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during the Verticillium dahliae Early Infection Process

Jaime Jiménez-Ruiz, María de la O Leyva-Pérez, Elisabetta Schilirò,  
Juan Bautista Barroso, Aureliano Bombarely, Lukas Mueller,  
Jesús Mercado-Blanco, and Francisco Luque*

Abstract
Olive cultivation is affected by a wide range of biotic constraints. 
Verticillium wilt of olive is one of the most devastating diseases af-
fecting this woody crop, inflicting major economic losses in many 
areas, particularly within the Mediterranean Basin. Little is known 
about gene-expression changes during plant infection by Verticil-
lium dahliae of woody plants such as olive. A complete RNA-seq 
transcriptomic analysis of olive tree roots was made. Trinity as-
sembler proved to be the best option to assemble the olive and 
V. dahliae transcriptomes. The olive transcriptome (Oleup) consist-
ed of 68,259 unigenes (254,252 isoforms/transcripts), and the 
V. dahliae transcriptome (Vedah) consisted of 37,425 unigenes 
(52,119 isoforms/transcripts). Most unigenes of the Oleup tran-
scriptome corresponded to cellular processes (12,339), metabolic 
processes (10,974), single-organism processes (7263), and 
responses to stimuli (5114). As for the Vedah transcriptome, most 
unigenes correspond to metabolic processes (25,372), cellular 
processes (23,718), localization (6385), and biological regula-
tion (4801). Differential gene-expression analysis of both transcrip-
tomes was made at 2 and 7 d post-infection. The induced genes 
of both organisms during the plant-pathogen interaction were 
clustered in six subclusters, depending on the expression pat-
terns during the infection. Subclusters A to C correspond to plant 
genes, and subcluster D to F correspond to V. dahliae genes. A 
relevant finding was that the differentially expressed gene (DEGs) 
included in subclusters B and C were highly enriched in proteoly-
sis as well as protein-folding and biosynthesis genes. In addition, 
a reactive oxygen species (ROS) defense was induced first in the 
pathogen and later in the plant roots.

Olive (Olea europaea L.) was one of the first tree spe-
cies to be domesticated and cultivated. Wild and 

cultivated olives are diploid (2n = 46) and have a genome 
size of approximately 1800 Mb (De la Rosa et al., 2003). 
Today, olive cultivation has spread worldwide and has 
far-reaching economic, social, and ecological implica-
tions within the Mediterranean Basin. In fact, according 
to International Olive Oil Council data (http://www.
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Core Ideas

•	 A transcriptomic RNA-seq analysis was conducted  
to study the olive–V. dahliae interaction.

•	 The transcriptomes of olive roots and V. dahliae were 
compiled at an early stage of infection.

•	 A number of putative genes involved in the plant 
defense were found.

•	 Most of the induced genes in response to the infection 
are related to protein turnover.

•	 An ROS stress-defense response is induced first in  
the pathogen and later in the plant.
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internationaloliveoil.org/documents/viewfile/4248-pro-
duction3-ang/), more than 90% of the global cultivation 
area and an equal percentage of olive-oil production are 
located in this region. Virgin olive oil, the main product 
from olive trees and the principal component of the so-
called Mediterranean diet, is consumed worldwide for its 
potential health and nutritional benefits and its excep-
tional organoleptic properties (Donaire et al., 2011).

Verticillium wilts are diseases caused by the patho-
genic soilborne fungi Verticillium spp. and occur on a 
wide range of susceptible host plants throughout temper-
ate and subtropical regions (Faino et al., 2012). Verticil-
lium dahliae Kleb., one of the most damaging species 
within this genus, can infect more than 200 plant species, 
including high-value annual and perennial crop plants 
as well as wild, fruit, and ornamental trees and shrubs 
(Klosterman et al., 2009). V. dahliae is difficult to control 
due to a range of factors including lack of host specificity; 
the production of resistant structures (i.e., microsclero-
tia), which can survive for years in the soil; and the sys-
temic nature of the infection (Pegg and Brady, 2002).

Olive cultivation is affected by a wide array of biotic 
constraints. Verticillium wilt of olive (VWO) is one of 
the most devastating diseases affecting this woody crop, 
inflicting heavy economic losses in many areas, par-
ticularly within the Mediterranean Basin. The disease is 
caused by V. dahliae and was first described in Italy (Rug-
gieri, 1946). Since then, it has been detected in almost all 
regions where olive is cultivated, causing serious concern 
to growers, nursery companies, and the olive-oil industry 
(López-Escudero and Mercado-Blanco, 2011). In addition, 
the steady spread and increasing prevalence of a highly 
virulent defoliating (D) pathotype in some geographical 
areas has increased the threat posed by V. dahliae in olive-
growing regions (Dervis et al., 2010; López-Escudero et 
al., 2010). Although some cultivars of olive tree have been 
defined as resistant or tolerant to the pathogen, most of 
the currently cultivated olive cultivars are susceptible 
to the disease (Sesli et al., 2010; Erten and Yildiz, 2011; 
Trapero et al., 2013; García-Ruiz et al., 2015). Moreover, 
the susceptible and extremely susceptible cultivars are 
the economically and historically important ones in their 
cultivation areas: ‘Hojiblanca’ and ‘Picual’ in Spain, ‘Kon-
servolia’ and ‘Kalamon’ in Greece, and the worldwide-
cultivated ‘Manzanillo’ (López-Escudero and Mercado-
Blanco, 2011). General aspects of Verticillium wilts and 
their control have been widely reviewed (Fradin and 
Thomma, 2006; Klosterman et al., 2009) and host-patho-
gen interactions in VWO have been amply studied and 
well summarized in recent years by Jiménez-Díaz et al. 
(2012) and López-Escudero and Mercado-Blanco (2011).

Different efforts have been implemented to evaluate 
olive-tree resistance to VWO (Markakis et al., 2009), to 
control the infection process with resistant rootstocks 
(Bubici and Cirulli, 2012), and to study resistance under 
field and greenhouse conditions (Trapero et al., 2013; 
Garcia-Ruiz et al., 2014). Recently, host resistance has 
been tested using a large number of olive genotypes 

(Arias-Calderón et al., 2015a, 2015b; Trapero et al., 2015). 
Other aspects of the infection have been investigated, 
including the response to stem-puncture inoculation 
(López-Escudero et al., 2007), the colonization process 
(Prieto et al., 2009), natural recovery as a control strategy 
(Bubici and Cirulli, 2014), the effect of soil temperature 
in olive response to VWO (Calderón et al., 2014), sys-
temic responses of olive potentially related to VWO resis-
tance (Gómez-Lama Cabanás et al., 2015), and V. dahliae 
genetic structure and cell-wall-degrading enzymes as 
pathogenicity factors (Gharbi et al., 2015a, 2015b).

During the last decade, the development of next-gen-
eration sequencing (NGS), together with whole-genome 
sequencing and advances in proteomics, has propelled a 
large number of current researchers into the omics tech-
nologies. These methods offer unprecedented opportuni-
ties to increase our understanding of the function and 
dynamics of biological systems, from cells to ecosystems. 
In particular, transcriptomic studies have been boosted 
by implementing this technology. Today, RNA-seq, that 
is, the sequencing of cDNA derived from an RNA popu-
lation using NGS, is one of the most current methodolo-
gies. Indeed, other methods of studying gene expression 
at a large scale, such as microarrays and serial analysis 
of gene expression, are being replaced by RNA-seq. This 
approach can show the repertoire of expressed sequences 
found in a particular tissue at a specific time, including 
rare transcripts, due to the great depth of sequencing 
(Strickler et al., 2012), and it offers a nearly complete 
picture of transcriptomic events in a biological sample. 
Furthermore, no previous genome-sequence knowledge 
is necessary, because RNA-seq data sets themselves can 
be used to create the sequence assemblies for subsequent 
mapping of reads, together with the potential for detect-
ing exon/exon boundaries, alternative splicing, and novel 
transcribed regions in a single sequencing run (Martin 
et al., 2013). The data can be used to characterize genes 
(Alves-Carvalho et al., 2015), improve genome annota-
tion (Warren et al., 2015), identify and characterize novel 
noncoding RNAs (Wang et al., 2009), reveal informa-
tion on novel transcripts (Hübner et al., 2015), assess 
gene expression (Mata-Pérez et al., 2015), and check for 
single-nucleotide polymorphisms (SNPs) (Shearman et 
al., 2015) and/or alternative splicing and structural varia-
tion. Moreover, RNA-seq is extremely practical in non-
model species for which sequence data and resources are 
limited or nonexistent (Leyva-Pérez et al., 2014), since 
the focus of sequence is restricted to the coding region 
rather than to the entire genome.

Various genomic/transcriptomic studies have been 
undertaken in olive, with diverse aims: identifying small 
RNAs (Donaire et al., 2011; Yanik et al., 2013); SNP 
discovery (Kaya et al., 2013); studying juvenile-to-adult 
transition (García-López et al., 2014); analyzing systemic 
defense response in the cultivar Frantoio in V. dahliae 
infection (Gómez-Lama Cabanás et al., 2015); using 
RNA-seq technologies to assemble an olive transcrip-
tome from different tissues and sequencing platforms, 
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and 454 and Sanger sequencing (Muñoz-Mérida et 
al., 2013); constructing a database with reproductive 
information (Carmona et al., 2015); and studying cold 
acclimation in olive leaves (Leyva-Pérez et al., 2014). 
Changes in gene expression induced by V. dahliae infec-
tion have been studied using transcriptional profiling in 
several plant–V. dahliae interactions (Gayoso et al., 2010; 
Derksen et al., 2013; Zhang et al., 2013; Daayf, 2015). In 
addition, RNA-seq has been used to broadly analyze gene 
expression in the microsclerotia (Duressa et al., 2013; Hu 
et al., 2014; Xiong et al., 2014) and to study pathogen-host 
interaction in Verticillium disease extensively in cotton 
(Xu et al., 2011; Sun et al., 2013; Zhang et al., 2013; Chen 
et al., 2015), tobacco (Faino et al., 2012), and tomato (Tan 
et al., 2015). However, little is known about gene-expres-
sion changes during the infection and the plant–V. dahl-
iae interaction in woody plants such as olive, in which 
the disease is more problematic because they are peren-
nial plants that cannot be grown as an annual to help 
control pests. For this reason, this study, using RNA-seq 
technology, is aimed at making a complete transcrip-
tomic analysis of the plant-pathogen interaction between 
olive tree roots and the soilborne fungus V. dahliae.

Material and Methods
Pathogen Isolation, Culture Conditions,  
and Inoculum Production
Olive V. dahliae isolate V937I, which is representative 
of the highly virulent D pathotype, was used in this 
study. This isolate has been genetically, molecularly, 
and pathogenically characterized in previous stud-
ies (Collado-Romero et al., 2006; Prieto et al., 2009; 
Maldonado-González et al., 2015) and is deposited in the 
culture collection of the Department of Crop Protection, 
Institute for Sustainable Agriculture, Córdoba, Spain. 
The isolate is stored both in liquid-paraffin-covered 
cultures of plum-extract agar (Talboys, 1960) at 4°C in 
the dark and is also cryopreserved in glycerol (30%) at 
−80°C. Active culture of the isolate was first performed 
on chlorotetracycline-amended (30 mg L−1) water agar 
and then further subcultured on potato dextrose agar 
for 7 d at 24°C in the dark. The inoculum (conidia sus-
pension) used in the bioassay was made as follows. Four 
500-mL Erlenmeyer flasks, each containing 250 mL of 
potato dextrose broth, were inoculated with three or four 
potato-dextrose agar plugs harboring actively growing 
mycelium of V937I. Cultures were then grown on an 
orbital shaker (175 rpm) for 7 d at 25°C in the dark. A 
conidia suspension was made by filtering the whole vol-
ume through two layers of sterile cheesecloth. The final 
density of the working inoculum was adjusted by count-
ing conidia with a hemocytometer.

Verticillium dahliae–Olive Bioassay
A bioassay was made to study the V. dahliae–olive inter-
action at the transcriptomic level using non-gnotobiotic 
conditions. Four-month-old potted olive plants of the 

cultivar Picual were purchased from a commercial nurs-
ery located in province of Córdoba, southern Spain. At 
the nursery, plants were propagated by rooting leafy stem 
cuttings under mist conditions in plastic tunnels. Picual 
has been characterized as highly susceptible to V. dahliae 
infection, particularly from D isolates (Mercado-Blanco 
et al., 2003; López-Escudero and Mercado-Blanco, 2011). 
Before starting the experiment, the plants were accli-
mated for 6 wk under the same controlled conditions used 
after V. dahliae inoculation (see below). The isolate V937I 
was inoculated as follows. Infected plants (N = 40) were 
gently uprooted from the original substrate, their roots 
thoroughly washed in tap water, avoiding intentional 
wounding, and dipped for 30 min in a conidia suspension 
(107 conidia mL−1) of V937I prepared as indicated above. 
For the control treatment, another group of 40 Picual 
plants was treated similarly, except that their root systems 
were dipped in sterile water. This group was considered 
as the control of any potential, unintentional damage 
that root systems could undergo during the manipulation 
and inoculation procedures. Plants were then individu-
ally transplanted into 7-  7-  8-cm polypropylene pots 
filled with an autoclaved (121°C, 1 h, twice on consecutive 
days) sandy substrate prepared ad hoc as described by 
Prieto and Mercado-Blanco (2008). Plants were randomly 
distributed over a 2-m2 clean surface and incubated in a 
growth chamber adjusted to 24°C (day)/21°C (night), 60% 
relative humidity, and a 14-h photoperiod of fluorescent 
light (360 E m−2 s −1) for 15 d. To ease plant stress after 
manipulation, inoculation, and transplanting, we pro-
gressively lengthened the photoperiod during the first 5 d 
after transplanting. Both aerial tissues and root systems 
of each plant were harvested at 0, 8, 24, and 48 h and at 
3, 4, 5, 6, 7, 10, 13, and 15 d (three plants/time point) after 
V. dahliae inoculation. Tissue samples were immediately 
frozen in liquid nitrogen and kept at −80°C until extrac-
tion of total RNA. An additional group of 24 plants (12 V. 
dahliae-inoculated and 12 control) was kept for up to 2 
mo after inoculation as a reference for the development of 
VWO symptoms. Plants were selected until 15 d, because 
at that time the root-infection process can be considered 
complete (Mercado-Blanco et al., 2003; Gómez-Lama 
Cabanás et al., 2015), and samples from 0, 2, and 7 d were 
used for the RNA-seq analysis.

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 condition. Total RNA samples were extracted 
from leaves and roots of control, 48-h- and 7-d-infected, 
and control uninoculated plants, with a Spectrum Plant 
Total RNA kit (Sigma-Aldrich, St. Louis, MO) according 
to the manufacturer’s instructions. Any DNA contami-
nation was removed by DNase I treatment in a column 
(Roche, Basel, Switzerland). The RNA quality tests were 
performed with the Agilent 2100 bioanalyzer (Agilent 
Technologies, Santa Clara, CA) using an RNA 6000 Pico 
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assay kit (Agilent Technologies). Equimolar amounts 
of RNA from each tissue and group were pooled. Then 
cDNA libraries were prepared, and NGS sequencing was 
made by GeneSystems (Valencia, Spain) with an Illumina 
HiSeq 1000 sequencer. Two replicates per sample were 
sequenced on different lanes in the flow cell.

Real-Time Quantitative Polymerase- 
Chain-Reaction Analysis
First-strand cDNA was synthesized from 1 g of total 
RNA primed with 60 M of random hexamer primer and 
Transcriptor reverse transcriptase, using the Transcriptor 
First Strand cDNA Synthesis Kit (Roche, Basel, Switzer-
land) following the manufacturer’s instructions. The real-
time quantitative polymerase chain reaction (qPCR) was 
performed in a Bio-Rad CFX96 and CFX384 PCR system 
with master mix SsoFast EvaGreen Supermix (Bio-Rad 
Laboratories, Hercules, CA) in 10 L of reaction mixture 
containing 10 ng of cDNA. Amplifications were per-
formed under the following conditions: initial 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 constitutive olive actin, pre-
viously selected as the most constant in expression after 
comparing several genes and primer pairs on different 
olive tissues, was used for the normalization (García-
López et al., 2014). Each PCR reaction was performed 
three times and a pool of three different trees were ana-
lyzed at each time point. The oligonucleotides used for the 
amplifications are listed in Supplemental Table S1.

Data Preprocessing
The raw Illumina RNA-seq reads were first preprocessed 
using Fastqmcf (Aronesty, 2011) by discarding prim-
ers and reads with adaptors, unknown nucleotides, and 
poor-quality or short-length reads, increasing the Q 
score to more than 30 for all the libraries and lengths 
greater than 50 bp (Q30L50). A thorough quality control 
of sequencing was performed twice using FastQC soft-
ware (version 0.10.1, http://www.bioinformatics.bbsrc.
ac.uk/projects/fastqc; Schmieder and Edwards, 2011) to 
provide a summary and compare statistics files before 
and after preprocessing. Part of the Illumina reads com-
ing from the study of different transcriptional responses 
during cold acclimation in olive trees (Leyva-Pérez et al., 
2014) and additional ones were added to build an exhaus-
tive olive transcriptome of diverse abiotic and biotic 
stresses in which the pathogens were widely represented. 
About 31% of the total reads were from infected samples. 
A summary is presented in Table 1.

Transcriptome Assembly and Quality Evaluation
De novo assembly based on the de Bruijn graph was per-
formed with different assemblers for comparison. After 
trimming and cleaning, reads were de novo assembled 
on three different platforms: SOAPdenovo-Trans (Xie 
et al., 2014), Trans-ABySS (Simpson et al., 2009), and 
Trinity software (Grabherr et al., 2011), which were then 

evaluated for the one that produced the best results. 
Assemblies were performed according to the develop-
ers’ instructions, adjusting k-mer size in SOAPdenovo-
Trans (k = 63, 55, 47, 39, 31, 23, and 19) and using k = 
64 in Trans-ABySS and k = 25 (default) in Trinity, for 
which an in silico read normalization was also con-
ducted, as advised. For all de novo assemblies and 
downstream analyses a server with 1 terabyte of RAM, 
64 cores(central processing units), and Ubuntu as the 
operating system was used. Primitive assemblies were 
first filtered for sequences longer than 200 bp, assuming 
that shorter contigs were insufficiently assembled reads. 
The basic quality parameters of each assembly were cal-
culated with GenoToolBox (https://github.com/aubom-
barely/GenoToolBox), and a collection of scripts served 
to manipulate genomic data. Full-LengtherNext 0.0.8 
was used for sequence-structure analysis (Claros et al., 
2012). Plots were generated using R software.

Transcriptome Clean-Up
A specific nucleotide database was created that comprised 
sequences from phylogenetically related plant species, the 
pathogen genome, and cDNA from the most representa-
tive contaminant species plus more specific ones obtained 
from a BLASTX of the longest assembled sequences with 
public databases. The complete assembly generated was 

Table 1. Transcriptome assembly samples and acces-
sions numbers.

Samples
Biosample 

 accession number
SRA accession 

number
No. of reads  

after trimming

Control plant roots SAMN02937426 SRR1525051 18,803,949
SRR1525052 18,924,764

Roots damaged 8h SAMN02937427 SRR1525231 45,343,122
SRR1525237 45,239,794

Roots damaged 24h SAMN02937428 SRR1524947 26,566,849
SRR1524948 26,376,003

Roots damaged 48h SAMN02937429 SRR1524949 22,342,392
SRR1524950 22,413,949

Roots damaged 7 d SAMN02937430 SRR1524951 30,730,174
SRR1524952 30,827,818

R�oots infected by 
Verticillium dahliae 48h

SAMN02937431 SRR1525086 26,952,334
SRR1525087 26,886,101

R�oots infected by  
V. dahliae 7 d

SAMN02937432 SRR1525113 27,437,498
SRR1525114 27,136,149

R�oots infected by  
V. dahliae 15 d

SAMN02937433 SRR1525213 22,019,596
SRR1525114 21,755,642

Control plant leaves SAMN02937434 SRR1525224 28,615,386
SRR1525226 28,663,124

Cold-stressed leaves 24h SAMN02937435 SRR1525284 34,718,359
SRR1525285 34,272,790

Cold-stressed leaves 10 d SAMN02937436 SRR1525286 11,056,074
SRR1525287 10,999,707

L�eaves of plants with 
damaged roots 15 d

SAMN02937437 SRR1525415 47,203,490
SRR1525416 26,174,566

L�eaves of plants infected  
by V. dahliae 15 d

SAMN02937438 SRR1525436 37,162,192
SRR1525437 36,663,230
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divided into three parts: plantlike contigs, V. dahliae–like 
contigs, and contaminant-like contigs. Selected cDNA or 
genomes were downloaded specifically from each organ-
ism, and a BLASTN was performed with a 1  10−5 Expect 
(E) value to crudely separate contigs that were plantlike, V. 
dahliae–like, and those considered to be contaminant-like 
(Table 2). The complete genome from V. dahliae was used 
to improve the subtraction of most pathogen sequences. 
Furthermore, aligned contigs were tagged to differentiate 
them as belonging either to olive or V. dahliae. After first 
being debugged, unaligned sequences were then matched 
using the BLASTX algorithm against the UniProtKB/
SwissProt Viridiplantae current database with a minimum 
E value of 1  10−10 to recover probable plantlike contigs, 
and were also labeled. The final de novo assembly included 
all the plant and pathogen filtered contigs as a final refer-
ence for downstream analyses.

Gene Expression and Differentially  
Expressed Genes
Gene expression was performed with RNA-Seq by 
expectation-maximization software (Li and Dewey, 2011) 
implemented in the Trinity pipelines. EdgeR, a Biocon-
ductor package (Robinson et al., 2010) was used to iden-
tify and cluster DEGs comparing different samples using 
R statistical software.

Functional Annotation
Functional annotation and Gene Ontology (GO) analysis 
was performed comparing both free and open sources: 
Blast2GO (https://www.blast2go.com; Conesa et al., 
2005) and Trinotate pipeline (https://trinotate.github.io/). 
The GO terms associated were loaded in the Blast2GO 
interface, and GO-term-enrichment statistical analysis 
was performed. Blast2GO integrated the Gossip pack-
age for statistical assessment of differences in GO-term 

abundance between two sets of sequences (Blüthgen et 
al., 2005), using Fisher’s exact test and corrections for 
multiple testing. A one-tailed Fisher’s exact test was per-
formed with a False Discovery Rate with a filter value of 
less than 0.01. Results were saved in a Microsoft Excel 
data sheet, and charts were generated.

Availability of Data and Materials
The RNaseq sequence data set supporting the results of 
this study is available at NCBI with accession numbers 
SRR1525051, SRR1525052, SRR1524949, SRR1524950, 
SRR1524951, SRR1524952, SRR1525086, SRR1525087, 
SRR1525113, SRR1525114) SRR1525231, SRR1525237, 
SRR1524947, SRR1524948, SRR1525213, SRR1525114, 
SRR1525224, SRR1525226, SRR1525284, SRR1525285, 
SRR1525286, SRR1525287, SRR1525415, SRR1525416, 
SRR1525436, and SRR1525437.

Results
De novo Assembly and Characterization of  
Olive and V. dahliae Transcriptomes
To have a complete plant-pathogen (Picual–V. dahliae D 
pathotype) transcriptome, we extracted RNA samples 
from V. dahliae–inoculated (infected), control treatment 
(uninoculated), and control, untreated Picual 4-mo-old 
olive plants. The mRNA-seq constructed libraries were 
sequenced on different lanes in the flow cell with Illu-
mina HiSeq 1000 paired-end technology. We generated 
a total of 735 million paired-end reads after cleaning 
and trimming (139.79 Gb), thus improving quality of 
raw data to Q30L50, which ranged from 11 to 45 million 
reads across the 26 libraries (Table 1).

To assess the quality of each assembly and to com-
pare them preliminarily, we calculated the basic statistics 
and quality parameters (number of contigs, contig mean 
size, longest contig, N50, L50, and proportion of contigs 
longer than 1 kb) with GenoToolBox (Table 3). The qual-
ity of de novo transcriptome assemblies was evaluated 
by comparing them with data from genomes of the most 
phylogenetically related species. Within the Asterids 
subclass, which includes the olive tree, there are three 
accessible genomes: two from the genus Solanum, which 
is within the Solanaceae family (Solanum lycopersicum 
L., tomato, and S. tuberosum L., potato) and one from 
the family Phrymaceae (Mimulus guttatus Fisch. ex DC., 
monkey flower), within the order Lamiales, in which 
the olive tree is also included (Goodstein et al., 2012). 
For this purpose we chose M. guttatus as most closely 
related species and S. lycopersicum as the representa-
tive species from the Asterids subclass. Total cDNA was 
downloaded from the respective genomes, and statistical 
analyses were performed in all de novo transcriptomes 
and the aforementioned related species cDNA data set, 
which was first filtered for sequences longer than 200 bp 
to normalize them. The comparison by the software used 
in our study showed better results with Trinity than with 
SOAPdenovo-Trans and Trans-ABySS through the entire 

Table 2. Organisms included in the database for the 
BLASTN.

Organism Treated as Download No. of sequences

Mimulus guttatus Plant phytozome.net 28,282
Solanum lycopersicum solgenomics.net 34,727
Vitis vinifera phytozome.net 26,346
Arabidopsis thaliana phytozome.net 35,386
Oryza sativa phytozome.net 49,061
V. dahliae Pathogen broadinstitute.org 395†
Dictyostelium discoideum Contaminant dictybase.org 11‡
Homo sapiens ensemble.org 191,495
Mus musculus ensemble.org 83,328
Xenopus tropicalis xenbase.org 22,878
Saccharomyces pombe pombase.org 4‡
Saccharomyces cerevisiae yeastgenome.org 17‡
Escherichia coli ncbi.nlm.nih.gov 4,321
O. europaea chloroplast ncbi.nlm.nih.gov 1§

†Sequence of complete chromosomes and unplaced sequences.
‡Complete chromosomes.
§Added as a contaminant to remove from the transcriptome.
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range of different conditions provided; Trans-ABySS 
exhibited the lowest quality of the assemblies (Fig. 1). 
The k-mer number was adjusted to include representa-
tive lengths, from 19 to 63 with SOAPdenovo-Trans, and 
better results were found with k-mer 63, which returned 
a higher L50 and higher percentages of sequences longer 
than 1 kb. Trans-ABySS was used with the best k-mer 
for SOAPdenovo-Trans to save computational time, 
assuming that the results would be similar. The Trin-
ity assembler was used with default k-mer 25, yielding 
a lower number of contigs assembled and higher mean 
size, higher L50, and the highest percentage of transcript 
longer than 1 kb. Regarding the statistical data of related 
species, Trinity produced a similar mean size and L50, 
although a higher number of assembled contigs. Conse-
quently, in accordance with our data, Trinity performed 
the most accurate assembly because of its resemblance to 
the tomato and monkey flower cDNA data sets and out-
performed the other assemblers used.

Transcriptome Debug
The primary plant-pathogen transcriptome had a size 
of 736 Mb, in which 422,124 unigenes were identi-
fied, yielding a total of 691,424 isoforms/transcripts. 
As an initial step in the transcriptome debug, filtered 
sequences longer than 1 kb of the transcriptome were 
aligned using the BLASTX algorithm against the current 
UniProtKB database and indicated that 26.2% (44,194) 
and 19.7% (33,178) map with plant and fungal species, 
respectively. The transcriptome, which was expected 
to contain mostly contigs of both plant and pathogen, 
was mapped with plant and fungal species, respectively. 
The transcriptome, which was expected to be composed 
mostly of olive and V. dahliae contigs, was mapped also 

with amoeba (3%), human (2.7%), mouse (2.5%), rat 
(1.2%), and other predictable contaminants and most 
representative species found in the database (Strickler 
et al., 2012; Lusk, 2014). Finally, 39.1% of the sequences 
remained unaligned (65,962; Supplemental Fig. S1). 
These results allowed the generation of a local specific 
nucleotide-sequence database consisting of three main 
parts: cDNA from phylogenetically related plant spe-
cies, the V. dahliae genome, and the most representative 
contaminant species (Table 3). For the plant set, M. gut-
tatus and S. lycopersicum were chosen as the most closely 
related species. Moreover, Vitis vinifera L., Arabidopsis 
thaliana (L.) Heynh., and Oryza sativa L. were selected 
as the most represented plant species at the first BLASTX 
alignment. The pathogen set was completely constituted 
by the whole set of V. dahliae genome sequences present 
in http://www.broadinstitute.org/ftp/pub/annotation/
fungi/verticillium_dahliae/. The contaminant set was 
constructed from cDNA or complete genomes (depend-
ing on size) of the most displayed contaminant species 
in the previous BLASTX alignment, and also by adding 
the olive tree chloroplast sequence. A BLASTN align-
ment of the whole transcriptome against the previous 
database was used to separate the sequences into three 
subsets: plant, pathogen, and contaminant sets (Table 4). 
A total of 258,411 (37%) isoforms/transcripts from the 
original transcriptome were aligned to any of the three 
data sets, while 433,013 (63%) remained unaligned. Only 
37% of the unaligned sequences were longer than 500 
bp. As a means of recovering most of plantlike sequences 
from the unaligned set, a BLASTX (1  10−10) with 
the sequences longer than 500 bp was performed with 
the current Viridiplantae database from UniProtKB/
SwissProt. This allowed us to retrieve a total of 58,995 
isoform/transcripts. The joining of the two sets of plant 
sequences configured the olive transcriptome (Oleup), 
consisting of 68,259 unigenes (254,252 isoforms/tran-
scripts). In addition, a V. dahliae transcriptome consist-
ing of 37,425 unigenes (52,119 isoforms/transcripts) 
was also configured (Vedah). The discarded sequences 
consisted of the contaminant set, which contained 
11,035 (1.6%) isoform/transcripts, and of the unaligned 
sequences, which were 310,864 (45%) isoform/transcripts. 
Trinity assembler enabled also differentiation between 
unigenes and transcript/isoforms.

Annotation and Comparison with Other 
Transcriptomes
Functional annotation assigns to each transcript a puta-
tive function through a group of bioinformatic tools 
based mainly on DNA- or protein-sequence alignment 
scores. Transcriptomes were annotated using two soft-
ware programs: Blas2GO (Conesa et al., 2005) and Tri-
notate pipeline. Blast2GO retrieves information from 
multiple public databases, among which UniProtKB and 
TAIR (Lamesch et al., 2012) are the most represented. 
For improved annotation, protein domains were exam-
ined with InterPro database (Hunter et al., 2012), and the 

Table 3. Summary of basics statistics of the primary 
assemblies generated with Trinity (Trinity_k25), SOAP-
denovo-Trans (Soap_k63–19) and ABySS (ABySS_k64) 
software and tomato (ITAG2.3) and monkey flower 
(Mg v1.1) cDNA datasheets. 

Assembler Contigs†
Contig 

mean size
Longest 
contig N50‡ L50§

contigs > 
1kb

bp bp %
Trinity_k25 691,424 1064 17,990 120,580 1919 34.98
Soap_k63 698,404 887 23,468 109,315 1614 18.69
Soap_k55 819,853 865 20,482 131,744 1511 16.27
Soap_k47 929,366 827 27,733 154,273 1380 15.17
Soap_k39 1022,968 777 18,533 174,065 1254 11.70
Soap_k31 1087,478 725 20,187 194,065 1103 6.61
Soap_k23 1080,452 709 19,399 197,832 1044 7.33
Soap_k19 787,608 688 19,865 153,739 960 6.40
ABySS_k64 761,563 546 17,974 150,902 692 0.52
ITAG2.3 32,518 1280 23,220 15,536 1693 53.3
Mg v1.1 28,261 1368 15,339 8,029 1658 62.3

†Total number assembled. 
‡Minimum number of contigs representing 50% of the assembly.
§Minimum contig length representing 50% of the assembly.
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data were merged. On the other hand, the Trinotate pipe-
line includes protein domain identification (HMMER/
PFAM), protein-signal prediction (SignalP/tmHMM), 
and comparison with currently curated annotation data-
bases (EMBL/UniProtKB/eggnog/GO Pathways data-
bases), and all functional data derived from the analyses 
were integrated into a SPQLite database, providing a 
useful tool to search for specific or desired terms. The 
Blast2GO complete annotation process gave 71 and 75% 
of the total sequences annotated from Oleup and Vedah, 
respectively, while the Trinotate pipeline annotated 79% 
of both transcriptomes. The three species with the most 
BLAST hits were A. thaliana, Populus trichocarpa Torr. 
& A. Gray, and Ricinus communis L. in Oleup, and V. 
dahliae, Nectria hematococca Berk. & Broome, and Ver-
ticillium albo-atrum Reinke & Berthold in Vedah. GO 
terms were used to classify functions of the assembled 
unigenes, and 187,171 total GO term annotations were 
obtained for the Oleup proposed transcriptome and 
150,625 for the Vedah transcriptome. Most unigenes 
of the Oleup transcriptome corresponded to cellular 

Figure 1. Boxplot comparisons of reference cDNA data sets and de novo assembled transcript length distribution using Trinity, 
SOAPdenovo-trans, and TransABySS software. First (ITAG 2.3) and second columns (Mg v1.1) indicate tomato and M. guttatus full CDS 
transcriptome, third column represents assembly using default k-mer set as 25 with Trinity. The 4th to 11th columns represent assembly 
generated with SOAPdenovo-trans with k-mers set from 63 to 19, respectively. The last column represents assembly generated with 
Trans-ABySS.

Table 4. Summary of BLASTN results of transcriptome 
assembled against local nucleotide database.

Set Organism No. of Contigs

Plantlike M. guttatus 106,722
S. lycopersicum 43,935

V. vinifera 36,568
A. thaliana 4,963
O. sativa 3,069

Total: 195,257
Pathogen-like V. dahliae 52,119

Total: 52,119 
Contaminant-like D. discoideum 1,674

H. sapiens 1,559
M. musculus 1,424
X. tropicalis 1,147
S. pombe 1,118

S. cerevisiae 1,110
E. coli 960

O. europaea chloroplast 2,043
Total: 11, 035
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processes (12,339), metabolic processes (10,974), single-
organism processes (7263), and responses to stimuli 
(5114). As for the Vedah transcriptome concerns, most 
unigenes of corresponded to metabolic processes 
(25,372), cellular processes (23,718), localization (6385), 
and biological regulation (4801) (Fig. 2).

Differential Gene-Expression Analysis
To determine the number of olive and V. dahliae DEGs 
during the infection of the roots, a pairwise matrix 
comparison was made with both Oleup and Vedah tran-
scriptomes (Table 5). The analysis of the Oleup transcrip-
tome showed a response to unintentional root damage 
at 2 d post-treatment (459 DEGs) and a higher number 

Figure 2. Genetic Ontology–term of biological processes. The Oleup (A) and Vedah (B) trancriptomes are represented.
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of DEGs at 7 d post-treatment (2858 DEGs). However, 
this response was stronger in roots inoculated with V. 
dahliae. Moreover, the number of DEGs also increased 
with time: 918 DEGs at 2 d and 6871 DEGs at 7 d post-
infection. When the infected plants were compared with 
the control uninoculated plants at each time, the genes 
that responded to unintentional root damage were sub-
tracted, leaving the DEGs corresponding to genes that 
specifically responded to the V. dahliae infection. In 
this case, DEGs in the plant roots also increased from 2 
d post-infection (776 DEGs) to 7 d post-infection (2750 
DEGs). The number of V. dahliae DEGs in response to 

the plant infection was again higher at 7 d post-infection 
(2915 DEGs) than at 2 d post-infection (2058 DEGs), but 
in this case at 2 d the number of DEGs was already quite 
high and not much lower than at 7 d.

Clusters of Genes with Induced Expression 
Patterns during Infection
When searching in the Oleup transcriptome for olive 
upregulated DEGs during the infection, 2227 genes 
where found and grouped in three subclusters (Fig. 3, 
A–C). Group A consists of 27 DEGs transiently overex-
pressed in response to both unintentional root damage 

Figure 3. Subclusters with differently upregulated transcript genes. In all panels (A-F) soft/pale color lines indicate individual gene-
expression level and the dark line indicates a consensus within a specific subcluster. A-C subclusters belong to the Oleup transcriptome 
(olive genes) and D-F to the Vedah transcriptome (Verticillium dahliae genes). CTR = control (untreated) time 0; DAM 2d = Control 
(uninoculated) roots 2 d; DAM 7d = Control (uninoculated) roots 7 d; VER 2d = Infected roots sampled at 2 d and VER 7d = Infected 
roots sampled at 7 d. In all cases the average of two independent replicates are represented.

Table 5. Pairwise matrix comparison of differentially expressed genes of control plant roots (CTR), control-damage 
plant roots (DAM), and Verticillium infected plant roots (VER) at two different times.

Oleur CTR DAM_2d DAM_7d VER_2d VER_7d

Vedah
CTR 0 459 2858 918 6871
DAM_2d — 0 954 776 3215
DAM_7d — — 0 2320 2750
VER_2d 2058 — — 0 1960
VER_7d 2915 — — 351 0
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inflicted during treatment and V. dahliae infection. 
Group B contains 1131 DEGs upregulated only after 7 
d of infection and no induction at all in response to the 
root damage. Finally, group C, which consists of 1069 
DEGs upregulated after 7 d post-infection, was like the 
group B but shows a low induction at 7 d in the control 
uninoculated root plants, so that group C was induced in 
response to V. dahliae infection and moderately upregu-
lated in response to unintentional root damage. An 
analysis after normalization of the fungal Vedah tran-
scriptome of genes overexpressed in olive roots infected 
with V. dahliae also identified three subclusters. Group 
D corresponds to 183 early and transiently upregulated 
DEGs at 2 d of infection, group E includes 302 DEGs that 
were late upregulated at 7 d post-infection, and group F 
consists of 3902 early and sustained overexpressed DEGs 
that were highly expressed at both time points (2 and 7 d 
post-infection; Fig. 3, D–F). Supplemental Table S2 shows 
a list of expression values per gene normalized by FPKM 
(fragments per kilobase of transcript per million mapped 
reads) and the data time points of each subcluster. The 
pattern of expression of the six subclusters was con-
firmed by quantitative real-time qPCR of 12 Oleup and 6 
Vedah randomly selected DEGs (Fig. 4).

The results obtained after the most specific GO-
term-enriched analysis of biological-process DEGs of 
the six subclusters involved quite general processes for 
subclusters A, D, E, and F (not shown), but in the case of 
subclusters B and C, the main biological process found 
was proteolysis, followed by protein folding and other 
processes related to protein biosynthesis (Fig. 5). Reactive 
oxygen species (ROS) are frequently used by plants as 
defenses against pathogens. In our study, the subcluster 
C included an overexpressed putative Cu/Zn superox-
ide dismutase (Cu/Zn-SOD; Oleup_comp247260_c0), 
which catalyzes the production of hydrogen peroxide 
from ROS. In the same subcluster a putative gluta-
thione S-transferase (Oleup_comp248616_c0) and in 
subcluster B three putative glutathione peroxidases 
(Oleup_comp442709_c0; Oleup_comp268153_c0; 
Oleup_comp415514_c0), each of which catalyzes the 
conversion of hydrogen peroxide to water by the oxida-
tion of glutathione, were also overexpressed. An induc-
tion of the ROS defense mechanism was also observed 
in the pathogen; however, this effect took place earlier 
in V. dahliae than in olive roots. Thus, four transcripts 
were induced in V. dahliae at very early times during 
the infection process. These potentially coded for (i) a 
putative Mn-SOD (Vedah_comp294808_c0, belong-
ing to subcluster D); (ii) two putative peroxidases: a 
catalase (Vedah_comp451243_c1) and a glutathione 
S-transferase (Vedah_comp418642_c0), both included 
in subcluster F; and (iii) a putative glutathione reduc-
tase (Vedah_comp329313_c0; subcluster E). In addition 
to the ROS stress, another plant-defense mechanism 
against fungal infection may be attacks on the fungus 
wall by chitinases; a subcluster C endochitinase PR4 
(Oleup_comp465700_c2) was overexpressed by the plant 

roots (Supplemental Fig. S2).Alternatively, the pathogen 
could have induced the expression of effector genes that 
might be relevant for its virulence. Thus, DEGs cod-
ing for chitin-binding proteins were found in group 
F (Vedah_comp485742_c0; Vedah_comp544404_c0; 
Vedah_comp461761_c0) and in group E (Vedah_
comp236634_c0), all of which may be used to inactivate 
the plant endochitinase PR4 protein. Also in group F 
there were two Ace1-like DEGs (Vedah_comp438107_c0; 
Vedah_comp472974_c2) (Supplemental Fig. S3). The 
mcm1 gene, which has been described as a virulence 
factor in V. dahliae (Xiong et al., 2016), was found to be 
expressed at a very low level after 7 d post-inoculation. In 
addition, we found that cinnamyl alcohol dehydrogenase 
was induced in the infected plants (group B), as they are 
in Sea Island cotton, in response to V. dahliae infection 
(Sun et al., 2013).

Discussion
Verticillium wilt is a major economic problem for olive 
cultivation, and most olive cultivars, including those of 
economic and agricultural value, are either moderately 
or highly susceptible to the pathogen. In fact, no real 
resistance has yet been found among olive cultivars, 
and only some of them show some level of tolerance to 
VWO, although they can also be infected by V. dahliae 
(Mercado-Blanco et al., 2003; Markakis et al., 2009, 2010; 
Gómez-Lama Cabanás et al., 2015). During the infec-
tion process, the pathogen invades the roots, enters the 
vascular system, and spreads throughout the entire olive 
plant (Prieto et al., 2009). To know how the plant and 
the fungus interact at the genetic level, it is crucial to a 
gain a more complete understanding of the infection and 
pathogenic processes. Moreover, elucidating the under-
lying mechanisms of these processes may help clarify 
the molecular basis of olive tolerance and resistance 
to V. dahliae and to design novel tools for the effective 
control of this disease. For this reason, in this study we 
sought mainly to determine the transcriptomes of the 
plant-pathogen interaction during the early stages of the 
infection until the infection is established and to finally 
identify the genes whose expression is modified during 
the infection. To achieve this, we studied olive plants that 
were artificially infected with a highly virulent D isolate 
of V. dahliae and analyzed the gene expression of both 
partners when they actively interacted: the olive root tis-
sue and the invading pathogen, by RNA-seq at 0, 2, and 7 
d post-infection. A 2-d time interval represents an early 
stage in the infection process, while at 7 d the infection 
is well established in the roots but it is too soon to detect 
visible symptoms (Mercado-Blanco et al., 2003). There-
fore, the changes observed in gene expression should be 
due mostly to the plant-pathogen interaction rather than 
to a response to heavy root damage and consequent severe 
plant deterioration.

Transcriptome assembly was performed using dif-
ferent software, and in our study Trinity showed better 
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Figure 4. The mRNA expression level of 18 randomly selected genes analyzed by real-time quantitative PCR (qPCR) and RNA-seq. The 
real-time qPCR results are the average of three samples and are represented in arbitrary expression level units.
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results than SOAPdenovo-Trans and Trans-ABySS across 
the entire range of different conditions, with Trans-
ABySS having the lowest quality of the assemblies (Fig. 
1). Trinity produced the most similar mean size and L50 
to the reference transcriptomes of tomato and monkey 
flower, and consequently it was chosen as the best tran-
scriptome assembly to carry out further data analysis. 
Because the olive roots were inoculated with V. dahliae, 
the original transcriptome was aligned to plants, V. 
dahliae, and possible contaminants. Contaminants were 
removed and two transcriptomes resulted: a plant tran-
scriptome corresponding to olive genes (Oleup) and a V. 
dahliae transcriptome (Vedah). In an initial transcrip-
tomic study by suppression subtractive hybridization 
involving the olive–V. dahliae interaction, 18 genes were 
identified as being induced in the aerial tissues of ‘Fran-
toio’, an olive cultivar tolerant to V. dahliae (Gómez-
Lama Cabanás et al., 2015). In this work, two new tran-
scriptomes, one from olive and one from the pathogen, 
resulted from a potent RNA-seq approach during the 
infection process. This strategy represents a quite novel 
and valuable way to study the plant-pathogen interaction: 
it allows identification of DEGs and, more important, of 
the genes that are induced and the timing of induction 
simultaneously on both sides of the infection process.

The transcriptional analysis of the RNaseq results 
produced three patterns (subclusters A, B, and C) 
of induced DEGs in olive and other three patterns 

(subclusters D, E, and F) of highly expressed DEGs in V. 
dahliae during infection (Fig. 3). Subcluster A contains 
genes transiently overexpressed after the root wound-
ing during the pathogen-inoculation process. These 
genes were overexpressed at 2 d after inoculation in both 
infected and control uninoculated roots and returned 
to a basal expression level after 7 d post-inoculation. 
Subclusters B and C represent groups of genes that were 
induced later, at 7 d post-inoculation, and without (sub-
cluster B) or with (subcluster C) some induction in con-
trol uninoculated roots. Therefore, the DEGs included 
in subclusters B and C correspond to genes that were 
induced mainly in response to the V. dahliae infection. 
The most specific GO-term-enriched analysis of the 
biological-process DEGs included in subclusters B and 
C showed a high enrichment of proteolysis as well as 
protein folding and biosynthesis. This finding is indica-
tive of a sharp change in protein abundance (Fig. 5). A 
proteomics study found similar changes in cotton during 
the V. dahliae infection (Xie et al., 2013), although in that 
case some lesions were already evident in cotton leaves 
but not yet in our olive samples. Therefore, these marked 
changes in the protein content of the roots appeared 
prior to any observable plant damage and are probably 
a consequence of the plant response to the fungal infec-
tion. In addition, a very strong overexpression of a sub-
cluster C, chitinase class I (PR4) was noted, this probably 
being a frontline defense protein against the fungus. In 

Figure 5. A graph of the most-specific Genetic Ontology–term-enriched biological-process DEGs in subclusters B and C. A filter node of 
p-value  0.01 was used.
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recent work, Gómez-Lama Cabanás et al. (2015) studied 
a subtractive cDNA library of a different olive cultivar 
that is far more tolerant to the pathogen and different 
tissues than the one in this work. So it is not surprising 
that there are differences between the results of the two 
studies; however, a few of the genes described as induced 
in response to the pathogen infection are the same or 
related. Thus, in our work, several -glucosidases, lipoxy-
genases, cytochrome P450 subunits, thaumatin-like pro-
teins, alcohol dehydrogenases, and methyltransferases 
are also found to be induced in response to the infection.

Subclusters D–F correspond to V. dahliae DEGs and 
mainly represent genes for general metabolism. Subcluster 
D includes genes that were transiently expressed at 2 d 
post-infection but that returned to a basal or undetectable 
level 7 d after the inoculation. Subcluster E contains DEGs 
were induced late in the infection, that is, at 7 d post-inoc-
ulation; and subcluster F is a large group of fungal DEGs 
that were overexpressed early in the infection and in a 
sustained manner. Effector genes were found among DEGs 
of the F and E groups. Interestingly, four DEGs coding for 
chitin-binding proteins were found and could be induced 
to inactivate the plant endochitinase PR4 protein. Also 
two Ace1-like DEGs might mediate avirulence indirectly 
by their involvement in the biosynthesis of an unknown 
secondary metabolite (Stergiopoulos and de Wit, 2009) 
(Supplemental Fig. S3). However, we did not find signifi-
cant expression of the pathogen’s potential virulence genes 
nor of many of the plant’s resistance genes. We specu-
late that the reason for this observation is that this is a 
compatible host-pathogen interaction and the resistance 
response of the plant is very insufficient. In addition, a 
V. dahliae virulence factor, the mcm1 gene (Xiong et al., 
2016), was expressed only at a very low level after 7 d post-
inoculation. But most genes described in other plants for 
resistance to V. dahliae are not overexpressed in this sus-
ceptible cultivar in response to the infection. In addition, 
cinnamyl alcohol dehydrogenase, which was induced in 
the infected plants (group B), has also been found to be 
upregulated in Sea Island cotton in response to V. dahliae 
infection (Sun et al., 2013), although is yet not clear what 
its involvement in resistance is.

Some of the induced DEGs in olive code for proteins 
directly involved in ROS protection. Thus, a Cu/Zn-SOD, 
three glutathione-peroxidases, and a glutathione S-trans-
ferase were found distributed between subclusters B and 
C. The ROS protective response was also detected in the 
pathogen. In that case, a Mn-SOD, a glutathione S-trans-
ferase, a catalase, and a glutathione reductase were highly 
expressed. It is noticeable that the response in V. dahliae 
response took place earlier (2 d after inoculation) than 
in olive roots, where the protective response against ROS 
was found later, at 7 d after inoculation. Therefore, once 
the pathogen enters the roots, a ROS protective response 
in the hyphae is rapidly induced, while the plant roots 
require more time to develop a response to the ROS 
stress and then also to significantly alter gene expression 
and protein abundance. It is important to note that the 

experiment was performed using a susceptible cultivar 
(Picual) and that plants equally and simultaneously 
infected died a few weeks later. Comparison of the tran-
scriptome changes in response to the infection between 
a susceptible and a tolerant cultivar is be a future goal 
for understanding the genetic basis of the tolerance to V. 
dahliae in the cultivated olive tree.

Supplemental Information Available
Supplemental information is available with the online 
version of this article.
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