedlings, even when crossed with ‘Picual,’
‘Changlot Real’ generated many susceptible descendants (Tra-
pero et al. 2015). These results, together with the findings here
reported, point to the fact that the level of tolerance of ‘Chan-
glot Real’ to V. dahliae is lower compared to that displayed
by ‘Empeltre’ and ‘Frantoio,’ and that an accurate qualification
of this phenotype for the former variety still remains to be done
(Serrano et al. 2020).

The impact that the inoculation with V. dahliae had on the
composition (and changes over time) of the olive root metab-
olites analyzed in this study seemed to be minor (Table S2).
This result was confirmed by the PCA analysis carried out
with the factor ‘treatment’ that showed no differences among
control andV. dahliae-inoculated plants (Figure S2). Similarly,
no differences were detected considering the factor ‘time’
(Table S1 and Figure S2). The metabolites nuzhenide and
unknown_3 exhibited a significant decrease in VWO-tolerant
cultivars at the earliest sampling time point (1DAI), suggesting
an involvement of these compounds in defense mechanisms
(Figure 2(A,B)). Indeed, there are many phenolic compounds
present in plant tissues with no antimicrobial activity per se.
However, the oxidation products of these pre-existing phenols
might have antimicrobial activity through inhibition of the cell
wall degradation by extracellular enzymes produced by patho-
gens (Lattanzio and Cardinali 2006). Unfortunately, no infor-
mation about the role of these metabolites in plant defense is
available. The opposite trend was found for oleanolic acid
and unknown_5 that showed an increase in the same cultivars
upon inoculationwithV. dahliae (Figure 2(C,D)). Since in vitro
antibacterial activity has been previously demonstrated for
oleanolic acid (Chung et al. 2011), it is tempting to conjecture
that these compoundsmay also have antagonist activity against
V. dahliae. Interestingly, a late increase (15 DAI) was detected
for this compound in VWO-susceptible cultivars. A faster and
more effective upregulation of genes involved in lignin biosyn-
thesis and activation of innate immunity was previously
reported for VWO-tolerant cultivars compared with suscep-
tible varieties (Cardoni et al. 2022a). Results here reported
pointed to a similar scenario; that is, a rapid activation of bio-
chemical-based defense mechanisms in VWO-tolerant plants
but a delayed response in the susceptible varieties.

Five different metabolites showed significant alterations at
early times after pathogen inoculation in the VWO-suscep-
tible cultivars. Unknown_7 and oleoside/secologanoside
showed an increase in the V. dahliae-inoculated plants com-
pared with the controls (Figure 3(A,B)). Instead, unknown
compounds 2, 8, and 9 exhibited the opposite trend (Figure
3(C–E)). While it is tempting to assign some role for these
metabolites (and their contrasting variations over time
upon V. dahliae interaction with the host plant) in the higher
susceptibility displayed by these cultivars, additional evi-
dence will be needed to confirm such hypothesis.
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The great dissimilarity in the concentration of phenols
and triterpenes found between the two groups of olive
cultivars, as well as the almost null impact of the pres-
ence of the pathogen along time, suggested that the
root basal metabolic profile is key to determine the
VWO tolerance/susceptibility, at least under our exper-
imental conditions. However, more factors (e.g. genetic,
physiological, structural, and microbiological) must be
taken into account to explain the tolerance/susceptibility
level to V. dahliae of a given olive cultivar (Cardoni et al.
2022a). Furthermore, the few significant alterations
detected after pathogen inoculation confirmed that the
qualitative and quantitative metabolic composition of
olive root is strongly related to pathogen tolerance,
determining the efficiency of the plant to respond to
the V. dahliae attack, as suggested in previous studies
focused only on a limited number of compounds (Báidez
et al. 2007; Markakis et al. 2010). Finally, it must be
emphasized that many of the metabolites showing high
concentrations in the basal metabolic profiles and signifi-
cant changes after pathogen inoculation could not be
fully identified (annotated as unknowns), although the
chemical class has been proposed for some of them.
This underlines the important gap of knowledge about
secondary metabolites in olive roots in general, and on
their role in defense mechanisms against soil-borne
pathogens in particular.

5. Conclusions

A significant association between VWO tolerance level and
the olive root constitutive metabolic profile has been estab-
lished. Therefore, the first hypothesis to-be-tested in this
study has been confirmed: there is variability in the root
metabolic profiles of the olive varieties here examined,
although this variability was quantitative and not qualitat-
ive. Besides, the presence of V. dahliae only caused minor
significant changes in the composition of the secondary
metabolites present in the roots. Consequently, the second
hypothesis to-be-tested has been also confirmed: the
VWO tolerance level of olive cultivars could be related to
differences in the amount of specific compounds. The few
significant alterations were all detected at early times after
the inoculation with the pathogen (between 1 and 7 DAI),
suggesting a rapid activation of a biochemical-based defense
response. On the one hand, our findings stress the need to
deepen our knowledge about the biochemical composition
of olive roots, aiming at understanding the underlying
mechanisms of resistance/tolerance to V. dahliae, and per-
haps of other soil-borne pathogens. On the other hand,
the results gathered could be relevant to be considered as
additional selection criteria in breeding programs for
VWO resistance.
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