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Summary

� Verticillium wilt of olive (VWO) is one of the most serious biotic constraints for this tree

crop. Our knowledge of the genetics of the tolerance/resistance to this disease is very limited.

Here we show that tolerance of the cv Frantoio relies on both basal and early pathogen-

induced differential transcriptomic responses.
� A comparative transcriptomic analysis (RNA-seq) was conducted in root tissues of cvs Fran-

toio (VWO-tolerant) and Picual (VWO-susceptible). RNA samples originated from roots of

inoculated olive plants during the early infection stages by Verticillium dahliae (highly viru-

lent, defoliating pathotype).
� A huge number of differentially expressed genes (DEGs) were found between ‘Frantoio’

and ‘Picual’ (27 312 unigenes) in the absence of the pathogen. Upon infection with

V. dahliae, ‘Picual’ and ‘Frantoio’ plants responded differently too. In the early infection

stages, four clusters of DEGs could be identified according to their time-course expression pat-

terns. Among others, a pathogenesis-related protein of the Bet v I family and a dirigent-like

protein involved in lignification, and several BAK1, NHL1, reactive oxygen species stress

response and BAM unigenes showed noticeable differences between cultivars.
� Tolerance of ‘Frantoio’ plants to VWO is a consequence of a complex and multifaceted pro-

cess which involves many plant traits.

Introduction

Olive (Olea europaea L.), one of the first domesticated tree
species, has undisputed historical, economic and social relevance,
particularly in the Mediterranean Basin where it is mainly culti-
vated. The crop is spreading to other Mediterranean-type climatic
regions worldwide (International Olive Council data; http://www.
internationaloliveoil.org/estaticos/view/131-world-olive-oil-figures).
Among biotic constraints affecting olive, Verticillium wilt
(VWO) caused by the soilborne fungus Verticillium dahliae Kleb.
stands out as one of the most serious diseases affecting this woody
crop. This hemibiotrophic, vascular pathogen can infect hun-
dreds of plant species, including high-value annual and perennial
crops (Pegg & Brady, 2002; Klosterman et al., 2009; Daayf,
2015). Besides its broad host range, the pathogen’s ability to pro-
duce quiescent structures (microsclerotia) able to endure in soil
for many years and the systemic nature of the infection make
V. dahliae very difficult to control (Pegg & Brady, 2002). In the
particular case of VWO, the alarming spread and increasing
prevalence of the highly virulent, defoliating (D) pathotype (lin-
eage 1A) has caused deep concern in many olive-growing regions

(Dervis et al., 2010; L�opez-Escudero et al., 2010; Triki et al.,
2011; Milgroom et al., 2016). So far, no measure has proven suc-
cessful when applied individually. The implementation of an
integrated disease management strategy for the effective control
of VWO is thus strongly recommended (L�opez-Escudero & Mer-
cado-Blanco, 2011).

Within this holistic framework, the use of tolerant/resistant
olive varieties is probably the most efficient and environmentally
friendly approach to control VWO. Several studies have focused
on the search for sources of genetic resistance to V. dahliae
(L�opez-Escudero et al., 2004; Martos-Moreno et al., 2006; Anto-
niou et al., 2008; Colella et al., 2008; Trapero et al., 2013, 2015;
Garc�ıa-Ruiz et al., 2014; Arias-Calder�on et al., 2015a,b; Jim�enez-
Fern�andez et al., 2016), although no cultivar/genotype has been
reported as entirely resistant to the pathogen. Some genotypes
have been qualified as tolerant (i.e. Koroneiki, Empeltre,
Changlot Real) to V. dahliae, although the vast majority of culti-
vated varieties are (very) susceptible (i.e. Manzanillo, Cornicabra,
Picudo) to VWO (L�opez-Escudero & Mercado-Blanco, 2011).
Regrettably, cultivars with the highest economical and historical
relevance are among them (Sesli et al., 2010; Erten & Yildiz,
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2011; Trapero et al., 2013; Garc�ıa-Ruiz et al., 2015). The term
tolerance (Robb, 2007) is used here for olive varieties able to cope
with infections of V. dahliae without developing severe symptoms
of the disease. ‘Frantoio’ is thus considered as one of the most tol-
erant cultivars to VWO, in contrast to, for example, the very sus-
ceptible cv Picual (L�opez-Escudero et al., 2004; Martos-Moreno
et al., 2006; Trapero et al., 2013, 2015; G�omez-Lama Caban�as
et al., 2015).

The development of novel and effective disease management
strategies relies on, among other considerations, a thorough
understanding of the mechanisms deployed by the host plant in
response to the pathogen attack. However, genetic bases underly-
ing plant defence responses against vascular and/or root
pathogens are poorly understood (Okubara & Paulitz, 2005;
Fradin & Thomma, 2006; Yadeta & Thomma, 2013; H€affner &
Diederichsen, 2016). With regard to V. dahliae, structural (e.g.
tylose formation in the xylem) and/or biochemical (e.g. accumu-
lation of phenolic compounds) responses in plant tissue have
been reported which can be either constitutive or induced upon
pathogen infection (Mueller & Morgham, 1993; Daayf et al.,
1997; Ba�ıdez et al., 2007; Markakis et al., 2010). Gene expression
changes (i.e. transcriptional profiling) induced upon V. dahliae
attacks have also been studied in several interactions, but mostly
involving herbaceous hosts (Gayoso et al., 2010; Derksen et al.,
2013; Zhang et al., 2013).

Bubici & Cirulli (2012) proposed that tolerance of cv Frantoio
to VWO is mediated by biochemical-based responses rather than
by structural mechanisms such as vascular plugging. Moreover,
accumulating evidence indicates that these reactions seem to be
more obvious in tolerant than in susceptible olive cultivars
(Ba�ıdez et al., 2007; Markakis et al., 2010; Bubici & Cirulli,
2012; Gharbi et al., 2016, 2017a,b). A similar scenario has also
been observed in V. dahliae-infected cotton (Gossypium hirsutum)
plants, these defence responses being more pronounced in toler-
ant than in susceptible varieties (Daayf et al., 1997). However,
our current knowledge of defence responses taking place upon
infection by V. dahliae and of the genetics of Verticillium wilt
tolerance/resistance in woody plants is very limited, including
that of olive. Moreover, whether differential genetic responses
could be related to the VWO susceptibility/tolerance level of
olive cultivars has seldom been investigated. Recently, transcrip-
tomic changes occurring in above-ground tissues during the
interaction of V. dahliae (D pathotype) with ‘Frantoio’ roots were
reported, many of them related to defence responses against a/bi-
otic stresses (G�omez-Lama Caban�as et al., 2015)

The rapid development of next-generation sequencing (NGS)-
based approaches and ‘-omic’ methodologies are boosting our
understanding of plant–microbe interactions. Large-scale tran-
scriptomic studies can offer a global picture of transcriptomic
events taking place in a biological sample at a specific moment
and/or under defined experimental conditions, and more impor-
tantly, without previous knowledge of the genome sequence
(Strickler et al., 2012; Martin et al., 2013). Thus, RNA-seq has
been used to broadly analyse gene expression in diverse
Verticillium–plant interactions, although mostly involving herba-
ceous hosts (Xu et al., 2011; Faino et al., 2012; Sun et al., 2013;

Zhang et al., 2013; Chen et al., 2015; Tan et al., 2015). In olive,
a number of functional genomics studies based on RNA-seq have
been carried out, but only a few were related to abiotic (Leyva-
P�erez et al., 2014) or biotic (Giampetruzzi et al., 2016) stresses.
Recently, an RNA-seq transcriptomic analysis of olive (cv
‘Picual’, highly susceptible to VWO) roots during the early inter-
action with V. dahliae (D pathotype) was conducted. An olive
transcriptome (‘Oleup’) was thus obtained consisting of 68 259
unigenes (254 252 isoforms/transcripts) (Jim�enez-Ruiz et al.,
2017).

Understanding the genetic basis underlying olive tolerance/
susceptibility to V. dahliae will be instrumental for breeding for
new VWO-tolerant cultivars, developing novel pathogen diag-
nostic tools, and/or designing novel tools for VWO management.
Therefore, the objectives of this study are to assess whether cvs
Frantoio and Picual display basal but differential transcriptomic
responses without being challenged by V. dahliae; to compare
root responses of both cultivars at the transcriptome level upon
inoculation with the highly virulent, D pathotype of V. dahliae
early in the pathogen’s infection process; and to identify the pres-
ence/absence of specific defence-related gene responses explaining
the differential VWO susceptibility level shown by olive cultivars.
The hypothesis to be tested is that susceptibility/tolerance of olive
cultivars to V. dahliae relies on both basal and pathogen-induced
differential genetic responses.

Materials and Methods

Verticillium dahliae culturing conditions and inoculum pro-
duction

A representative olive-infecting V. dahliae isolate (V937I) of the
highly virulent, D pathotype (linage 1A) was used in this study
(Collado-Romero et al., 2006; Prieto et al., 2009; Maldonado-
Gonz�alez et al., 2015). The starting culture and the working
inoculum (conidia suspension) of isolate V937I used in the bioas-
say (see later) were prepared as described by Jim�enez-Ruiz et al.
(2017).

Verticillium dahliae–olive (cvs Frantoio and Picual) bioassay

A bioassay was conducted to study the V. dahliae (D pathotype)–
olive root interaction at the transcriptomic level, using nongnoto-
biotic conditions. Four-month-old potted olive plants of cvs
Frantoio (for RNA sampling) and Picual (for assessment of
VWO symptoms) were purchased from a commercial nursery.
Cultivar Frantoio is qualified as tolerant to VWO, while cv
Picual is highly susceptible to infections by V. dahliae D isolates
(L�opez-Escudero & Mercado-Blanco, 2011). Manipulation of
acclimated plants and root dip inoculation in a conidial suspen-
sion (19107 conidia ml�1 during 30 min) of isolate V937I were
performed as previously described (Mercado-Blanco et al., 2002).
Roots of control plants (noninoculated) were dipped in sterile
water. These plants were considered as controls for any potential,
unintentional damage that roots could undergo during the
manipulation and inoculation processes. After that, plants were
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individually transplanted into polypropylene pots (79 79 8 cm)
containing an autoclaved sandy substrate (Prieto & Mercado-
Blanco, 2008). Plants were randomly distributed and maintained
in a growth chamber adjusted to 24 : 21°C, day : night, 60% rela-
tive humidity, 14 h photoperiod of fluorescent light
(360 lEm�2 s�1) during 15 d (for RNA sampling) or 2 months
(for VWO symptoms observation). To ease plant stress after
manipulation, inoculation and transplanting, the photoperiod
was increased gradually (G�omez-Lama Caban�as et al., 2015;
Jim�enez-Ruiz et al., 2017). Roots of each ‘Frantoio’ plant were
harvested at 0, 2 and 7 d (three plants per time point) after V937I
inoculation (DAI). Tissue samples were immediately frozen in
liquid nitrogen and kept at �80°C until total RNA extraction.
An additional group of plants (‘Picual’ and ‘Frantoio’ V. dahliae-
inoculated and noninoculated) were kept for up to 2 months after
inoculation to assess VWO symptom development. In this study,
samples from 0, 2, and 7 DAI were used for RNA-seq analysis
(see later).

RNA sample preparation and next-generation sequencing

To reduce plant-to-plant variability, we defined three groups of
three randomly selected plants within each treatment and time
condition. Total RNA samples were extracted from roots of con-
trol (nonmanipulated), 2 and 7 DAI, and noninoculated plants,
using a Spectrum Plant Total RNA kit (Sigma-Aldrich) accord-
ing to the manufacturer’s instructions. Any DNA contamination
was removed with on-column DNase digestion (Roche). The
RNA quality tests were performed with the Agilent 2100 bioanal-
yser (Agilent Technologies, Santa Clara, CA, USA) using an
RNA 6000 Pico assay kit (Agilent Technologies). Equimolar
amounts of RNA from each group were pooled. Then, cDNA
libraries were prepared and NGS sequencing was carried out by
Sistemas Gen�omicos S.L. (Paterna, Valencia, Spain) using an
Illumina HiSeq 1000 sequencer. Two replicates per sample were
sequenced on different lanes in the flow cell.

Quantitative real-time polymerase chain reaction analysis

First-strand cDNA was synthesized from 1 lg of total RNA
primed with 60 lM of random hexamer primer and Transcrip-
tor Reverse Transcriptase, using the Transcriptor First Strand
cDNA Synthesis Kit (Roche), following the manufacturer’s
instructions. The quantitative real-time polymerase chain reac-
tion (Q-RT-PCR) was performed in the Bio-Rad CFX96 and
CFX384 PCR system with master mix SsoFastTM EvaGreen®

Supermix (Bio-Rad), in 10 ll of reaction mixture, containing
10 ng of cDNA. Amplifications were performed as follows: ini-
tial polymerase activation at 95°C for 30 s, then 40 cycles at
95°C for 3 s, and at 60°C for 7 s, followed by a melting step
from 65 to 95°C. An internal control of the constitutive olive
actin-coding gene was used for normalization (Garc�ıa-L�opez
et al., 2014). Each PCR reaction was performed three times and
a pool of three different samples were analyzed at each time
point. Oligonucleotides used for amplifications are listed in
Supporting Information Table S1.

Data preprocessing

The raw Illumina RNA-seq reads were first preprocessed using
FASTQMCF (Aronesty, 2011) by discarding primers and reads with
adaptors, unknown nucleotides and poor-quality or short-length
reads, increasing the Qscore to > 30 for all the libraries and
length > 50 bp (Q30L50). A thorough quality control of
sequencing was performed twice using FASTQC software v.0.10.1
(Schmieder & Edwards, 2011) (http://www.bioinformatics.bab
raham.ac.uk/projects/fastqc/) to provide a summary and compare
statistics files, before and after preprocessing.

Gene expression and differentially expressed genes

Gene expression was carried out with RNA-Seq by Arraystar
Lasergene 13, using a 95% false discovery rate (FDR). The refer-
ence transcriptome was obtained from the Olea europaea L. cv
Picual (Jim�enez-Ruiz et al., 2017) to which 17 205 newly assem-
bled unigenes from cv Frantoio that were absent in the cv Picual
transcriptome were incorporated to generate the final ‘PicFra’
transcriptome consisting of 82 159 unigenes. Assembly and func-
tional annotation of the cv Frantoio unigenes were performed
following the same method as that for the ‘Picual’ transcriptome
(Jim�enez-Ruiz et al., 2017). The most specific GO-term-enriched
analysis was performed with BLAST2GO (https://www.blast2go.c
om) (Conesa et al., 2005).

Availability of data and materials

The Illumina sequenced read data reported in this article have
been deposited in the National Center for Biotechnology Infor-
mation (NCBI) Sequence Read Archive and are available under
the following NCBI accession numbers: SRR5330848,
SRR5330847, SRR5330842, SRR5330843, SRR5330844,
SRR5330845). The Transcriptome project has been deposited
under the accession number PRJNA378602.

Results

Nonmanipulated, Verticillium dahliae-free roots of ‘Fran-
toio’ (VWO-tolerant) and ‘Picual’ (VWO-susceptible) show
different basal transcriptomes

A previous reference transcriptome from cv Picual (Jim�enez-Ruiz
et al., 2017) was completed with 17 205 assembled unigenes from
cv Frantoio to produce a newly assembled transcriptome of
82 159 unigenes, namely the ‘PicFra’ transcriptome, which was
used as reference in this work. In order to identify transcriptomic
differences related to the susceptibility of a tolerant (Frantoio)
and a susceptible (Picual) cultivar to V. dahliae infection, the
transcriptomes of control (i.e. nonmanipulated, noninoculated)
roots of both cultivars were first compared. Remarkably, a huge
number of differentially expressed genes (DEGs) were found
between ‘Frantoio’ and ‘Picual’ roots (27 312) at a 95% FDR in
the absence of unintentional root damage and/or pathogen infec-
tion. We particularly aimed to identify relevant changes in gene
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expression. Thus, the analysis was made selecting DEGs with at
least an eightfold change (8FC) between the two cultivars. The
result was that 11 219 DEGs were found between them. Indeed,
2715 DEGs showed significant higher expression in ‘Picual’ roots
while 8504 did so in ‘Frantoio’ roots. In fact, the differences were
so outstanding that 1735 highly expressed DEGs in ‘Picual’ were
undetectable in ‘Frantoio’, while 7961 highly expressed DEGs in
‘Frantoio’ were untraceable in ‘Picual’ roots (Fig. S1).

The results obtained after the biological process (BP) most
specific GO-term-enriched analysis (P < 0.001) showed that
overexpressed DEGs corresponding to transposon and retrotrans-
poson elements, several types of stress response genes as well as
some other processes, such as cell wall biogenesis, recognition of
pollen, photosynthesis in light harvesting or protein unfolding,
were significantly more represented in ‘Picual’ than in ‘Frantoio’
roots (Fig. 1a). In the latter, however, overexpressed DEGs
related to different regulatory processes were more represented
(Fig. 1b). Interestingly, these cultivars also showed dissimilar root
system architecture, even though they were produced at the same

time and with the same propagation procedure. ‘Frantoio’ roots
were always less branched than ‘Picual’ roots, regardless the age
of the sampled plants (Fig. S2).

Differences found between the basal ‘Picual’ and ‘Frantoio’
transcriptomes were further verified by carrying out real-time
qPCR experiments on total RNA samples from roots of three
‘Picual’ and three ‘Frantoio’ V. dahliae-free, nonmanipulated
nursery-produced plants. Fourteen randomly selected unigenes
were analysed. The results corroborated the overall difference
found by the RNAseq analysis. Indeed, seven out of the eight
up-regulated unigenes in ‘Frantoio’ and five out of the six
up-regulated unigenes in ‘Picual’ were validated (Fig. S3).

Transcriptomic responses in ‘Frantoio’ and ‘Picual’ roots are
dissimilar upon Verticillium dahliae infection

The RNA-seq analysis of ‘Frantoio’ and ‘Picual’ roots was done
by comparing data of infected roots at 7 d after pathogen inocula-
tion with data from manipulated control roots (at the same time

(a)

(b)

Fig. 1 Olive ‘Picual’ and ‘Frantoio’ roots
express very different sets of genes in the
absence of unintentional root damage or
Verticillium dahliae infection. Most specific
gene ontology (GO) enrichment terms of
overexpressed unigenes in: (a) ‘Picual’ roots;
(b) ‘Frantoio’ roots.
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but without the pathogen) and control, nonmanipulated roots.
DEGs were obtained at 8FC and 95% significance. The response
to V. dahliae infection resulted in a very different set of DEGs for
both olive cultivars. First, in ‘Frantoio’ roots, up- and down-
regulation processes were quantitatively very similar (i.e. 1983
and 2311 DEGs, respectively), whereas in ‘Picual’ roots up-
regulation was overwhelmingly predominant and a lot higher
than down-regulation (14 530 and 766 DEGs, respectively)
(Fig. 2). Second, the vast majority of induced DEGs in both cul-
tivars were different and just 420 DEGs were up-regulated in
‘Frantoio’ and ‘Picual’ (Fig. 3a). The BP most specific GO-term-
enriched analysis (P < 0.05) showed that these 420 unigenes were
mostly involved in several biosynthetic routes, root or meristem
growth and auxin homeostasis (Fig. 3b; Table S2).

As ‘Frantoio’ control, nonmanipulated roots expressed a high
number of DEGs whose expression was absent in cv Picual
(Fig. 1), and ‘Picual’ roots showed significantly more up-
regulated DEGs than ‘Frantoio’ roots in response to V. dahliae
infection (Fig. 2), it might be that ‘Frantoio’ were constitutively
expressing genes that in ‘Picual’ are only expressed in response to
this biotic stress. To test this, we checked the presence of poten-
tial commonalities between the set of 14 530 up-regulated DEGs
in ‘Picual’ in response to V. dahliae inoculation and that of 8504
DEGs which displayed higher expression in ‘Frantoio’ control,
nonmanipulated roots. Remarkably, just 204 were common to
both groups of DEGs. Therefore, ‘Picual’ plants respond to
V. dahliae infection in a completely different way to ‘Frantoio’
plants. Moreover, the genes induced in ‘Picual’ roots upon
pathogen infection are basically different from those differentially
expressed in ‘Frantoio’ control, nonmanipulated roots. Besides,

these 204 coincidental DEGs corresponded to GO terms not
closely related to plant defence response (Fig. S4; Table S3).

‘Frantoio’ and ‘Picual’ roots show highly divergent DEG
patterns during the early root infection process by
Verticillium dahliae

Transcriptome changes occurring in roots in the early stages of
the V. dahliae colonization and infection process are potentially
crucial to explain the tolerance/resistance to VWO displayed by
olive cultivars. Thus, transcriptome changes taking place in roots
of the tolerant cv Frantoio were analysed and compared with
those in the susceptible cv Picual. DEGs were selected (8FC and
95% significance) by comparing infected roots sampled at 7 DAI
with control manipulated roots at 7 d post-manipulation and
control untreated roots. Genes were then clustered in four groups
according to the expression pattern observed at 2 and 7 DAI in
‘Frantoio’ and ‘Picual’ roots (Table S4).

Group 1 included DEGs that were induced at 7 DAI in ‘Fran-
toio’ but not in ‘Picual’. This is the largest group by far, including
1310 DEGs (Fig. 4a; Table S4). The BP most specific GO-
term-enriched analysis (P < 0.025) comprised, among others,
defence response to fungus, incompatible interaction, defence
response signalling pathway, resistance gene-independent, and
several biosynthetic and catabolic processes (Fig. 4b).

Group 2 consisted of 598 DEGs up-regulated at 7 d postin-
fection in both cultivars (Fig. 5a). The BP most specific GO-
term-enriched analysis (P < 0.025) included processes essen-
tially related to growth and cell function rather than resistance
to fungus, except for the process of systemic acquired

(a) (b)

Fig. 2 Scatter plots of unigenes that modify their expression in olive roots after 7 d of Verticillium dahliae inoculation. (a) ‘Picual’ roots; (b) ‘Frantoio’ roots.
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resistance, salicylic acid-mediated signalling pathway (Fig. 5b;
Table S4).

Group 3 contained just 28 DEGs showing a transitory induc-
tion in ‘Picual’ (at 2 DAI) in contrast to ‘Frantoio’ roots, in
which an increased expression over time (from 2 to 7 DAI) was
observed (Fig. 6a). This was a small group of genes, and the BP
most specific GO-term-enriched analysis (P < 0.025) showed
transport processes (lactate transmembrane, arsenite, hydrogen
peroxide and phosphate ion), response to arsenic-containing sub-
stance, and cell–cell junction assembly processes. These processes
were represented by just one single DEG each (Fig. 6b;
Table S4).

Finally, group 4 comprised 47 DEGs showing up-regulation
in infected ‘Frantoio’ roots at 7 DAI (Fig 7a). Interestingly, these
unigenes were already induced in control ‘Picual’ roots, but not
in control ‘Frantoio’ roots. The BP most specific GO-term-
enriched analysis (P < 0.025) showed processes represented by
just one DEG, except for DNA integration. This might indicate
that transposition events are promoted in stressed ‘Frantoio’

roots, but are already present in ‘Picual’ control roots (Fig. 7b;
Table S4). This result was consistent with data shown in Fig. 1.
The pattern of expression of 10 randomly selected DEGs was
confirmed in ‘Frantoio’ and ‘Picual’ by real-time qPCR experi-
ments (Fig. S5), thus validating the results obtained by the RNA-
seq analysis.

Targeting tolerance/resistance-related olive genes and their
differential expression patterns in cultivars differing in
susceptibility to Verticillium dahliae

Unigenes related to resistance to biotic stress have been identified
(Table S5). Differences in expression patterns that could correlate
with VWO tolerance level of olive cultivars were examined. First,
we focused on a set of genes previously identified in plant–
Verticillium interactions. Five putative Ve1 (coding for Verticil-
lium wilt disease resistance protein) unigenes were found in the
olive transcriptome (Table S5; cells in green colour). Only two of
them showed 8FC differential expression values among

(a)

(b)

Fig. 3 Heat map (a) and most specific gene
ontology (GO) enrichment terms (b) of the
420 unigenes that are induced in both
‘Picual’ and ‘Frantoio’ olive roots 7 d after
inoculation with Verticillium dahliae.
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‘Frantoio’ and ‘Picual’ plants (Fig. 8). Twenty-four unigenes cod-
ing for putative NAC domain (for NAM (No Apical Meristem),
ATAF1/2 (Arabidopsis Transcription Activation Factor), and
CUC2 (Cup-Shaped Cotyledon)) transcription factors were also
found (Table S5; cells in orange colour), but only five showed rel-
evant differences between cultivars (Fig. 8). Seventeen BAK1
(Brassinosteroid insensitive 1-Associated receptor Kinase) unige-
nes (Table S5; cells in pink colour) were also present in the olive
transcriptome, but only three showed noticeable differences (i.e.
down-regulation in ‘Picual’ but not in ‘Frantoio’ upon pathogen
inoculation) (Fig. 8). A similar behaviour was observed in four
out of nine NHL1 (=NDR1/HIN1-like) (Harpin-INduced pro-
tein-like) detected unigenes (Table S5; cells in grey colour)
(Fig. 8). In addition, one EDS1 (coding for a putative Enhanced

Disease Susceptibility 1 protein) (Table S5; cell in dark blue
colour), three NDR1 (Nonrace specific Disease Resistance
Protein 1) (Table S5; cells in yellow colour), and two MEK2
(Mitogen-activated protein kinase kinase) unigenes (Table S5;
cells in red colour), as well as one putative unigene coding for a
Violaxanthin de-epoxidase (Table S5; cell in light blue colour)
were also found. However, no significant differences were
observed between the two olive cultivars.

Second, 167 unigenes related to disease resistance were also
identified (Table S5). Differential expression patterns between
cultivars were found for only a few of them, thereby enabling
their classification into the following categories: nine unigenes
with higher expression in ‘Picual’ plants regardless of whether or
not V. dahliae was inoculated; 11 unigenes that were repressed

(a)

(b)

Fig. 4 Heat map (a) and most specific gene
ontology (GO) terms (b) of group 1 of
clustered genes according to its pattern of
expression at 2 and 7 d after Verticillium
dahliae infection in olive ‘Frantoio’ and
‘Picual’ roots (see the Results section).
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(sometimes only transiently at 2 DAI) in ‘Picual’ but not in
‘Frantoio’; seven unigenes with higher expression in ‘Frantoio’
than in ‘Picual’, regardless of whether or not the pathogen was
present; two unigenes that were induced in ‘Frantoio’ but not in
‘Picual’; nine unigenes that were induced in ‘Picual’ (sometimes
only at 7 DAI) but not in ‘Frantoio’; and three unigenes that
were repressed in ‘Frantoio’ (one of them induced in ‘Picual).
These unigenes mostly coded for putative Dirigent-like,
nucleotide-binding site leucine-rich repeat (NBS-LRR) type dis-
ease resistance, Disease resistance response, coiled-coil-NBS-
LRR (CC-NBS-LRR) kinases, or BED finger-nbs-lrr resistance
proteins (Table S5). Among them, eight unigenes are worth men-
tioning: four NBS-LRR resistance unigenes showing an overall
higher expression in ‘Frantoio’ than in ‘Picual’ (Fig. 8); one Diri-
gent unigene, potentially involved in lignification (Table S5),
showing a remarkable difference in its expression pattern between
the two cultivars (Fig. 8); one Bet v I root-specific unigene,
potentially involved in pathogen defence response, down-

regulated in ‘Picual’ during the infection process but remaining
up-regulated in ‘Frantoio’ (Fig. 8); and three RGH disease resis-
tance unigenes that showed higher expression (or a clear
up-regulation trend over time upon V. dahliae inoculation) in
‘Frantoio’ compared with the pattern observed in ‘Picual’ (Fig. 8).

Finally, we analysed and compared the expression patterns of
two groups of genes previously studied as per their involvement
in response to V. dahliae infection: the b-amylase (BAM) and the
reactive oxygen species (ROS) protective response genes. We
found that the ‘PicFra’ transcriptome contains 18 BAM unigenes
(Table S6). Although expression patterns differed between
‘Picual’ and ‘Frantoio’ plants depending on the specific unigene
analysed, an overall up-regulation over time was observed in
‘Picual’, whereas in ‘Frantoio’, expression remained relatively
constant after V. dahliae inoculation. Thus, total log₂(reads per
kilobase per million) values in nonmanipulated, noninoculated
(control) plants were very similar in ‘Picual’ and ‘Frantoio’ roots
(10.8354 and 15.8116, respectively) (Table S6). While these

(a)

(b)

Fig. 5 Heat map (a) and most specific gene
ontology (GO) terms (b) of group 2 of
clustered genes according to its pattern of
expression at 2 and 7 d after Verticillium
dahliae infection in ‘Frantoio’ and ‘Picual’
olive roots (see the Results section).
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values remained unaltered after pathogen inoculation in ‘Fran-
toio’ (18.96416 at 2 DAI and 18.97053 at 7 DAI), an overall
increase over time was evident in ‘Picual’ (20.26586 at 2 DAI
and 52.68985 at 7 DAI). However, our previous results
(Jim�enez-Ruiz et al., 2017) showed that an ROS stress-defence
response was induced in ‘Picual’ plants upon V. dahliae infection.
In this study, none of the six highly up-regulated unigenes in
‘Picual’ responded in ‘Frantoio’; eight ROS protective response-
related unigenes showed a trend to be slightly up-regulated after
pathogen infection in ‘Frantoio’ but not in ‘Picual’ at 7 DAI
(Table S7); and, finally, six unigenes showed a trend to be
induced after V. dahliae infection in both cultivars, although to a
higher degree in ‘Picual’ than in ‘Frantoio’ (Table S7).

Discussion

Understanding the mechanisms underlying olive tolerance/resis-
tance to V. dahliae is instrumental to improving integrated

management strategies of VWO by, for instance, breeding for
tolerance or developing novel diagnostic tools based on specific
V. dahliae tolerance-associated markers. In this study we aimed to
unravel differences, at the full olive root transcriptome level,
between two olive cultivars showing differential degrees of sus-
ceptibility to the pathogen.

The first relevant finding of this study was the remarkable dif-
ference found between ‘Frantoio’ and ‘Picual’ basal root tran-
scriptomes (Figs 1, S1). Moreover, an outstanding difference in
root system architecture between both cultivars was also observed
(Fig. S2). Global gene expression profiling studies in which dif-
ferential responses between susceptible and tolerant cultivars were
compared upon phytopathogen infection are available for a num-
ber of pathosystems (i.e. Goyer et al., 2015; Kwenda et al., 2016;
Mati�c et al., 2016), including olive (Giampetruzzi et al., 2016).
However, comparative analysis of basal gene expression level
between host cultivars displaying different disease susceptibility
prior to the challenge with the pathogen is frequently overlooked.

(a)

(b)

Fig. 6 Heat map (a) and most specific gene
ontology (GO) terms (b) of group 3 of
clustered genes according to its pattern of
expression at 2 and 7 d after Verticillium
dahliae infection in ‘Frantoio’ and ‘Picual’
olive roots (see the Results section).
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This information could be of the upmost importance, as consti-
tutive differential expression levels in unchallenged plants can
already help to explain tolerance/susceptibility to a given
pathogen, thereby ‘preconditioning’ the plant towards the disease
(Postnikova et al., 2015). In a recent study, the xylem tissue basal
transcriptomes of two olive cultivars, one tolerant (Leccino) and
another susceptible (Ogliarola salentina) to Xylella fastidiosa ssp.
pauca, causing the olive quick decline syndrome, were similar. In
our study, however, differences in whole root tissue basal tran-
scriptomes between ‘Frantoio’ and ‘Picual’ plants were remark-
able. However, as roots are the first point of contact for soilborne
pathogens, it is plausible that differences in root architecture,
among other things, may condition plant performance against
colonization and invasion by V. dahliae. While the genetic and
hormonal control of root anatomy and architecture has been

studied for some species under different nutritional, environmen-
tal and stress conditions (Jung & McCouch, 2013; Wachsman
et al., 2015), information regarding olive root architecture and its
relationship with tolerance/susceptibility to V. dahliae is, to the
best of our knowledge, nonexistent. However, it is worth men-
tioning that plants of the olive cv Koroneiki show roots with little
branching (Chatzistathis et al., 2013), similar to the overall
appearance of ‘Frantoio’ roots reported here. Interestingly,
‘Koroneiki’ is also qualified as tolerant to VWO (Markakis et al.,
2010). Higher lignin content in roots of the VWO-resistant cv
Sayali has recently been reported, as compared with that observed
in the susceptible cv Chemlali (Gharbi et al., 2017b). Related to
this, we identified a unigene potentially coding for a Dirigent-like
protein involved in lignification that showed a significantly
higher basal up-regulation in ‘Frantoio’ than in ‘Picual’.

(a)

(b)

Fig. 7 Heat map (a) and most specific gene
ontology (GO) terms (b) of group 4 of
clustered genes according to its pattern of
expression at 2 and 7 d after Verticillium
dahliae infection in ‘Frantoio’ and ‘Picual’
olive roots (see the Results section).
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Overexpression of the DIRIGENT1 gene in cotton, leading to an
enhanced lignification process and hampered invasion by
V. dahliae, has been reported (Shi et al., 2012). Finally, a

pathogenesis-related protein of the Bet v I family, probably
encoding a major latex protein involved in pathogen defence
responses, is a specific root gene in olive (Jim�enez-Ruiz et al.,

Fig. 8 Defence differentially expressed genes (DEGs) between ‘Frantoio’ and ‘Picual’ olive roots during the Verticillium dahliae early infection process.
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2015). Remarkably, this gene was found to be repressed in
‘Picual’, but not in ‘Frantoio’, upon infection by V. dahliae.

Previously, a transcriptome analysis of olive roots (cv Picual)
during the early interaction with V. dahliae was conducted,
thereby obtaining the so-called olive root transcriptome ‘Oleup’
(Jim�enez-Ruiz et al., 2017). In this present work, we improved
the available transcriptome by adding unigenes assembled from
RNA-seq data from ‘Frantoio’ roots that were absent in ‘Oleup’.
The new unigenes correspond to transcripts not previously
detected in ‘Picual’ roots because the corresponding genes are
transcribed at very low level, or not at all, in this cultivar but are
transcribed at higher level in ‘Frantoio’. Thus, a more complete
olive transcriptome (‘PicFra’) was generated to comprehensively
compare ‘Frantoio’ and ‘Picual’ roots. Interestingly, most of the
genes previously described as involved in V. dahliae resistance in
other hosts were not overexpressed in ‘Picual’ plants. This out-
come was suggested to be a result of the compatible interaction
(i.e. olive ‘Picual’–V. dahliae D pathotype) under study, probably
unable to trigger a full resistance response by the host (Jim�enez-
Ruiz et al., 2017). Results from the present RNA-seq study indi-
cate that transcriptomic responses upon V. dahliae infection are
quite divergent, depending on the degree of VWO tolerance dis-
played by the olive cultivar tested. Thus, in the V. dahliae–’Picual’
interaction, gene up-regulation was clearly predominant over
down-regulation, in contrast to the situation observed in the
V. dahliae–’Frantoio’ interaction, in which events of up- and
down-regulation were nearly equalized. Besides, most of the
induced DEGs in both cultivars were different and only 420
DEGs were shown to be up-regulated in both cultivars. Another
relevant outcome was that only a minor fraction (0.9%) of the
total number of up-regulated DEGs (i.e. 23,034) was found to
be present in both cultivars, and most of them were not closely
related to defence responses. Furthermore, ‘Frantoio’ does not
constitutively express defence-related genes that are induced in
‘Picual’ plants as a consequence of the pathogen attack. As genes
induced in ‘Picual’ roots upon pathogen infection were quite dif-
ferent from those constitutively expressed in nonmanipulated
‘Frantoio’ roots, the tolerance/susceptibility level observed for
each cultivar to V. dahliae relies on both complex basal and
pathogen-induced differential transcriptomic responses. How-
ever, and to reinforce this conclusion, transcriptomic responses in
‘Frantoio’ and ‘Picual’ roots were clearly divergent during the
early root infection process by V. dahliae, with four groups
(Figs 4–7) of genes showing differential expression patterns over
time. However, the significance and interpretation of these differ-
ential patterns will require in-depth analyses beyond the aims of
this study.

While genetic resistance against V. dahliae has been reported
for a number of herbaceous crops (e.g. Lynch et al., 1997; Bae
et al., 2008), it is absent or not reported for the vast majority of
crops, particularly trees (Fradin & Thomma, 2006). The only
locus so far functionally characterized to be involved in resistance
to Verticillium wilt is the Ve locus in tomato (Solanum
lycopersicum) (Fradin et al., 2009). Ve1 homologues seem to be
widely distributed in plants (Song et al., 2017). In our study, four
olive Ve1 unigenes have been detected (plus a fifth one with

unclear annotation). However, no major differences in their
expression patterns related to susceptibility to VWO were found,
except for two of them. Indeed, while these two unigenes showed
low or very low expression level (both basal and upon infection
by the V. dahliae D pathotype) in both cultivars, their expression
was higher in ‘Frantoio’ and one of them showed a transient up-
regulation upon V. dahliae infection (Table S5). In tomato, Ve1
governs resistance to race 1 isolates of V. dahliae. This pathogenic
race is defined by the presence of the gene Ave1 (for Avirulence
on Ve1) which activates Ve1-mediated resistance and contributes
to the greater virulence of this V. dahliae race in tomato and
A. thaliana (de Jonge et al., 2012). The presence of the effector
gene Ave1 confers avirulence to tomato cultivars carrying the
resistance gene Ve1 (or its homologue Vr1 in lettuce) (Kawchuk
et al., 2001; Hayes et al., 2011; de Jonge et al., 2012). The lack of
Ave1 is characteristic of Race 2 isolates which are potentially viru-
lent on hosts carrying Ve1 as a result of their ability to evade
recognition (de Jonge et al., 2012; Short et al., 2014). In a recent
study, all Race 1 isolates analysed were only present in V. dahliae
lineage 2A, and all lineage 2A isolates displayed the race 1 pheno-
type. In the same study, molecular markers and virulence assays
confirmed that the D pathotype is only found in lineage 1A.
Moreover, pathogenicity tests showed that cotton and olive D
isolates were highly virulent on cotton and olive, but moderately
virulent on tomato (Jim�enez-D�ıaz et al., 2016). The V. dahliae
isolate used in this study (V937I) belongs to the D pathotype
(lineage 1A), and the presence of the Ave1 gene could not be con-
firmed by PCR analysis (data not shown). According to the over-
all expression data obtained here for olive Ve1 unigenes, they do
not seem to contribute in a decisive way to the tolerance level dis-
played by ‘Frantoio’ plants.

In tomato, the Ve1-mediated resistance signalling pathway
requires EDS1, NDR1, BAK1, MEK2 and SOBIR1 (LRR-RLK
Supressor Of BIR1-1) (Fradin et al., 2009; Liebrand et al., 2014).
Putative olive homologues have been detected in the ‘PicFra’
transcriptome for all of them except SOBIR1. Moreover, no
homologues to vdr5 and VvVe have being found in the olive tran-
scriptome. It has been reported that, on the one hand, Verticil-
lium wilt resistance mediated by GbVe1 and Gbvdr5 genes in
cotton (G. hirsutum) require GhNDR1 and GhMKK2 (Gao
et al., 2011), whereas, on the other, overexpression of VvVe (a
Ve1-like gene from Vitis vinifera) in transgenic Nicotiana
benthamiana conferred resistance to a D isolate of V. dahliae
(Tang et al., 2016). The lack of relevant differences in the expres-
sion pattern of most of these genes, or their absence in the olive
transcriptome, supports the idea that the Ve1-mediated resistance
signalling pathway is not decisively involved in the differential
susceptibility shown by the olive cultivars assessed here, at least
against the D pathotype. Nevertheless, some noticeable differen-
tial expression patterns between cultivars are worth mentioning.
These are the cases for three putative BAK1 and four putative
NHL1, all of them showing down-regulation in ‘Picual’, but not
in ‘Frantoio’, upon V. dahliae infection (Fig. 8; Table S5). It has
been demonstrated that BAK1 (an LRR receptor-like kinase that
regulates the brassinosteroid receptor BRI1; Li et al., 2002; Nam
& Li, 2002) has a functional role in pattern recognition receptor-
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dependent signalling which initiates innate immunity. Thus,
Arabidopsis thaliana BAK1 mutants showed a decreased response
to pathogen-associated molecular patterns (PAMPs; N€urnberger
et al., 2004), indicating that BAK1 acts as positive regulator of
PAMP receptors, thereby influencing innate immunity (Chin-
chilla et al., 2007). The observed down-regulation of BAK1 from
basal levels in ‘Picual’ compared with ‘Frantoio’, which remains
unaltered upon V. dahliae infection (Fig. 8; Table S5), might
thus help to explain the lower capacity of the susceptible olive
cultivar to cope with V. dahliae infection.

Jim�enez-Ruiz et al. (2017) reported that some of the olive-
induced DEGs in ‘Picual’ plants upon V. dahliae infection were
involved in ROS protection response. In the present study we
found that some of these genes showed differential expression
patterns between cultivars. On the one hand, the six genes with
strongest response to ROS stress during early pathogen infection
of ‘Picual’ roots (Jim�enez-Ruiz et al., 2017) were not expressed in
‘Frantoio’ roots at any time during the infection process. On the
other hand, some of them were only induced in ‘Frantoio’ (at 7
DAI), although at a very low level. Another group, however,
showed a shift from very low expression to up-regulation in
‘Picual’, whereas in ‘Frantoio’ they remained repressed, although
they showed a slight trend to be up-regulated at 7 DAI as well.
Overall, the response to ROS stress was clearly stronger in
‘Picual’ than in ‘Frantoio’, in accordance with the susceptibility/
tolerance of the infected cultivar. This result deserves further
investigation, not only because of these differences but also
because a ROS protective response also takes place in the
pathogen, although at an earlier time than in olive roots
(Jim�enez-Ruiz et al., 2017). It will be interesting to study whether
the ROS protective response in V. dahliae also shows differences
depending on the VWO tolerance level of the infected olive culti-
var.

Gkizi et al. (2015) have assigned a negative role for BAM genes
in the partial resistance of A. thaliana plants against V. dahliae.
Our results indicated that ‘Picual’ plants showed an overall
induction of BAM unigenes upon infection with V. dahliae D
pathotype, in contrast to ‘Frantoio’ plants in which their global
expression remained unaltered. Although this outcome should be
studied in more detail and expression of each BAM gene consid-
ered individually (see Table S6), these genes coding for 1,4-
alpha-D-glucan maltohydrolase/beta-amylase and implicated in
carbohydrate metabolism/polysaccharide degradation seem to
play a role in the higher susceptibility displayed by ‘Picual’ plants.
BAM genes are involved in the degradation of starch, the major
storage metabolite in higher plants, to maltose (Fulton et al.,
2008). Reduced carbohydrate availability seems to affect host sus-
ceptibility in different ways. Thus, starch-free mutants of
A. thaliana were reported to be more resistant to the fungal
biotroph Erysiphe cruciferarum but more susceptible to the
hemibiotroph Colletotrichum higginsianum (Engelsdorf et al.,
2013). Moreover, A. thaliana plants infected by the obligate
biotrophic protist Plasmodiophora brassicae showed overexpres-
sion of BAM3 (Jubault et al., 2013). Finally, a decline of starch
concentrations in leaves of V. dahliae-infected pepper plants has
also been reported (Goicoechea et al., 2000). It can be speculated

that the overall induction of genes involved in starch degradation
observed in ‘Picual’ roots, leading to higher availability of free
maltose, is a consequence of a higher demand of carbohydrates
that are actively consumed by the pathogen during colonization
of the host plant. By contrast, this metabolic pathway was not
induced in ‘Frantoio’. The genetic basis underlying this finding
remains to be elucidated.

Infection by vascular pathogens can either induce transdiffer-
entiation of bundle sheath cells to new and functional xylem ves-
sels or augment xylem cells within the vascular bundle by means
of prolonged/renewed activity of the vascular cambium (Reusche
et al., 2012). In A. thaliana, several NAC transcription factors
have been identified as involved in transdifferentiation. They
belong to the VND (Vascular-related NAC Domain) subfamily.
Two members of this subfamily, VND6 (regulating metaxylem)
and VND7 (inducing protoxylem) were proposed to have specific
roles in Verticillium-triggered transdifferentation of bundle
sheath cells (Kubo et al., 2005; Yamaguchi et al., 2010; Reusche
et al., 2012). Whether a mechanism resulting in an increase in
the number of vascular elements exists in tree species upon vascu-
lar infection is unknown. In poplar (Populus trichocarpa), how-
ever, homologues of NAC domain protein genes (PtVNS/
PtrWND) have been identified and their role in xylem vessel ele-
ment differentiation has been demonstrated (Hu et al., 2010;
Ohtani et al., 2011). In our study, 24 unigenes coding for puta-
tive olive NAC domain transcription factors were found, but
only five showed relevant differences between cultivars: two dis-
playing higher expression in ‘Frantoio’ than in ‘Picual’ plants,
and three showing increased up-regulation over time in ‘Picual’
plants alone (Table S5). Their potential implication in the toler-
ance level to VWO of the olive cultivars examined here is not
clear, as is the case for the rest of the unigenes associated with
defence response found in the ‘PicFra’ transcriptome.

In summary, our results point to the fact that tolerance of
‘Frantoio’ plants to VWO is a consequence of a complex and
multifaceted process which does not rely on a small number of
plant traits. The availability of the ‘PicFra’ transcriptome will be
instrumental in understanding the complex network of genetic
responses leading to olive tolerance to this relevant vascular
pathogen.
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