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Summary
Olive (Olea europaea L.) is the most important non-tropical tree crop
worldwide, and the oil from its fruit is an essential source of food for many
countries. Spain is the first country by cultivated area and the first producer and
exporter of olive oil and table olives in the world. Verticillium wilt of olive caused
by the fungus Verticillium dahliae Kleb. is currently considered the most important
disease affecting this crop. The use of resistant plant material has been demonstrated
the most effective and economical control method in other woody crops affected by
this pathogen. Thus, obtaining Verticillium wilt resistant genotypes is currently a
major aim for the breeding in olive.
The first objective of this thesis was to evaluate the Verticillium wilt
resistance of 11 olive cultivars in two fields naturally infested by the pathogen. Two
years after planting in the heavily infested soil, V. dahliae had killed all trees of
several susceptible cultivars, such as the Spanish main cultivar ‘Picual’, showing up
the elevated risk of planting susceptible cultivars in these soils. No cultivar showed
complete resistance to the disease, although ‘Frantoio', 'Empeltre' and 'Changlot Real'
showed a high level of resistance especially in the moderately infested soil. This
information was useful for the subsequent design for the crosses in the breeding
program.
A second step was to develop a screening method for evaluating large numbers
of genotypes for resistance to V. dahliae. The most effective method was the
inoculation of young seedlings by dipping their roots in a conidial suspension (107
conidia/ml) of a highly virulent isolate of V. dahliae and their further evaluation
under controlled conditions. This inoculation method was then used to screen for
resistance more than 6000 genotypes. These genotypes corresponded to 48 different
progenies and were obtained by open pollination or crosses from olive cultivars, wild
olive genotypes and other wild relatives of the genus Olea. The results suggest that it
is possible to breed for Verticillium wilt resistance in olive, although this resistance
appears to be mostly polygenic. The next step in this is chapter yields information on
the selection of resistant genotypes which will move forward to the next step of the
breeding program, as well as the best genitors and crosses to breed for this character
in olive.
Almost 900 genotypes were selected for their disease resistance and good
growing performance under controlled conditions. Some of them were evaluated in a
field heavily infested with V. dahliae. It was demonstrated that the selection in the
seedling stage, either by root dipping or stem injection is an effective procedure as
the first step for obtaining plant material resistant to the disease. Seventy seven out

of the 105 genotypes (73%) planted did not show symptoms
assessment period and therefore are candidates for resistant
rootstocks. However, it will be necessary a longer evaluation
replications of the genotypes in order to definitively assess their
well as other agronomical traits.

during the 2-year
olive cultivars or
period and further
resistance level, as

This work represents the establishment of a specific classical breeding
program for the selection of new olive cultivars and rootstocks resistant to
Verticillium wilt. This program is likely to provide in the future genotypes or
insights that will help to control this important disease.

Resumen
El olivo (Olea europaea L.) es el cultivo leñoso no tropical que ocupa mayor
superficie en todo el mundo y su aceite es una fuente de alimentación de gran
importancia en muchos países. España es el país con mayor superficie de olivar del
mundo, así como el primer productor y exportador de aceite de oliva y de aceituna de
mesa. La verticilosis del olivo causada por el hongo Verticillium dahliae Kleb. está
considerada como la enfermedad más importante que afecta a este cultivo
actualmente. El uso de material vegetal resistente ha sido el método más eficaz y
económico para el control de esta enfermedad en otros cultivos leñosos. Por esta
razón, la obtención de genotipos resistentes a la verticilosis es un objetivo prioritario
de la mejora actual del olivo.
El primer objetivo de la presente tesis doctoral fue la evaluación de la
resistencia a la enfermedad de 11 cultivares de olivo en dos fincas infestadas de
forma natural con el patógeno. La muerte de todos los árboles de los cultivares más
susceptibles en un periodo de menos de dos años desde la plantación pone de
manifiesto el riesgo elevado para el cultivo del olivo en este tipo de suelos. Por otra
parte, ningún cultivar mostró una resistencia completa a la enfermedad, aunque
‘Frantoio’, ‘Empeltre’ y ‘Changlot Real’ sí mostraron un nivel elevado de
resistencia. Estos resultados sirvieron para seleccionar los genitores utilizados
posteriormente en los cruzamientos del programa de mejora.
El siguiente objetivo fue la puesta a punto de un método para la evaluación de
un gran número de genotipos y su selección por resistencia a V. dahliae. Éste
consistió en la inoculación de plántulas jóvenes mediante inmersión de las raíces en
una suspensión de conidios (10 7 conidios/ml) de un aislado altamente virulento de V.
dahliae y posterior evaluación en condiciones controladas. Mediante este
procedimiento se evaluaron más de 6000 genotipos obtenidos mediante polinización
libre o cruzamientos entre cultivares, genotipos de olivo silvestre (acebuche), otras
especies del género Olea y subespecies de O. europaea. Gracias a esa evaluación se
identificaron los mejores genitores y cruzamientos para la obtención de genotipos
resistentes. Los resultados sugieren que la mejora del olivo por resistencia a la
Verticilosis es factible, y que esta resistencia parece ser principalmente de tipo
poligénica. Este capítulo aporta información acerca de la selección de genotipos
resistentes que continuarán en la siguiente fase del programa de mejora, así como de
los mejores genitores y cruzamientos para la mejora de este carácter en olivo.
Unos 900 genotipos se seleccionaron por su resistencia a la enfermedad y su
crecimiento en condiciones controladas. Algunos de ellos se evaluaron
posteriormente en un campo altamente infestado con V. dahliae, donde se comprobó

que la selección en la fase de plántula, mediante inmersión de raíces o inyección al
tallo, es un procedimiento efectivo como primer paso en la obtención de material
vegetal resistente a la enfermedad. Setenta y siete de los 105 genotipos evaluados
(73%) no mostraron síntomas durante los dos años del proceso de evaluación, y por
tanto son candidatos para su posible utilización como cultivares o patrones
resistentes.
La presente tesis doctoral supone el establecimiento de un programa de mejora
clásica específico para la selección de nuevos genotipos de olivo resistentes a la
verticilosis. Este programa probablemente proporcionará en un futuro variedades o
patrones que ayuden al control de esta enfermedad.
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Introduction

General introduction
THE CROP
The genus Olea belongs to the Oleaceae family and includes 33 species and 9
subspecies (Green, 2002, 2004). Within this genus, the cultivated olive (Olea
europaea subsp. europaea) is one of the six subspecies of the Olea europaea
complex. While Olea europaea subsp. europaea is native from the Mediterranean
basin, the rest of subspecies are spread in diverse regions (Green, 2002; Besnard et
al., 2009).
Nowadays, olive is the most cultivated non-tropical fruit tree in the world,
with an estimation of 865 million trees in production (IOC, 2013). They grow in a
cultivated area of 10 million ha (97% located in the Mediterranean basin) and
produce an annual average of 14 million t of olives, which has increased during the
last decade at an annual average rate of 4% (FAO, 2012; IOC, 2013). Olive oil is the
main commodity of this crop with the 90% of total production, while the other 10%
is devoted to table olives. Spain is the first producer of both commodities: in 2012, it
comprised 24% of the world olive area, 44% of the olive oil and 21% of the table
olives (FAO, 2012; IOC, 2013).
Olive is a long-lived evergreen tree, uniquely adapted to the Mediterranean
climate (Smartt and Simmonds, 1995; Besnard et al., 2013). It is one of the most
ancient tree crops of the Mediterranean region, together with date, fig, grape and
pomegranate (Janick, 2005). The cultivated olive originated about 6,000 years ago in
the north of the eastern Mediterranean coast, and then was progressively
disseminated, firstly to the rest of the Near East, and afterwards to western
Mediterranean (Janick, 2005; Rallo, 2005; Besnard et al., 2013).
Because of easy vegetative propagation of this species, most olive cultivars
were selected many centuries ago in the same area as they are grown nowadays,
probably starting by crosses between local wild olives and newly introduced cultivars
from the Near East (Besnard et al., 2001, 2013; Belaj et al., 2010). Thus, high
cultivar diversity is common in traditional olive producing countries (Janick, 2005;
Rallo, 2005). Bartolini et al. (2005) have found 4,260 accessions, but a large amount
of homonymy and synonymy is believed between them (Trujillo et al., 2013).
The olive cultivars currently existing were selected mainly for their high oil
content, high productivity and large fruit size (Janick, 2005; Rallo, 2005). However,
nowadays new cultivars are required, adapted to the progressive transformation of
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olive growing techniques which is currently underway (Rallo and Díez, 2010; Tous et
al., 2010).
As most of the current cultivars are just a few generations away from wild
olive, the genetic diversity in cultivated olive is wide (Janick, 2005; Lavee, 2013).
Additionally, a substantial progress in the breeding of this species should be
possible, as suggests the great variability which can be observed in F1 olive
progenies (Leon et al., 2004; de la Rosa et al., 2008; Ben Sadok et al., 2013).
The first olive breeding programs started in Israel and Italy by 1965, and have
led to the release of several olive cultivars (Lavee et al., 1986; Bellini, 1993). In
Córdoba (Spain), a breeding program was started in 1991. Its initial objectives were
to obtain early production, to increase productivity and oleic acid content, the
adaptation to mechanical harvesting and the resistance to leaf spot disease (Rallo et
al., 2007). Up to date, over 10,000 genotypes have been or are being evaluated and
one new cultivar, ‘Sikitita’, has been released (Rallo et al., 2008).

THE PATHOGEN
Verticillium dahliae Kleb. is a mitosporic soilborne fungus that causes
Verticillium wilt diseases in temperate and subtropical climates. It is able to infect
more than 200 plant species, including most vegetables, flowers, fruit trees, field
crops and shade and forest trees (Pegg and Brady, 2002; Agrios, 2006; Klosterman et
al., 2009).
This pathogen is able to persist many years in the soil by means of dormant
microsclerotia, which are distributed in the soil or embedded with plant debris and
can remain viable for up to 14 years (Wilhelm, 1955). The fungus infects the plant
through the roots and colonizes the vascular system, causing the obstruction of the
transportation of water and therefore leading to the eventual wilting and death of
leaves or the whole plant. The success of the pathogen colonization and the
subsequent symptom development depend to a large extent on the genetic resistance
level of the host plant (Yadeta and Thomma, 2013). However, the genetic factors or
physiological processes controlling resistance to Verticillium wilt are unknown for
most crops (Klosterman et al., 2011; Yadeta and Thomma, 2013).
Verticillium dahliae isolates which infect olive can be classified as defoliating
or non-defoliating pathotype depending on the virulence and type of symptoms that
they cause in both cotton and olive plants (Schnathorst and Sibbett, 1971). The
defoliating pathotype is highly virulent and able to completely kill an olive tree,
especially when it is young (Sánchez Hernández et al., 1998; López-Escudero and
Mercado-Blanco, 2011). The non-defoliating pathotype is moderate or low virulent,
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although it has also been associated with wilting and death of olive trees (LópezEscudero and Mercado-Blanco, 2011).
The defoliating pathotype was firstly detected infecting cotton in a restricted
area of the southern Guadalquivir valley (Blanco-López et al., 1984), but during the
following decades it spread and now is present in many soils all over southern Spain
(López-Escudero et al., 2010; Jiménez-Díaz et al., 2011). Thus, V. dahliae
defoliating pathotype is currently a problem on a wide range of crops in several areas
of Spain, but olive is probably the most affected host (López-Escudero and MercadoBlanco, 2011; Jiménez-Díaz et al., 2012).

THE PROBLEM
Verticillium wilt of olive is nowadays considered the main disease affecting
olive in most of the olive-producing countries (López-Escudero and Mercado-Blanco,
2011; Jiménez-Díaz et al., 2012). Current importance of this disease can be explained
mainly by the severity of the infections, the long-term persistence in the field, the
broad host range and the inefficacy of chemical compounds in controlling the disease
(Klosterman et al., 2009; López-Escudero and Mercado-Blanco, 2011). Aside from
these reasons, Verticillium wilt is seriously threatening olive production in many
areas of Spain, probably due to high susceptibility of the main grown olive cultivar
(‘Picual’) (Levin et al., 2003; López-Escudero and Blanco-López, 2007), to the
mentioned spread of the defoliating pathotype and to the establishment of new
orchards in infected soils or in soils irrigated with infested water (García-Cabello et
al., 2012). A mean incidence of 0,4% has been reported in Spain, but in some areas it
reaches 9%, with more than 50% of affected orchards (Ruiz Torres, 2010).
Control of Verticillium wilt of olive must be approached by an integrated
strategy, in which the use of resistant plant material is widely recognized as the least
expensive, easiest, safest and most effective control method (Agrios, 2005;
Klosterman et al., 2009; López-Escudero and Mercado-Blanco, 2011; Jiménez-Díaz
et al., 2012).
Although a large number of olive cultivars have been evaluated for
Verticillium wilt resistance in controlled conditions, most of them have been
identified as susceptible or extremely susceptible (López-Escudero and MercadoBlanco, 2011; Mercado-Blanco and López-Escudero, 2012), and the agronomic
performance of the few ones which have some resistance to the disease is
unsatisfactory in some situations (Gomez-del-Campo and Barranco, 2005; Barranco,
2010). Additionally, the level of resistance of most olive cultivars in the field is
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unknown or contradictory (Jiménez-Córdoba and Pastor-Muñoz-Cobo, 1992; LópezEscudero and Mercado-Blanco, 2011).
Scarce efforts have been made to develop new olive material resistant to V.
dahliae (Wilhelm and Taylor, 1965; Colella et al., 2008). In these studies, resistant
genotypes have been preliminarily identified, but further research is necessary to
obtain olive cultivars with improved resistance level to the disease.
Therefore, up to date olive growers do not have available satisfactory planting
material resistant to the disease. This scarcity of resistance to Verticillium wilt
should be approached by the generation and evaluation of new olive genotypes which
also have appropriate agronomic traits as cultivars or rootstocks. Understanding the
resistance mechanisms of olive to V. dahliae may also facilitate the selection of olive
genotypes to breed for Verticillium wilt resistance.

OBJECTIVES
Due to the reasons explained above, the development of olive material
resistant to Verticillium wilt disease is currently a main priority in olive breeding.
Thus, the main specific objectives are:
1) To establish the resistance level of olive cultivars to V. dahliae in field
conditions and to compare it with the resistance level reported under controlled
conditions. This information will be also used to indentify suitable genitors to breed
for Verticillium wilt resistance. This objective is approached in Chapter 2.
2) To obtain olive genotypes with a higher V. dahliae resistance level than the
existing cultivars both under controlled and field conditions. To achieve this
objective, it is necessary to develop effective screening methods and to indentify
genitors and crosses within a wide host population (including olive cultivars, wild
olives and related species), which transmit V. dahliae resistance and other interesting
agronomic traits to their progenies. Although breeding for disease resistance is a
slow process, and especially in fruit crops, this work is meant to set up and establish
the first stage of a classical breeding program to obtain olive genotypes resistant to
Verticillium wilt. This objective is approached in chapters 3, 4, 5 and 6.
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OUTLINE OF THE THESIS
In chapter 2 of this thesis the resistance of 11 cultivars to Verticillium wilt is
evaluated in two fields infested with different inoculum densities of V. dahliae. This
information was useful for the subsequent choice of the genitors for the crosses.
The development of effective and rapid methods to evaluate olive genotypes
for resistance to V. dahliae is described in chapter 3. Firstly, different inoculation
methods were tested, and afterwards the effect of the seedling age and the incubation
environment were studied using the most effective inoculation method.
The application of this procedure to evaluate over 6000 genotypes is described
in chapters 4 and 5. Chapter 4 is a preliminary work in which the resistance of
progenies from six cultivars is evaluated, while in chapter 5 genotypes were
obtained from 48 different progenies from open pollination or crosses between
selected cultivars, wild olive genotypes and other species of the genus Olea or
subspecies of O. europaea. This chapter describes the selection of resistant
genotypes which will move forward to the next step in the breeding program, as well
as the identification of the best genitors and crosses for the breeding of this character
in olive.
Chapter 6 deals with the evaluation of genotypes which had been selected for
their disease resistance in the previous chapter. They are assessed in a soil heavily
infested with V. dahliae. The effectiveness of the seedling screening methods, as well
as the performance of the genotypes which did not show symptoms during the twoyear assessment, is discussed.
In chapter 7 several additional studies carried out during the thesis are given.
They are divided in four sections, each one explaining: 7.1) the quantification of the
V. dahliae DNA on resistant cultivars inoculated with the pathogen; 7.2) the
characterization of V. dahliae pathotypes in an infested soil; 7.3) the study of the
colonization of olive inflorescences by V. dahliae; and 7.4) the description and
analysis of the polyembryony phenomenon in olive. Finally, a General Discussion
and final Conclusions of this thesis are presented.
Chapters 2, 3, 4 and 7.3 have been published in peer-reviewed journals, while
chapters 7.1 and 7.2 are adapted from conference posters (see Appendix: Scientific
production). The rest of the chapters have not been published but a similar format
has been applied for them. At the end of most of the chapters, several figures are
displayed in order to illustrate each study. An abbreviated title of each chapter is
displayed in the first page of each one (see “Contents”).
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2
Field resistance to Verticillium wilt in selected olive
cultivars grown in two naturally infested soils
ABSTRACT
The resistance of 11 olive cultivars to Verticillium dahliae was assessed in two
experimental field trials. One-year-old rooted olive cuttings from the World Olive
Germplasm Bank (IFAPA research center, Córdoba, Spain) were planted in a heavily
infested field in Utrera (Sevilla province) and in a moderately infested field in
Andújar (Jaén province) of southern Spain. Plants were assessed for Verticillium wilt
resistance during 22 months based on disease severity and tree growth. Severe
disease symptoms were observed 6 months after planting in both trials. Twenty
months after planting in the heavily infested soil, V. dahliae had killed nearly all of
the trees of cultivars ‘Bodoquera’, ‘Cornicabra’, ‘Manzanilla de Sevilla’ and
‘Picual’, demonstrating the elevated risk of planting susceptible cultivars in a soil
heavily infested with V. dahliae. Cultivars ‘Arbequina’, ‘Koroneiki’, ‘Sevillenca’,
and especially ‘Frantoio’, ‘Empeltre’, and ‘Changlot Real’ showed a high level of
disease resistance. However, all of them were affected by the disease. Although the
field results confirmed the level of resistance previously obtained for these olive
genotypes under controlled conditions, there were some discrepancies. This
information will be useful in managing the disease and also in selecting new cultivars
for the breeding of Verticillium wilt resistance.

This chapter has been published in:
Trapero C, Serrano N, Arquero O, Trapero A, López-Escudero FJ. 2013. Field
resistance to Verticillium wilt in selected olive cultivars grown in two naturally
infested soils. Plant disease 97: 668–674.
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INTRODUCTION
Verticillium wilt of olive (Olea europaea L.), caused by Verticillium dahliae
Kleb., is the most serious disease affecting this crop in all areas of the Mediterranean
basin where it is cultivated, and particularly, in the Andalusian region of southern
Spain. More than 1.5 million ha of olive orchards are grown in this region where the
pathogen causes large economic losses due to the intensive defoliation and die-back
of shoots of infected olive trees. Affected olives are usually killed by the pathogen,
particularly if the infection is caused by highly virulent isolates (defoliating
pathotypes) (López-Escudero et al., 2010; López-Escudero and Mercado-Blanco,
2011). Recent surveys conducted in Verticillium wilt-affected orchards located in the
Guadalquivir Valley in Andalucía revealed a mean disease incidence of 12, 22 and
24% in three large olive-producing provinces: Sevilla, Córdoba and Jaén,
respectively (López-Escudero et al., 2010; López-Escudero and Mercado-Blanco,
2011).
To achieve control of this disease, it is necessary to apply an integrated
strategy, in which all available control measures must be implemented, since none of
them are sufficiently effective when applied individually (Hiemstra and Harris, 1998;
López-Escudero and Mercado-Blanco, 2011). Among integrated disease management
strategies, the use of resistant cultivars is likely the most economically-effective and
environmentally-friendly measure. Research in resistance to Verticillium wilt of
olive was started in 1994 by the Department of Agronomy of the University of
Córdoba (Spain) through a program to evaluate the resistance in olive cultivars of the
World Olive Germplasm Bank located at the IFAPA research center, Córdoba, Spain
(Barranco, 2010). This collection of olive germplasm contains more than 400
authenticated cultivars.
During the last 15 years, more than 140 domestic and foreign cultivars with
interesting agronomical and commercial characteristics have been evaluated for
Verticillium wilt resistance under controlled conditions. Moderate levels of
resistance were found in cultivars ‘Changlot Real’, ‘Empeltre’ and ‘Frantoio’
(López-Escudero et al., 2004; Martos-Moreno et al., 2006; López-Escudero et al.,
2007). These cultivars are able to restrict the colonization of plant tissues by the
pathogen, thus delaying progression of the disease, increasing recovery of infected
plants, and reducing the percentage of dead plants compared with susceptible
cultivars (Mercado-Blanco et al., 2003a; López-Escudero and Mercado-Blanco,
2011). Moderately resistant cultivars are desired by farmers to replace dead or
severely damaged trees.

17

Chapter 2

Most of the olive cultivars evaluated by artificial inoculations were susceptible
or extremely susceptible to the pathogen (Erten and Yildiz, 2011; López-Escudero
and Mercado-Blanco, 2011), however, including major Spanish cultivars ‘Picual’,
‘Hojiblanca’, ‘Cornicabra’ and ‘Arbequina’, and major cultivars from other
countries, such as ‘Ayvalik’, ‘Coratina’ ‘Megaritiki’, and ‘Meski’. Susceptibility was
particularly pronounced when highly virulent isolates of V. dahliae were used for
inoculation. The level of resistance of many of the cultivars evaluated under
controlled conditions was evaluated in field trials either in experimental or
commercial olive orchards planted in infested soil (Wilhelm and Taylor, 1965;
Thanassoulopoulos et al., 1979; Blanco-López et al., 1984; Lopez-Escudero and
Blanco-Lopez, 2001; López-Escudero and Mercado-Blanco, 2011), but results were
variable and at times inconsistent with the controlled studies(Wilhelm and Taylor,
1965; López-Escudero and Blanco-López, 2007; Cirulli et al., 2008; López-Escudero
and Mercado-Blanco, 2011). In many studies important parameters such as history of
previous crops in the infested plots, crop management, climatic parameters, soil type,
and inoculum potential of the pathogen in soil (inoculum density and virulence of the
isolates) were unknown or not reported (Wilhelm and Taylor, 1965; López-Escudero
and Mercado-Blanco, 2011).
Traditionally, olive cultivars have been clonally propagated, but there is still
confusion about cultivars being true to type (Bartolini et al., 2002; Rallo et al., 2005;
FAO, 2010). Synonymies (the same cultivar with different names) and homonyms
(different cultivars with the same name) exist among and within olive growing
countries (Haouane et al., 2011), which makes the correct identification of olive
cultivars for scientific assessments difficult. The aim of the present study was to
assess the level of resistance of authenticated olive cultivars to V. dahliae in soils
naturally infested with the pathogen and subjected to different disease pressures
(which is determined by inoculum density, type of pathogen strain, previous history
of susceptible hosts, and environmental conditions for disease development).

MATERIALS AND METHODS
Plant material
One-year-old rooted cuttings of 11 major olive cultivars from Spain and other
countries were used in both trials (Tables 1 and 2). The reaction of the cultivars to
artificial inoculation with V. dahliae was previously identified (López-Escudero et
al., 2004; Martos-Moreno et al., 2006; López-Escudero et al., 2007). Cuttings were
obtained from agronomically, morphologically and genetically authenticated olive
mother plants from the World Olive Germplasm Bank in Córdoba, and were
identified by a register number (Tables 1 and 2).
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Plants were propagated by rooting of soft-wood cuttings under mist (Caballero
and Del Río, 2010). Small 15-cm long cuttings with 4 to 6 internodes and bearing 2
or 3 pairs of leaves were taken from shoots of olive mother plants in active
vegetative growth. Cuttings were dipped for 5 s in a 4 g/l solution of indol-3-butyric
acid (IBA), dissolved in a 40% ethanol solution. Cuttings were then inserted up to 4
cm deep in perlite on propagation benches that were maintained at 20-25ºC, with
high relative humidity provided by intermittent mist. After 2 months, rooted cuttings
were transplanted in small peat pots for 3 weeks until a pair of buds had sprouted.
Then, plants were transplanted to 3 l plastic bags containing 40% peat, 60% silt, and
a slow-release fertilizer (osmocote 20-10-15 per bag). Bags were placed in a lath
house for 5 months. At this time, all shoots were pruned with the exception of the
most vigorous and straight one. Lateral branches and new shoots were pruned until
plants reached a height of 1.5 meters, at which time they were planted in the field.
Experimental plots
One experimental plot was located in the municipality of Utrera (lower
Guadalquivir Valley, Sevilla province of Andalucía, southern Spain) in a cultivated
marsh zone. In this area, soils have been heavily infested with a highly virulent strain
of V. dahliae (defoliating pathotype) since 1996 (Bejarano-Alcazar et al., 1996) due
to the continued cropping over many years of different V. dahliae hosts, such as
cotton, sugar beet or other vegetable crops.
The other experimental plot was located in the municipality of Andújar (upper
Guadalquivir valley, Jaén province of Andalucía, southern Spain) in a large olive
production area. Soils in this area are usually moderately infested with V. dahliae,
and the presence of the defoliating pathotype has only recently been reported in this
area (Jiménez-Díaz et al., 2011).
Mild and humid winters, and warm dry summers characterize both
Mediterranean climatic areas. Utrera and Andújar climatic values are very similar,
but they differ mainly because of the Utrera milder winter temperatures.
The main characteristic considered for the two fields selection was the
inoculum density (ID) of the pathogen in the soil. For assessing the fungal population
in soil, about 40 to 50 one-hundred g soil samples were collected from a depth of 2530 cm using a cylindrical soil auger. Sub-samples were mixed, bulked and crumbled,
and then air-dried for 3 weeks. Each sample was put through a 0.8 mm sieve to
remove organic debris and large particles, and then mixed by hand and air-dried for
an additional week. Pathogen inoculum density was estimated by the wet sieving
technique (Huisman and Ashworth, 1974). Twenty-five g of each sample was
suspended in 100 ml of distilled water, shaken at 270 rpm for 1h and filtered through
150 and 35 µm sieves. The residue retained on the 35 µm sieve was recovered in 100
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ml of distilled water. One ml of the suspension from each treatment was plated on a
Modified Sodium Polipectate agar medium (Butterfield and Devay, 1977), using 10
replicated plates per treatment. After 14 days of incubation at 22±2ºC in the dark,
soil residues were removed from the agar surface with tap water and colonies of V.
dahliae were counted under a stereoscopic microscope. The ID in the soil sample was
estimated by the number of colonies of V. dahliae and expressed as propagules or
microsclerotia per gram of air-dried soil (MS/g). Finally, a highly infested plot (21
MS/g), and a moderately one (5 MS/g) were chosen to establish the olive orchards.
Both fields had a clay-soil texture and had been cultivated the previous years with V.
dahliae host species (mainly cotton). Additionally, ID was quantified, following the
method described above, for each of the 6 blocks of each trial, in order to assess
pathogen variation in the plots. Some isolates of V. dahliae were recovered from
microsclerotia in the soil and were characterized for their virulent genotype by
duplex, nested PCR analysis (Mercado-Blanco et al., 2003b).
Olive orchard establishment and experimental design
Olive trees were planted in the selected plots on 29 October 2009 (Utrera trial)
and 14 April 2010 (Andújar trial). Tree spacing was 7 x 2.5 m in Utrera trial and 5 x
2.5 m in Andújar trial. In both experimental orchards, the trees were planted on
ridges in order to avoid water logging and root infections caused by Phytophthora
spp., which often causes a root rot disease of olive in this region (Sánchez Hernández
et al., 1998). Experimental design was exactly the same in both trials. Plants of the
11 major cultivars were arranged in a randomized block design, with 6 blocks and 4
plants per block. Experimental fields were surrounded by olive trees of different
cultivars planted together with the main plot. All plants were drip irrigated (15 l per
tree, 2 days per week, from April to October).
Assessment of symptom development and tree growth
Both experiments were surveyed periodically for symptom development and
tree growth for 22 months after planting. Tree growth was assessed one year after
planting, based on a 0 to 3 visual rating scale, according to the number and length of
new shoots (0 = no growth or 0.1 to 5 cm shoots in less than 50% of tree canopy; 1 =
0.1 to 5 cm shoots in 51 to 100% of tree canopy or 5 to 10 cm shoots in 1 to 50% of
tree canopy; 2 = 5 to 10 cm shoots in 51 to 100% of tree canopy or more than 10 cm
shoots in 1 to 50% of tree canopy; 3 = more than 10 cm shoots in 51 to 100% of tree
canopy). To assess disease development, the percentage of diseased plant tissue,
which was affected by each of the two types of Verticillium wilt symptoms, was
scored. These symptoms are defoliation and sudden wilt, which is characterized by
the progressive rolling inward and chlorosis of leaves, which became necrotic and
remained attached to the twigs. Estimates of disease incidence and severity were
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based, respectively, on the percentage of affected plants and on a 0 to 4 rating scale
according to the percentage of affected plant tissue with Verticillium wilt symptoms:
(0 = no symptoms; 1 = 1 to 33%; 2 = 34 to 66%; 3 = 67 to 99%; 4 = dead plant)
(López-Escudero et al., 2004). The percentage of dead plants or mortality (M) and
the recovery from the disease were also considered in estimating the severity of the
reactions (Wilhelm and Taylor, 1965; López-Escudero et al., 2004; López-Escudero
and Blanco-López, 2005). At the end of each experiment, the relative area under the
disease progress curve (RAUDPC) was estimated as the percentage with regard to the
maximum potential value, for the period between the first symptom appearance and
the end of the experiment, using the formula of Campbell and Madden (Campbell and
Madden, 1990):
n
s  si 1 
100
RAUDPC 
 i
 t i 1  t i 
( s max  t e ) i 1
2

where s i = disease severity value for observation number i; s max = maximum
value of severity (4); ti = number of days between planting and observation i; te =
total evaluation period; n = number of observations.
To compare the reaction of olive trees between both experimental fields, two
disease development times in some cultivars were calculated by interpolation: T10 =
time from planting until 10% of the trees were affected; T50 = time from planting
until 50% of the trees were affected.
Pathogen isolation
Plant infection was confirmed by isolating the fungus from affected shoots or
leaf petioles of diseased plants. Samples of affected woody tissue were washed in
running tap water, the bark was removed, and tissue was surface disinfected in 0.5%
sodium hypochlorite for 1 min. Wood chips were placed on PDA plates and
incubated at 24ºC in the dark for 6 days. Isolates of V. dahliae recovered from
affected olive plants were characterized for their virulence by duplex, nested PCR
analysis (Mercado-Blanco et al., 2003b).
Data analysis
For each field trial, individual analyses of variance of the evaluated
parameters were performed using Statistix 9.0 program (Analytical Software,
Tallahassee, FL). Mean values of cultivars were compared by the Fisher’s protected
LSD test at P = 0.05. Tree growth values were analyzed using the nonparametric
Kruskal-Wallis test.
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To determine whether there was interaction between field trials and cultivars,
a combined analysis of variance was performed using the most representative disease
parameter, RAUDPC, as the dependent variable. Data from the two individual trials
were combined after checking with the F test that the variances of the experimental
error were homogeneous (P = 0.4005). Combined data were analyzed in a split-plot
design with field trial as main plot and cultivar as subplot (Gomez and Gomez,
1984).

RESULTS
Disease symptoms and pathogen isolation
Verticillium wilt symptoms were first observed in some susceptible cultivars 6
months after planting in both field trials. Disease development was more rapid in
spring and fall when conditions for tree growth were optimal (Figs. 1 and 2).
Symptoms which had started during the fall usually continued developing slowly in
the winter, mainly in the Utrera trial. On the other hand, no new disease symptoms
were observed between July and October (Figs. 1 and 2).
Defoliation and sudden wilt affected some branches or entire canopies in both
experimental fields. Generally, both symptoms occurred together in a single tree. The
mean percentage of diseased plant tissue affected by defoliation was 68% and 64%
(Utrera and Andújar trials, respectively) (Tables 1 and 2), and changed little through
the year. Defoliation and sudden wilt were generally severe in susceptible cultivars
‘Bodoquera’, ‘Cornicabra’, ‘Manzanilla de Sevilla’, and ‘Picual’. In most cases,
infected trees were killed in a few months after the first symptoms appeared.
Sometimes, this period was less than a month, particularly in the highly infested plot
(Utrera trial).
Defoliation was less severe in shoots of moderately resistant cultivars, such as
‘Changlot Real’ or ‘Frantoio’. However, severe defoliation and death of branches
was also observed in some trees of these cultivars.
Disease symptoms developed differently depending on the cultivar (Tables 1
and 2). For example, diseased trees of ‘Koroneiki’ frequently exhibited sudden wilt
symptoms which affected some branches, a portion of the tree, or the entire tree
canopy. On the other hand, sudden wilt was rarely observed in ‘Arbequina’ trees. In
contrast, scattered defoliation of branches was frequently observed in the latter
cultivar.
The pathogen was recovered from nearly all affected shoots. All isolates
recovered from symptomatic plants in both fields were identified as the defoliating
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pathotype (highly virulent isolates). V. dahliae isolates were recovered also from the
soil. In both fields, more than 90% of isolates from soil were also found to be the
defoliating pathotype.
Disease progress and tree growth
In the highly infested experimental field (Utrera trial), the number of plants
that showed some of the disease symptoms described above during the 22-month
assessment period was very high in all cultivars, affecting at least 52% of the plants
in each cultivar (Table 1). In the moderately infested field plot (Andújar trial),
Verticilium wilt disease affected a lower number of plants with lower values of
disease severity in all cultivars (Table 2).
Disease incidence reached values higher than 95% (Utrera trial) and 50%
(Andújar trial) in the susceptible cultivars ‘Cornicabra’, ‘Bodoquera’, ‘Manzanilla de
Sevilla’, and ‘Picual’. In these cultivars, almost all plants (>91%) were killed by the
pathogen during the assessment period in the highly infested plot, while mortality
varied from 33 to 62% in the Andújar trial. Furthermore, disease onset was earlier
and disease progress was faster in these susceptible cultivars than in the other
cultivars in the two experimental fields (Figure 1, 2).
Cultivar ‘Cornicabra’ was extremely susceptible to Verticillium wilt and in 8
months after planting, 38% of the plants were showing wilt symptoms and 13% had
been killed by the pathogen in the Utrera experimental field. All plants of this
cultivar were dead 20 months after planting. T10 (time from planting until 10% of the
trees were affected by the disease) calculated for cultivar ‘Cornicabra’ was 6.5
months in the highly infested plot and 9.1 months in the moderately infested one. T50
was 11.2 and 12.7 months, respectively.
In both experimental orchards, cultivars ‘Bodoquera’, ‘Manzanilla de Sevilla’,
and ‘Picual’ showed a small delay in the onset and development of the disease,
compared to the extremely susceptible cultivar ‘Cornicabra’. This did not influence
significantly the final values of severity of symptoms and the mortality of plants in
both fields. The level of sensitivity exhibited by cultivar ‘Hojiblanca’ was quite
different between both fields. In the Utrera field, ‘Hojiblanca’ was less susceptible
compared to the susceptible group of cultivars (Table 1). Although many of them
showed severe symptoms, 30% of the trees were still alive at the end of the
experiment. This cultivar was more resistant in the Andújar field, with most of the
disease values being similar to the values from resistant cultivars (Table 2).
However, some trees of cultivar ‘Hojiblanca’ were killed by V. dahliae, whereas
virtually none of the resistant cultivars had died.
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Disease responses observed in the other genotypes evaluated in Utrera field
were quite different and can be divided in two groups. The reaction of ‘Arbequina’,
‘Koroneiki’ and ‘Sevillenca’ was characterized by a high number of affected trees
(72-83%) that generally did not develop severe symptoms. In fact, final tree mortality
did not exceed 25% of trees in any of these cultivars (Table 1). The most affected
cultivar in this group was ‘Arbequina’, with a final value of RAUDPC close to 30%.
Both ‘Koroneiki’ and ‘Sevillenca’ showed similar disease parameters, but with lower
values of RAUDPC and disease incidence. Finally, cultivars ‘Changlot Real’,
‘Empeltre’, and ‘Frantoio’ showed the most resistant reaction during the evaluation
period, with RAUDPC values that ranged from 9.7 to 15%, and FS from 0.8 and 1.2.
Disease incidence was also high in this group, but symptoms were slight in most
cases and the pathogen did not kill any plants of cultivar ‘Frantoio’, and plant
mortality was less than 10% in cultivars ‘Changlot Real’ and ‘Empeltre’ (Table 1).

The level of resistance was also corroborated by natural recovery observed in
trees of cultivars which exhibited a more resistant reaction in both experimental
fields. These plants were able to produce new vegetative shoots and leaves after they
had suffered from slight or severe disease symptoms. This phenomenon, together
with growth of non-symptomatic plants, was assessed by the tree growth recorded at
12 months after planting, which corresponded to fall and spring, depending on the
field (Tables 1 and 2).
The combined analysis of variance for RAUDPC showed that the three
analyzed factors, field, cultivar and the interaction between field and cultivar, were
significant with P values of 0.0013, <0.0001 and 0.0072, respectively. The
significance of the interaction was due to the differential response of two cultivars,
‘Changlot Real’ and ‘Hojiblanca’ (Figure 3). Cultivar ‘Changlot Real’ had the same
resistant response in both fields, while ‘Hojiblanca’ was relatively more resistant in
Andújar than in Utrera field. The remaining cultivars had a similar response in both
fields, which was more severe in the Utrera field with a higher inoculum density in
the soil (Figure 3).
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Figure 1 A and B. Disease severity progress curves in olive cultivars grown in a soil highly
infested with Verticillium dahliae (21 MS/g of soil), located in Utrera, Sevilla province,
southern Spain. Assessments of disease severity were made periodically during 22 months
after planting using a 0 to 4 rating scale according to percentage of plant tissue affected by
defoliation and sudden wilt (0= healthy plant or plant with no symptoms; 1 = 1 to 33%; 2 = 34
to 66%; 3 = 67 to 99% and 4 = dead plant).
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Figure 2 A and B. Disease severity progress curves in olive cultivars grown in a soil
moderately infested with Verticillium dahliae (5 MS/g of soil), located in Andújar, Jaén
province, southern Spain. Assessments of disease severity were made periodically during 22
months after planting using a 0 to 4 rating scale according to percentage of plant tissue
affected by defoliation and sudden wilt (0= healthy plant or plant with no symptoms; 1 = 1 to
33%; 2 = 34 to 66%; 3 = 67 to 99% and 4 = dead plant).
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CV F14-A19 R13

CV F7-A21 R15

‘Empeltre’

‘Changlot Real’

Spain

Spain

Italy

Spain

Greece

Spain

Spain

Spain

Spain

Spain

Spain

Origin

54.2 de

52.1 e

72.2 cd

75 bcd

72.2 cd

83.3 abc

87.5 abc

100 a

100 a

95.8 ab

100 a

DI (%)

9.7 e

14.4 de

15.0 cde

19.6 cde

21.8 cd

29.6 c

50.3 b

56.8 ab

64.4 ab

65.5 ab

73.2 a

RAUDPC (%)

0.8 d

1.2 cd

1.2 bcd

1.8 bc

2.0 b

1.9 bc

3.3 a

3.8 a

3.9 a

3.8 a

4.0 a

FS

Disease parametersb

8.3 cd

6.9 cd

0.0 d

16.7 cd

25.0 cd

16.7 cd

70.8 b

91.7 ab

91.7 ab

95.8 a

100 a

M (%)

2.0 ab

2.2 a

2.1 a

1.4 cd

1.6 bc

1.5 c

0.9 e

1.0 de

0.5 ef

0.6 ef

0.3 f

Growthc

84

70

66

67

14

93

84

69

55

52

74

Defoliation
(%)d

Percentage of diseased plant tissue affected by defoliation, calculated by the weighted average in the complete evaluation period. The rest of the
diseased plant tissue was affected by sudden wilt.

d

Olive growth was assessed on the basis of a 0-3 shoot length rating scale in October 2011 (one year after planting). Values in columns followed
by the same letter are not significantly different according to Kruskal Wallis test at P = 0.05.

c

Disease parameters were evaluated periodically on the basis of a 0-4 rating scale during a period of 670 days after planting. DI = final disease
incidence; RAUDPC = relative area under the disease progress curve with reference to the maximum value potentially reached over the
assessment period; FS = Final mean severity of symptoms; M = mortality. Values in columns followed by the same letter are not significantly
different according to Fisher’s protected LSD test at P = 0.05.

b

Plants were propagated from authenticated mother plants of olive cultivars from the Olive World Germplasm Bank (IFAPA, Centro Alameda del
Obispo, Córdoba, Spain). CV = Reference of the field in the bank, F = Row, A = Tree, R = Accession number.

a

CV F6-A10 R80

CV F2-A16 R1469

‘Arbequina’

‘Frantoio’

CV F3-A11 R2

‘Hojiblanca’

CV F6-A17 R218

CV F3-A1 R1470

‘Picual’

CII F12-A13 R227

CV F1-A16 R1468

‘Manzanilla de Sevilla’

‘Sevillenca’

CV F10-A12 R361

‘Koroneiki’

CV F8-A16 R10

‘Bodoquera’

Reference

‘Cornicabra’

Cultivar

Olive cultivara

Table 1. Values of disease parameters of major olive cultivars growing in a soil highly infested with Verticillium dahliae (21 MS/g of soil)
located in Utrera, Seville province, southern Spain.
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CV F10-A12 R361

CV F1-A16 R1468

CV F3-A1 R1470

CV F3-A11 R2

CV F2-A16 R1469

CV F6-A17 R218

CII F12-A13 R227

CV F6-A10 R80

CV F14-A19 R13

CV F7-A21 R15

‘Manzanilla de Sevilla’

‘Picual’

‘Hojiblanca’

‘Arbequina’

‘Koroneiki’

‘Sevillenca’

‘Frantoio’

‘Empeltre’

‘Changlot Real’

Spain

Spain

Italy

Spain

Greece

Spain

Spain

Spain

Spain

Spain

Spain

Origin

33.3 c

4.2 d

8.3 d

12.5 d

33.3 c

8.3 d

8.3 d

54.2 b

79.2 a

62.5 ab

75.0 a

DI (%)

7.4 d

1.0 d

3.8 d

2.3 d

9.3 cd

6.2 d

8.5 cd

23.2 bc

41.8 a

36.2 ab

44.6 a

RAUDPC (%)

0.4 c

0.1 c

0.2 c

0.1 c

0.4 c

0.3 c

0.3 c

1.7 b

2.8 a

2.3 ab

2.9 a

FS

Disease parametersb

0.0 c

0.0 c

0.0 c

0.0 c

0.0 c

4.2 c

8.3 c

33.3 b

58.3 a

45.8 ab

62.5 a

M (%)

3.0 a

2.7 abc

2.9 ab

3.0 a

2.8 ab

2.8 ab

2.7 abc

2.8 ab

2.3 cd

2.5 bcd

2.1 d

Growthc

71

79

96

75

57

100

95

25

54

62

76

Defoliation
(%)d

Percentage of diseased plant tissue affected by defoliation, calculated by the weighted average in the complete evaluation period. The rest of the
diseased plant tissue was affected by sudden wilt

d

Olive growth was assessed on the basis of a 0-3 shoot length rating scale in May 2011 (one year after planting). Values in columns followed by
the same letter are not significantly different according to Kruskal Wallis test at P = 0.05.

c

Disease parameters were evaluated periodically on the basis of a 0-4 rating scale during a period of 670 days after planting. DI = final disease
incidence; RAUDPCP = relative area under the disease progress curve with reference to the maximum value potentially reached over the
assessment period; FS = Final mean severity of symptoms; M = mortality. Values in columns followed by the same letter are not significantly
different according to Fisher’s protected LSD test at P = 0.05.

b

Plants were propagated from authenticated mother plants of olive cultivars from the Olive World Germplasm Bank (IFAPA, Centro Alameda del
Obispo, Córdoba, Spain). CV = Reference of the field in the bank, F = Row, A = Tree, R = Accession number.

a

CV F8-A16 R10

‘Bodoquera’

Reference

‘Cornicabra’

Cultivar

Olive cultivara

Table 2. Values of disease parameters of major olive cultivars growing in a soil moderately infested with Verticillium dahliae (5 MS/g of soil)
located in Andújar, Jaén province, southern Spain.
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DISCUSSION
All of the olive genotypes in the current study have been repeatedly evaluated
for V. dahliae resistance by artificial inoculation in growth chambers in a program
that assesses V. dahliae resistance of olive genotypes deposited in the World Olive
Germplasm Bank in Córdoba, Spain. This program, which was established in 1994 at
the Department of Agronomy of the University of Córdoba, has used diverse
inoculation methods, such as root-dipping or stem injection (López-Escudero et al.,
2004; Martos-Moreno et al., 2006; López-Escudero et al., 2007). The levels of
resistance/susceptibility previously obtained via artificial inoculation under
controlled conditions were generally confirmed by the results of the current field
study, in which olive cultivars were planted in two soils infested with defoliating
pathotypes of V. dahliae. As discussed in the following paragraphs, however, there
were some important differences in results obtained with artificial inoculation in the
growth chamber vs. natural inoculation in the field.
Cultivars ‘Cornicabra’, ‘Bodoquera’, ‘Manzanilla de Sevilla’, and ‘Picual’
were highly susceptible in both experimental fields, which is consistent with results
previously obtained under controlled experiments except in the case of cultivar
‘Bodoquera’ (López-Escudero et al., 2004; Martos-Moreno et al., 2006; LópezEscudero et al., 2007). This exception could be due to the inoculation method (trunk
injection) that was used to assess the resistance of ‘Bodoquera’ under controlled
conditions. ‘Bodoquera’ may be less sensitive when subjected to trunk injection than
to natural infection in the field.
‘Cornicabra’ was most susceptible in both orchards. In the Utrera experimental
orchard, cultivar ‘Hojiblanca’ also was highly susceptible, which is consistent with
previous results obtained under controlled conditions (López-Escudero et al., 2004).
In the Andújar orchard, however, ‘Hojiblanca’ was more resistant compared to the
other four susceptible cultivars, which is not consistent with results from controlled
conditions, but which is consistent with previous observations in commercial fields
(López-Escudero and Mercado-Blanco, 2011).
The disease reaction of ‘Picual’ in both orchards was similar to that exhibited
by this cultivar when artificially inoculated by root dipping (López-Escudero et al.,
2004; Martos-Moreno et al., 2006) and stem injection (López-Escudero et al., 2007).
Indeed, this cultivar is commonly used as a susceptible control and can be severely
damaged by even a low amount of V. dahliae inoculum in the soil (López-Escudero
and Blanco-López, 2007). Because ‘Picual’ is by far the most widely grown olive
cultivar in Spain (Barranco, 2010), the high susceptibility of this cultivar to V.
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dahliae could be one reason why Verticillium wilt is presently a serious problem in
southern Spain.
Cultivars ‘Arbequina’, ‘Koroneiki’, and ‘Sevillenca’ can be considered
moderately resistant according to the results of the present study. Although disease
resistance of these cultivars in the moderately infested soil was similar to that of
cultivars ‘Changlot Real’, ‘Empeltre’, and ‘Frantoio’, the latter three were classified
to be more resistant due to their disease reaction in the heavily infested soil.
The Greek cultivar ‘Koroneiki’ is considered to be moderately resistant to
Verticillium wilt based on experiments carried out in the field or under controlled
conditions involving transplantation into artificially infested soil (Markakis et al.,
2009; Markakis et al., 2010), stem injection (López-Escudero et al., 2007; Antoniou
et al., 2008), or root dipping (Martos-Moreno et al., 2006). The level of resistance in
the present study was similar to that in these previous reports.
Presently, ‘Arbequina’ is probably the most widely planted olive cultivar in
the world (Barranco, 2010), most likely because of its productivity and suitability for
planting in hedgerows (De la Rosa et al., 2007; Tous et al., 2008). ‘Arbequina’ was
significantly more resistant than ‘Picual’ in both orchards. Although this difference
in resistance was previously observed in V. dahliae-infested soil, both cultivars were
considered to be highly susceptible when assessed under controlled conditions using
a conidial suspension (107 conidia/ml) of the defoliating pathotype of V. dahliae
(López-Escudero et al., 2004; Martos-Moreno et al., 2006). We believe that this
difference is probably related to a threshold pathogen inoculum potential above
which the resistance of a given cultivar is completely overcome. Although resistant
in the field with moderate disease pressure, resistance of ‘Picual’ and ‘Arbequina’
may be overcome by the high inoculum density typically used in artificial
inoculations. The superior field performance of ‘Arbequina’ is supported by studies
showing reduced ability of V. dahliae to colonize ‘Arbequina’ compared to ‘Picual’
(Mercado-Blanco et al., 2003a).
The level of resistance exhibited by ‘Sevillenca’ was greater in the current
study than in a previous study in which the cultivar was artificially inoculated with
the defoliating pathotype of V. dahliae (Martos-Moreno et al., 2006). As mentioned
for ‘Arbequina’ in the previous paragraph, the resistance of ‘Sevillenca’ would
probably be completely overcome by the high inoculum density used in artificial
inoculations.
Among the cultivars in this study, the Spanish cultivars ‘Changlot Real’ and
‘Empeltre’ together with the Italian cultivar ‘Frantoio’ were the most resistant to
Verticillium wilt and generally showed only minor disease symptoms in both
experimental orchards. The heavily infested plot allowed us to differentiate between
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the resistance of these cultivars and that of other moderately resistant cultivars such
as ‘Arbequina’, ‘Koroneiki’, and ‘Sevillenca’. In artificial inoculations, ‘Changlot
Real’, ‘Empeltre’, and ‘Frantoio’ usually exhibit complete resistant to Verticillium
wilt. Moreover, the response of ‘Frantoio’ to Verticillium wilt has been well
documented under controlled and field conditions (Barranco and Trujillo, 2000;
López-Escudero et al., 2004; Martos-Moreno et al., 2006; López-Escudero et al.,
2007; López-Escudero and Mercado-Blanco, 2011; Bubici and Cirulli, 2012).
However, these three cultivars did not exhibit complete resistance when they were
planted in a soil that was heavily infested with V. dahliae in the current field study,
and their use as resistant cultivars or rootstocks in heavily infested soils should be
carefully considered. Because ‘Changlot Real’ in particular but also ‘Empeltre’ and
‘Frantoio’ have acceptable agronomic characteristics (Rallo et al., 2005; Barranco,
2010), they are the best choice for new olive plantings in V. dahliae-infested soils.
These three genotypes are also being used in a breeding program for Verticillium wilt
resistance in olive (Trapero et al., 2011).
The ranking of cultivars according to disease parameters was similar in both
orchards. According to T10 and T 50 values, disease developed more quickly and was
more severe in the Utrera orchard than in the Andújar orchard. This was true for all
cultivars in the study and was expected because the V. dahliae inoculum density was
higher in the Utrera orchard (21 MS/g of soil) than in the Andújar orchard (5 MS/g of
soil). This difference between the orchards agrees with previous research conducted
in the field (Bejarano-Alcazar et al., 1995; López-Escudero and Blanco-López,
2007). Higher winter temperatures in the Utrera orchard than in the Andújar orchard
may also have contributed to the higher disease severity in the Utrera orchard
(López-Escudero and Mercado-Blanco, 2011). These results indicate that the level of
inoculum in the soil should be determined when olive cultivars are evaluated for
resistance to V. dahliae.
The differences between the two experimental orchards were highlighted by
the combined analysis of variance. This analysis, however, revealed a significant
interaction between cultivars and fields due to the differential responses of cultivars
‘Changlot Real’ and ‘Hojiblanca’. This interaction was especially marked in cultivar
‘Hojiblanca’, which was ranked with the susceptible cultivars in the Utrera orchard
but with the moderately resistant cultivars in the Andújar orchard.
Disease incidence does not seem to be a sufficiently sensitive parameter for
assessing Verticillium wilt resistance in the field, particularly in heavily infested
sites. In the heavily infested Utrera orchard, every affected tree belonging to a
susceptible cultivar was killed or severely damaged by the pathogen, while affected
trees of resistant cultivars usually developed mild symptoms and then recovered from
the disease. Although mortality (the percentage of dead plants) is easy to measure, it
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was similar to disease incidence in being insufficiently sensitive for detecting
moderate differences in resistance. The other disease parameters assessed helped
differentiate the reactions of olive cultivars to the disease, and RAUDPC and final
severity 22 months after planting were especially useful. These two parameters were
also highly correlated (data not shown). Tree growth, which is not usually considered
in evaluating disease resistance under controlled conditions, also differentiated
among levels of resistance.
Defoliation and sudden wilt were frequently observed together in a single tree,
from fall to late spring in our study. Moreover, the V. dahliae defoliating pathotype
caused both symptoms. These observations are contrary to those previously reported
(Navas-Cortés et al., 2008; López-Escudero and Mercado-Blanco, 2011). In the
current study, the type of symptom differed depending on the cultivar, suggesting
that different mechanisms of resistance could be involved.
This study has clearly demonstrated that Verticillium wilt is a serious threat in
olive orchards that are moderately or heavily infested with V. dahliae. Heavily
infested soils occur in many areas where hosts of V. dahliae have been cultivated for
many years, such as in the Central Valley in California and the Guadalquivir Valley
in Andalucía, Spain, where this study was carried out. Although both regions are
irrigated and have excellent environmental conditions for growing olives (Wilhelm
and Taylor, 1965; Barranco et al., 2010), the defoliating pathotype of V. dahliae is
widespread and heavily infests the soil in some areas of these regions (Wilhelm et
al., 1962; Bejarano-Alcazar et al., 1996; Epstein et al., 2004; López-Escudero et al.,
2010), which makes the growing of olives a challenge. Thus, farmers should be
warned about the planting of olives in infested soil and should be advised against
growing susceptible cultivars in such soils. As indicated in the present study and
other published research (López-Escudero and Mercado-Blanco, 2011), complete
field resistance has not been found in olive to date, and so there is no cultivar that
can be recommended in areas with high disease pressure. Therefore, research aimed
at identifying olive cultivars with field resistance to Verticillium wilt should be
continued. Nevertheless, some of the cultivars evaluated in this study can help
growers control the disease in areas with moderate pathogen levels in the soil.
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Wilting (d, e) and defoliation (f, g) in young olive trees.
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Symptom asessment in the Adújar field trial (h).
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Group of olive trees of the same cultivar killed by the pathogen in Andújar (i) and Utrera (j,
k) field trials.
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Current outlook (year 2013) of the Utrera field trial during a field extension day (l) and aerial
outlook showing blanks due to the death of the trees (m).
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3
Effective inoculation methods to screen for resistance to
Verticillium wilt in olive
ABSTRACT
Effective inoculation methods to screen for Verticillium wilt resistance are
essential for the development of olive cultivars resistant to this devastating disease.
Three inoculation methods, pot immersion, bare-root dipping and stem injection
using a conidial suspension of a highly virulent Verticillium dahliae isolate (named
V117) were tested in olive seedlings. The root-dipping inoculation performed the
best, and its effectiveness was further tested in seedlings aged 40, 80 and 120 days in
two different environments (greenhouse and growth chamber). The root-dipping
inoculation of the 40-day-old olive seedlings discriminated between resistant and
susceptible genotypes. This early screening is less costly and requires less time and
space than the standard inoculation and evaluation methods conducted with older
plants. Therefore, we propose the root-dipping inoculation of 40-day-old olive
seedlings as a reliable, fast and effective method to select genotypes at a young age
that are potentially resistant to V. dahliae. The application of this method has
allowed for the screening of more than 8000 genotypes before their evaluation under
field conditions.

This chapter has been published in:
Trapero C, Díez CM, Rallo L, Barranco D, López-Escudero FJ. 2013. Effective
inoculation methods to screen for resistance to Verticillium wilt in olive. Scientia
Horticulturae 162: 252–259.
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INTRODUCTION
Verticillium wilt of olive (Olea europaea L.), caused by the fungus
Verticillium dahliae Kleb., is the most important disease affecting this crop in most
olive-growing countries (Hiemstra, 1998; Bubici and Cirulli, 2011; López-Escudero
and Mercado-Blanco, 2011; Jiménez-Díaz et al., 2012). Such a importance is due to
the wide distribution of the defoliating (highly virulent) pathotypes, the severity of
the infections, and the difficulty in controlling the disease, as V. dahliae can survive
in the soil for long periods of time, has a wide host range and is ineffectively
controlled by chemical compounds (Klosterman et al., 2009; Bubici and Cirulli,
2011; López-Escudero and Mercado-Blanco, 2011; Jiménez-Díaz et al., 2012).
Control of this disease necessitates an integrated strategy that implements all
available control measures because there is no single method sufficiently effective
when applied individually. Among these control measures, the use of resistant plant
material is widely recognized as the least expensive, easiest, safest and most
effective method (Agrios, 2005; Klosterman et al., 2009; Bubici and Cirulli, 2011;
López-Escudero and Mercado-Blanco, 2011; Tsror, 2011; Jiménez-Díaz et al., 2012).
Several studies have focused on identifying or screening sources of resistance
to Verticillium wilt in olive under controlled or field conditions (Bubici and Cirulli,
2011; López-Escudero and Mercado-Blanco, 2011; Tsror, 2011; Jiménez-Díaz et al.,
2012; Mercado-Blanco and López-Escudero, 2012). Although several olive
genotypes possess some degree of resistance to V. dahliae, most of them, including
cultivars widely grown such as ‘Arbequina’ and ‘Picual’ (Rallo, 2009; Tous, 2011),
are susceptible or extremely susceptible to Verticillium wilt. Among 240 olive
cultivars evaluated to date, only three of them (‘Changlot Real’, ‘Empeltre’ and
‘Frantoio’) clearly show a moderate level of resistance, although the level is
insufficient when disease pressure is high (López-Escudero et al., 2004, 2007;
Martos-Moreno et al., 2006; Markakis et al., 2009; Bubici and Cirulli, 2012; Trapero
et al., 2013). Therefore, these cultivars are suitable only to replace dead or severely
damaged trees in low or moderately infested soils (Trapero et al., 2013) but not to
completely overcome the problem generated by Verticillium wilt. Moreover, these
cultivars do not suit the plant architecture and vigor requirements for the new
intensive or hedgerow orchards.
According to the studies mentioned above, there is no complete resistance in
olive to V. dahliae. Moreover, all the evaluated olive cultivars are more susceptible
to the defoliating pathotype (highly virulent) than to the non-defoliating one.
Besides, every cultivar shows a similar resistance level to different V. dahliae
defoliating isolates or their mixtures.
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Breeding for disease resistance is a long process, which requires the
development of suitable selection and evaluation methods to screen a large number of
accessions from different sources of resistance (Johnson and Jellis, 1992; Allard,
1999; Eynck et al., 2009). This process is especially slow in fruit crops mainly
because of their long juvenility and generation periods (Janick and Moore, 1975),
which can last for 12 years in olive plants growing under natural conditions (Bellini,
1993). The availability of accurate screening methods is essential to successfully
assess disease resistance (Johnson and Jellis, 1992; Blanco-López et al., 1998;
Infantino et al., 2006). Screening methods are often applied under controlled
conditions that allow the evaluation of breeding genotypes using well-characterized
isolates and optimum conditions for disease development. However, the limited
availability of labor and space in greenhouses or growth chambers is a major
constraint to screening a large number of genotypes under controlled conditions. The
screening methods must perform three main functions: (i) easily differentiate
between susceptible and resistant genotypes, (ii) minimize the number of plants that
escape infection and (iii) produce results that correlate highly with the performance
of plants in the field (Grau et al., 1991; Johnson and Jellis, 1992; Debode et al.,
2005; Gordon et al., 2005).
Resistance to V. dahliae is often evaluated in olive using artificial
inoculations. Root dipping, soil drenching and trunk drilling to infect the plants with
spore suspensions are the most used methods. In general these methods are costly and
labor-intensive and may also be highly time-consuming if many genotypes must be
inoculated and evaluated. For instance, the inoculated plants are often nearly one
year old, and the time required for their evaluation ranges from 3 to 15 months
(Mercado-Blanco et al., 2003; López-Escudero et al., 2004; Antoniou et al., 2008;
Cirulli et al., 2008). The evaluation period may last for 6-24 months if the resistance
assessment is conducted with soil inoculum (microsclerotia) (López-Escudero and
Blanco-López, 2007; Antoniou et al., 2008).
Resistance to fungal vascular wilts may change during plant growth and
development. In addition, information about the effect of host age on the infection of
V. dahliae is quite limited and inconclusive, especially in woody hosts where it is
possible to find a wide range of sizes and developmental stages (Develey-Riviere and
Galiana, 2007; Häffner et al., 2010). Certain authors found that disease severity
decreases with host age (Parker, 1959; Evans et al., 1966), such as in olive (LópezEscudero et al., 2010), but others reported the reverse situation (Presley and Taylor,
1969; Martin et al., 1993; Resende et al., 1995). Nevertheless, the assessment of the
resistance of young seedlings to V. dahliae has been frequently used to develop faster
and less expensive inoculation techniques (Raabe and Wilhelm, 1978; Chambers and
Harris, 1997; Steventon et al., 2002; Klosterman and Hayes, 2009; Bae et al., 2011).
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The main goal of this study was to develop effective methods to screen olive
seedlings for resistance to V. dahliae with the aims of: (i) clearly distinguishing
resistant from susceptible genotypes, (ii) shortening the incubation period of
infections, and (iii) reducing the age of the screened plants and the space and time
necessary for their evaluation.

MATERIALS AND METHODS
In a first step, three different methods to inoculate V. dahliae in olive were
tested using seedlings. Subsequently, the method that performed the best was
optimized by assessing the possible effects of the environmental growing conditions
and the age of the seedlings at inoculation on their subsequent level of resistance.
Evaluation of three methods to inoculate olive seedlings with Verticillium dahliae
Plant material. Approximately 180 seedlings (90 inoculated and 90 control)
from the cross between the cultivars ‘Arbequina’ (♀, moderately susceptible to
Verticillium wilt) x ‘Picual’ (♂, susceptible to Verticillium wilt) were used.
Hereafter, this olive progeny will be named A x P. The cross was performed in the
spring of 2010 by applying male pollen to reproductive structures on bagged
branches. The fruits were harvested in October, and the seeds were germinated and
grown under controlled conditions for 40 days after germination in 0.2 L pots
according to Santos-Antunes et al. (2005). Microsatellite-based paternity tests were
conducted to assess the genitors of the crosses following the protocol described by de
la Rosa et al. (2004). 24 plants of the ‘Picual’ cultivar (12 inoculated and 12 control)
were also included as a reference of well-known susceptible reaction to the disease
(López-Escudero et al., 2004, 2007; Martos-Moreno et al., 2006). These plants were
self-rooted by stem cutting and root-dip inoculated at the age of 6 months. Both
germinated olive seedlings and self-rooted olive plants were grown in the greenhouse
until their inoculation.
Fugal material and inoculum production. Plants were inoculated in all the
experiments with the V117 defoliating V. dahliae isolate from the collection of the
Agronomy Department, University of Córdoba (Blanco-López et al., 1984). This
isolate was collected from cotton in southern Andalucía (Spain). The high virulence
in olive of this isolate has been previously reported in several artificial inoculations
(López-Escudero et al., 2004, 2007; Martos-Moreno et al., 2006). The inoculum was
prepared from single-spore stock cultures maintained on potato dextrose agar (PDA)
slants at 4 °C. Mycelium was spread on the PDA plates and grown for 8 days at 23
°C in the dark. The plates were flooded with tap water and rubbed gently with a
rubber-tipped glass rod. The resulting suspension was filtered through double
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cheesecloth, counted with a hemocytometer and diluted to 10 7conidia/ml. This final
conidial suspension was used to test the three inoculation methods.
Inoculation methods. Three different inoculation methods, root-dipping, stem
injection and pot immersion, were tested using 60 A x P seedlings (30 inoculated and
30 controls). Additionally, 12 ‘Picual’ self-rooted plants were inoculated using the
root-dip method, and 6 ‘Picual’ plants were used as control. In order to ensure
inoculum absorption by the plants, all self-rooted and seedling plants were not
watered 2 days prior to the inoculation. Plants were arranged in a completely
randomized design. The inoculation applying the different methods was performed as
follows:
(i) Root dipping: the seedlings and self-rooted plants were inoculated by
dipping their bare root systems in the V. dahliae conidial suspension for 30 min.
Then, the plants were transplanted to pots (whose size were 0.19 l for seedlings and
1.5 l for self-rooted plants) with sterile soil (1:1:1, peat:sand:lime) and maintained in
a growth chamber during a 12-week evaluation period. Control plants were handled
identically except that tap water was substituted for the conidial suspension.
(ii) Stem injection: the seedlings were inoculated with one stem puncture
between the cotyledons and the first pair of true leaves. The conidial suspension was
delivered using a syringe fitted with a 21-gauge needle. The needle was inserted into
the stem until the needle point was visible on the opposite side of the stem. One drop
of inoculum was dispensed, and the drop disappeared rapidly inside the stem.
Approximately 5 µl of inoculum suspension was absorbed with each puncture. The
control seedlings were similarly punctured, but the syringe dispensed a drop of tap
water.
(iii) Pot immersion: whole pots containing olive seedlings were immersed
simultaneously in a 10-l V. dahliae conidial suspension for 30 min so that the
suspension was absorbed from the basement and completely drenched the soil
contained in the pots. The pots with control plants were treated the same, except that
they were immersed in tap water. The plants were not watered for the first 3 days
after the immersion.
Effect of growing environment and seedling age in the root-dip inoculation method
Plant material, inoculation protocol and experimental design. In a second
step, we optimized the best performing inoculation method by testing the effect of
two growing environments and the age of the plant at inoculation on the expression
of resistance to Verticillium wilt. To do so, we evaluated seedlings from the crosses
A x P and ‘Frantoio’ (♀, moderately resistant to Verticillium wilt) x ‘Picual’ (♂),
hereafter F x P, and self-rooted plants of the ‘Picual’ and ‘Frantoio’ cultivars, which
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served as examples of well-known resistance in both environments (López-Escudero
and Mercado-Blanco, 2011). All the plants for both experiments were inoculated by
root dipping as described in Section 2.1.3, and the same number of plants was treated
with water for use as controls. The plants were arranged in a completely randomized
design.
Effect of growing environment and seedling age. Seedlings from both
crosses and the two cultivars were inoculated, incubated and evaluated in two
different environments: the greenhouse and a growth chamber. Approximately 70
seedlings per cross and 12 self-rooted plants per cultivar (‘Picual’ and ‘Frantoio’)
were evaluated in each environment. The temperature was 22±2°C for the plants
incubated in the growth chamber and 20±5°C for those incubated in the greenhouse.
Both the greenhouse and the growth chamber were set to 16 h day/8 h night cycles
and 85±10% relative humidity.
We also tested the expression of resistance in seedlings inoculated at three
ages: 40, 80 and 120 days after the beginning of the radicle growth. Approximately
40 seedlings per cross and age were inoculated. Plants were incubated in a growth
chamber at 22±1°C under a 16 h day/8 h night photoperiod. The relative humidity
was maintained at 85±10%.
Evaluation of the experiments and statistical analysis
Assessment of disease severity. From the third week after inoculation, olive
plants were scored weekly for disease symptoms using a 0 to 4 scale based on the
percentage of plant tissue displaying the symptoms of V. dahliae infection. Selfrooted olive plants were scored according to the scale used in previous works
(López-Escudero et al., 2004). The 0 to 4 rating scale was adapted for small olive
seedlings. Because young olive seedlings have very few leaves (usually 2 to 6 pairs,
depending on seedling age), the disease severity was based primarily on the number
of defoliated or wilted leaves: (0=no symptoms, 1=1 to 33% shed or wilted, 2=34 to
66%, 3=67 to 99% and 4=dead plant).
The relative area under the disease progress curve (RAUDPC) was considered
the main parameter to assess the disease intensity. It was calculated from the disease
severity values according to the following formula (Campbell and Madden, 1990):

RAUDPC 

n
s  s 
100
  i i 1  t i 1  t i 
( s max  t e ) i 1
2

Where s i is the disease severity value for observation number i, s max is the
maximum value of severity (4), ti is the number of days between planting and
observation i, te is the total evaluation period and n is the number of observations.
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The incidence or percentage of symptomatic plants, percentage of dead plants,
incubation period and recovery from the disease were also calculated to assess the
intensity of the reactions (Wilhelm and Taylor, 1965; López-Escudero et al., 2004;
López-Escudero and Blanco-López, 2005).
Pathogen isolation. The pathogen was isolated from symptomatic plants to
confirm the infection. The seedling stems were washed in running tap water and
surface disinfected in 0.5% sodium hypochlorite for 1 min. The stem pieces were
placed on PDA plates and incubated at 24°C in the dark for 6 days.
Assessment of the efficiency of the inoculation methods. To accurately
assess the labor needed for each inoculation method, all the experiments were
conducted by the same team. The hours of labor and number of inoculated plants
were counted for each experiment and type of plant material. The space needed to
maintain the plant material in individual pots was also calculated. The costs for
materials, labor, and greenhouse and growth chamber space were recorded to
compare the total costs for each inoculation method.
Statistical analysis of data. An analysis of variance (ANOVA) of the
RAUDPC was performed for each experiment. To analyze the effects of the growing
environment and the seedling age, a factorial analysis was performed for each
variable. Data were transformed in order to fulfill the ANOVA requirements
(Levene’s homogeneity of variances test P values were 0.21 and 0.06 respectively for
the log-transformed RAUDPC and the inverse-transformed incubation period in the
growing environment experiment; and 0.24 and 0.09 for the log-transformed
RAUDPC and the inverse-transformed incubation period in the seedling age
experiment). Mean values were compared using Fisher’s protected least significant
difference test at P = 0.05.
Both incidence and mortality were analyzed by Pearson's Chi-squared
nonparametric test, considering the observed and expected frequencies of
symptomatic or dead plants, respectively. Incubation period was analyzed by the
nonparametric Kaplan-Meier survival analysis (Kaplan and Meier, 1958), in which
survival times were calculated as the day in which a plant showed disease symptoms
for the first time. Pair-wise comparisons were tested for significance using the logrank test.
In the experiment comparing the two environmental treatments, the
distribution of data within each plant material was analyzed and compared by
calculating summary statistics and by drawing box and whisker plots. Statistical
analyses were performed using the programs SPSS 21.0 (SPSS Inc., Chicago, USA)
for analyzing the incidence, mortality and incubation period; and Statistix 9.0
(Analytical Software, Tallahassee, USA) for the rest of the analyses.
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RESULTS
Methods of inoculation
Both root dipping and stem injection inoculation using V. dahliae conidial
suspensions were able to induce Verticillium wilt symptoms in every inoculated olive
seedling. However, no symptoms were observed in the plants inoculated using the
pot immersion method. No visually observable symptoms were detected in any of the
control plants.
Disease symptoms in the young seedlings were the same with both the rootdipping and the stem injection inoculation methods and similar to those observed in
6-month-old self-rooted plants inoculated by root dipping. In addition to the
defoliation and sudden wilt observed in both types of infected plant material, a
purple coloration on the leaf underside was observed in inoculated seedlings just 1 or
2 weeks before the beginning of symptoms.
Disease progressed faster and was more severe in the olive seedlings than in the selfrooted plants of the ‘Picual’ cultivar after both were inoculated by root dipping. In
both cases, the first symptoms generally appeared 4-5 weeks after inoculation,
regardless of the method of inoculation. The increase of the disease lasted for 8
weeks in the self-rooted plants and 6 weeks in the young seedlings (Figure 1).
RAUDPC (66.9), final severity (3.8) and percentage of dead plants (91.7%) in
the seedlings inoculated by root dipping were greater than in those inoculated by
stem injection (56.7%, 3.2% and 58.3%, respectively). However, none of the
parameter values differed significantly between the inoculation methods at P = 0.05
according to the Fisher’s protected LSD test (P > 0.05 for RAUDPC and the final
severity).
The stem injection inoculation of the young olive seedlings produced two main
issues. First, we observed the development of new sprouts just below the injection
site some weeks after the inoculation. Second, the time needed to obtain the
maximum disease severity in the seedlings inoculated by this method was longer than
the time needed in those inoculated by root dipping (Figure 1).
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Figure 1. Disease severity progress curves for olive seedlings from the ‘Arbequina’ x ‘Picual’ cross
and for self-rooted olive plants of the ‘Picual’ cultivar inoculated by root dipping or stem injection
with a conidial suspension of a highly virulent isolate (V117) of Verticillium dahliae and maintained
in a growth chamber. Pot immersion method is not shown in the figure as no symptoms were
observed in seedlings inoculated by this method. The disease severity was rated weekly using a 0 to 4
scale, indicating the percentage of plant tissue affected by defoliation and sudden wilt (0 = healthy
plant or plant with no symptoms, 1 = 1 to 33%, 2 = 34 to 66%, 3 = 67 to 99% and 4 = dead plant).

Effect of growing environment and seedling age in the root dip inoculation method
Significant differences in the RAUDPC were found between the evaluated
plant material (two crosses and two self-rooted cultivars) and between the two
environmental conditions, but there was no significant interaction between them
(Table 1). The A x P seedlings showed higher values of the disease parameters than
those shown by the F x P seedlings (Table 1). After inoculation, the seedlings and
self-rooted plants kept in the growth chamber showed more severe symptoms than
the plants in the greenhouse. The incubation period was therefore longer in the plants
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maintained in the greenhouse (Table 1 and Figure 2 A, B). The mean temperature
during the experiment was 20.7 °C or 22.3 °C for the greenhouse or growth chamber,
respectively, whereas the minimum and maximum temperatures were 17.0 and
24.1°C in the greenhouse and 21.2 and 23.5 °C in the growth chamber.
Following inoculation by root dipping, the seedlings from the two crosses
showed consistent symptoms of V. dahliae infection independently of their age of
inoculation. The differences in the RAUDPC values between the crosses and among
the seedling inoculation ages were both significant, but the interaction between the
cross and age factors was not (Table 2). Like the effect of the growing environment,
the values of the disease parameters were higher for the seedlings from the A x P
cross than for those from the F x P cross (Table 2 and Figure 3). The A x P seedlings
inoculated at the age of 40 days were the most susceptible to the infection according
to the disease parameter values, while F x P seedlings inoculated 120 days after
inoculation were, by far, the most resistant (Table2, Figure 3).
Pathogen isolation and plant recovery from the infection
The pathogen was isolated from nearly all the affected plants that were tested
and from many of the inoculated asymptomatic plants (data not shown). Note that no
plant inoculated with the fungus was able to grow during the first 8 weeks after
inoculation except for the sprouts growing below the injection site in the steminoculated seedlings. After 8-12 weeks, the plants that had been free of symptoms
and some of the plants that had shown slight symptoms were able to resume growth.
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Figure 2. Disease severity progress curves in olive seedlings from crosses between ‘Arbequina’ x
‘Picual’ (A x P) and ‘Frantoio’ x ‘Picual’ (F x P) cultivars and in self-rooted olive plants of ‘Picual’
and ‘Frantoio’ cultivars inoculated by root dipping with a conidial suspension of a highly virulent
isolate (V117) of Verticillium dahliae and maintained in a growth chamber (A) or greenhouse (B).
The disease severity was rated weekly using a 0 to 4 scale, indicating the percentage of plant tissue
affected by defoliation and sudden wilt (0 = healthy plant or plant with no symptoms, 1 = 1 to 33%, 2
= 34 to 66%, 3 = 67 to 99% and 4 = dead plant).
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Figure 3. Disease severity progress curves in olive seedlings derived from crosses between
‘Arbequina’ x ‘Picual’ (A x P) and ‘Frantoio’ x ‘Picual’ (F x P) cultivars inoculated by root dipping at
40, 80 and 120 days after germination with a conidial suspension of a highly virulent isolate (V117)
of Verticillium dahliae and maintained in a growth chamber. The disease severity was rated weekly
using a 0 to 4 scale, indicating the percentage of plant tissue affected by defoliation and sudden wilt
(0 = healthy plant or plant with no symptoms, 1 = 1 to 33%, 2 = 34 to 66%, 3 = 67 to 99% and 4 =
dead plant).
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Percentage of plants showing symptoms 12 weeks after inoculation. Values in rows followed by the same letter are not statistically significant
according to Pearson’s Chi-squared test at P = 0.05.

d

Mean value for the relative area under the disease progress curve potentially reached over the assessment period. Data were analyzed after their
log transformation in order to fulfill the ANOVA (factorial design) requirements. Interaction between the main factors was not significant (P =
0.698). Mean values in the same column (for plant materials) and mean values in the same row (for growing environment) followed by the same
letter are not statistically significant according to Fisher’s protected least significant difference test at P = 0.05.

c

14.3 b

0.7

17.4

9.3

15.9

Greenhouse

Incidenced (%)

Values are the means by environment and cross or cultivar estimated 12 weeks after inoculation of plants inoculated at all ages.

34.6

F x P seedlings

a

61.4

Chamber

Ax P seedlings

Plant materialb

RAUDPCc

Table 1. Disease parameters for olive seedlings from the ‘Arbequina’ x ‘Picual’ and ‘Frantoio’ x ‘Picual’ crosses between cultivars and for selfrooted plants of the ‘Picual’ and ‘Frantoio’ cultivars all inoculated by root dipping in a conidial suspension of a highly virulent isolate (V117) of
Verticillium dahliae and evaluated in the growth chamber and greenhouse environments. a
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52.0

30.8

51.4 a

80 (4.3)

120 (7.2)

Mean

27.8 b

10.6

30.4

34.6

FxP

RAUDPCb

22.1 c

42.7 b

50.1 a

Mean

82.6 a

66.7 a

87.5 a

93.5 a

AxP

64.0 b

55.6 a

60.0 b

76.5 b

FxP

Incidencec (%)

60.7 a

41.7 a

68.8 a

71.7 a

AxP

32.8 b

5.6 b

40.0 b

52.9 a

FxP

Mortalityd (%)

38.0 a

37.7 a

40.8 a

35.6 a

AxP

48.8 b

49.7 a

46.3 b

50.3 b

FxP

Incubation periode (days)

Mean number of days from inoculation to the appearance of symptoms. Data were analyzed by Kaplan-Meier’s survival analysis. Values in rows
followed by the same letter are not statistically significant according to log-rank test at P = 0.05

e

Percentage of plants killed by V. dahliae 12 weeks after inoculation. Values in rows followed by the same letter are not statistically significant
according to Pearson’s Chi-squared test at P = 0.05.

d

Percentage of plants showing symptoms 12 weeks after inoculation. Values in rows followed by the same letter are not statistically significant
according to Pearson’s Chi-squared test at P = 0.05.

c

Mean value for the relative area under the disease progress curve potentially reached over the assessment period. Data were analyzed after their
log transformation in order to fulfill the ANOVA (factorial design) requirements. Interaction was not significant (P = 0.909). Mean values in the
same column (for inoculation ages) and mean values in the same row (for crossess) followed by the same letter are not statistically significant
according to Fisher’s protected least significant difference test at P = 0.05.

b

Values are the means by cross and inoculation age estimated 12 weeks after inoculation of the inoculated plants maintained in both
environments. Genitors are ‘Arbequina’ (A), ‘Frantoio’ (F), and ‘Picual’ (P).

a

61.4

AxP

40 (2.7)

Age at inoculation
(pairs of leaves)

Table 2. Disease parameters for olive seedlings from the ‘Arbequina’ x ‘Picual’ and ‘Frantoio’ x ‘Picual’ crosses between cultivars and
inoculated by root dipping in a conidial suspension of a highly virulent isolate (V117) of Verticillium dahliae at 40, 80 and 120 days after
germination. a
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Assessment of the efficiency of the inoculation methods
The stem injection of olive seedlings was the quickest inoculation method,
whereas the root dipping of self-rooted 6-month-old (50 cm high) plants was the
slowest (Table 3). Reducing the plant age at inoculation to 40 days and the height to
approximately 7 cm hastened 5 times the root dipping method, so that 75 seedlings
could be inoculated per person and hour (Table 3).
These age and height reductions also quite effectively reduced the space
required in the greenhouse or growth chamber. Consequently, the use of young
seedlings reduced the cost per plant by 82% considering the materials, labor and
greenhouse or growth chamber expenses (Table 3).

Table 3. Efficiency parameters of several Verticillium dahliae inoculation methods performed
in seedlings and self-rooted olive plants.
Inoculation method

Plants/h a

Plants/m 2

b

Cost c

Root dipping of self-rooted

15

19

4

Root dipping of seedlings

75

222

1

Stem injection of seedlings

120

222

1

Pot immersion of seedlings

50

222

2

a

Plants inoculated by one person in 1 h. This calculation includes the whole process from
inoculum preparation until the plants were in the greenhouse/growth chamber ready to be
evaluated.
b

Number of plants that was possible to evaluate in 1 square meter.

c

Estimation of the total economic costs of each inoculation method. Total costs were ranged in
four groups: (1: very low; 2: low; 3: medium; and 4: high). This cost includes production of
the plants and inoculum, materials, labor and energy costs.
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Resistance of genotypes to Verticillium dahliae
According to the RAUDPC and other disease parameters (incidence, mortality
and incubation period), the seedlings from the A x P cross were significantly more
susceptible than those from the F x P cross for all the seedling inoculation ages and
growing environments (Tables 1 and 2).
From 200 olive genotypes evaluated in the growth chamber, 17 (14.4%) and
28 (34.2%) genotypes from the A x P and F x P crosses, respectively, remained free
of symptoms during the disease evaluation period and were selected for resistance to
Verticillium wilt. In the greenhouse, 18 A x P (24.0%) and 33 F x P (48.3%)
genotypes were selected for their resistance out of 146 seedlings evaluated. This
difference in the disease reaction observed between the two growing environments is
shown in the box and whisker plots (Figure 4 A and B). The plants incubated in the
growth chamber reacted more severely than the plants in the greenhouse, but the
responses were highly variable in both growing environments and plant groups,
especially in the progeny seedlings from the crosses between cultivars, which are
comprised of different genotypes.
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Figure 4. Box and whisker plots showing the distribution of the relative area under the disease
progress curve (RAUDPC) of olive seedlings from crosses between ‘Arbequina’ x ‘Picual’ (A x P)
and ‘Frantoio’ x ‘Picual’ (F x P) cultivars and self-rooted olive plants of ‘Picual’ and ‘Frantoio’
cultivars. All plants were inoculated by root dipping with a conidial suspension of a highly virulent
isolate (V117) of Verticillium dahliae and maintained in a growth chamber (A) or greenhouse (B).
Disease severity was rated weekly using a 0 to 4 scale. The rectangles show the values below which
25% (lower side of box), 50% (the center line or median), and 75% (upper side of box) of the
observations fall. The whiskers extend to the highest and lowest observation unless they are more
than 1.5 box-lengths long. Observations outside this range are plotted as black circles (outlying data).
The disease severity progress of these plants is shown in Figure 2 A and B.
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DISCUSSION
The infection and inoculation of olive seedlings with V. dahliae have been
poorly studied and have always involved the evaluation of large plants, usually more
than one year old (Wilhelm and Taylor, 1965; Colella et al., 2008). This is the first
report of consistent infection of young olive seedlings with V. dahliae. The
inoculation of young seedlings may have enormous potential for application in
programs to breed for Verticillium wilt resistance in olives, as has occurred in other
woody crops affected by this pathogen, such as Acer platanoides (Chambers and
Harris, 1997; Hiemstra and Van Holsteijn, 2000), avocado (Pinkas and Kariv, 1981),
cocoa (Resende et al., 1995), apricot (Taylor and Flentje, 1968) and pistachio (Raabe
and Wilhelm, 1978; Ashworth, 1984; Morgan et al., 1992). The application of this
methodology in olive breeding programs may be quite important considering the lack
of complete resistance in traditional olive cultivars and the spread of the disease
worldwide (Bubici and Cirulli, 2011; López-Escudero and Mercado-Blanco, 2011;
Jiménez-Díaz et al., 2012).
In the present study, we demonstrate that both root dipping and stem injection
are effective inoculation methods to evaluate young olive seedlings for resistance to
Verticillium wilt under controlled conditions. The pot-immersion inoculation did not
induce symptoms in the olive seedlings. This result differs from those reported by
Cirulli et al. (2008) although the inoculation methods used in both studies were not
exactly the same. We immersed the pots with plants in the conidial suspension, while
Cirulli et al. (2008) inoculated self-rooted olive plants by the immersion of their root
balls previously injured. Besides, we did not sterilize the soil as it was done in the
cited study and the substrate might have retained or inactivated the conidia,
preventing the infection of the roots (Bubici and Cirulli, 2011; López-Escudero and
Mercado-Blanco, 2011; Jiménez-Díaz et al., 2012). The stem injection of seedlings
was the quickest inoculation method, but it had several drawbacks. For instance, the
disease severity was less than that obtained with the root-dipping method, as reported
for self-rooted olive plants (López-Escudero et al., 2007; Cirulli et al., 2008).
Moreover, the lower portion of the injected seedlings did not seem to be affected by
the pathogen, so plants were able to recover from the disease. This pattern could be
due to the upward movement of the V. dahliae conidia in the xylem vessels, as
reported by Presley et al. (1966).
The fact that no seedling inoculated by root dipping grew for several weeks
after the inoculation supports the efficacy of this method. It is likely that no
inoculated plant escaped systemic infection, which is consistent with previous studies
in self-rooted olive plants (López-Escudero et al., 2004; Cirulli et al., 2008;
Markakis et al., 2009). This fact also emphasizes the need of further research before
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using these putative resistant seedlings as rootstocks since nothing is known about
the possible transmission of the fungi to the grafted cultivar. The dipping of roots
was a rapid inoculation procedure when using small olive seedlings and additionally
allowed us to shorten the incubation period. Moreover, the reduced requirements for
greenhouse or growth chamber space, labor and time devoted to plant evaluation
make this method exceptionally convenient for screening a large number of olive
seedlings for V. dahliae resistance.
The environmental conditions were critical for evaluating the disease
resistance of the olive seedlings. The higher disease severity observed in the growth
chamber compared with the greenhouse was likely attributable to the higher and
more stable temperature recorded in the chamber. Although temperature has not been
studied as a factor in V. dahliae symptom development in olives, approximately 2225 °C has been reported to be optimal for the in vitro growth of the defoliating
pathotype of V. dahliae (Soesanto and Termorshuizen, 2001; Xu et al., 2012) and for
infecting olives (López-Escudero et al., 2004; López-Escudero and Blanco-López,
2007). Our results do not directly address the effect of temperature on the infection
caused by V. dahliae, but they demonstrate that the growth chamber conditions are
most likely the better choice for screening olive genotypes for high V. dahliae
resistance, easing the selection of the highly resistant genotypes.
The results of inoculating seedlings at different ages suggest that age is an
important factor in evaluating olive genotypes for resistance to V. dahliae.
Apparently, younger seedlings are more susceptible to the infection than older ones
and develop the disease much faster. There were also some differences between
seedlings and self-rooted older plants regarding disease reaction (López-Escudero et
al., 2004; Cirulli et al., 2008). These differences may be due to several sources of
variation such as, genetic, root morphology but especially to the size of the plant,
because it takes several weeks for the pathogen to reach the upper portion of the
plant and induce foliar symptoms in 6-month-old plants (Mercado-Blanco et al.,
2003; Prieto et al., 2009). This process likely occurs faster in extremely small plants,
which is consistent with our results and those reported in other species (Evans et al.,
1966; Hiemstra and Van Holsteijn, 2000; Bae et al., 2007). It is also noticeable that
the infection and the symptom development occurred without wounding the roots,
probably because the fungus is able to penetrate by microscopic wounds in the roots
(Prieto et al., 2009).
Our study analyzed four disease parameters (incidence, mortality, incubation
period and RAUDPC) to assess the most suitable inoculation method. These
parameters were used also to select the most resistant genotypes of the evaluated
progeny. In many studies, the final severity score or the proportion of plants with no
symptoms appears to be the most suitable parameter (Johnson and Jellis, 1992). In
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the present study, both the plants having no symptoms and the plants alive at the end
of the experiment were the selection parameters considered, provided in both cases
that the plants showed consistent growth as a result of recovery from the disease.
However, the most convenient parameter of the two would depend on the evaluation
environment and the mean resistance of the progeny evaluated.
The results also provided initial information about valuable genitors to breed
for Verticillium wilt resistance in olive. Progeny from the cross between the
susceptible cultivars (‘Arbequina’ and ‘Picual’) were more susceptible than those
derived from the cross between the moderately resistant (‘Frantoio’) and the
susceptible (‘Picual’) cultivars. Thus, it seems likely that progeny resistance is
correlated with the resistance of the genitors, even at the seedling stage. The
resistance of the ‘Frantoio’ cultivar has been previously confirmed using artificial
inoculations (Blanco-López et al., 1998; López-Escudero et al., 2004; MartosMoreno et al., 2006; Bubici and Cirulli, 2012) as well as under field conditions
(Trapero et al., 2013). Therefore, our results are consistent with those of a
preliminary study conducted under controlled conditions (Trapero et al., 2011) and
those observed under field conditions by Wilhelm and Taylor (1965), which indicate
that ‘Frantoio’ may be a suitable genitor to breed for Verticillium wilt resistance in
olive.

CONCLUSIONS
The success of a breeding program for disease resistance depends upon the
methods employed for the inoculation, evaluation and selection of plants within the
target host population (Johnson and Jellis, 1992; Resende et al., 1995). Our results
showed that the inoculation of young seedlings by root dipping is a fast, effective and
reliable method to screen a large number of olive genotypes for V. dahliae resistance.
Stem injection inoculation may also be suitable in experiments requiring speed or
low cost. The root-dip inoculation of young seedlings (40 days old) subsequently
evaluated in growth chambers was shown to be the most effective inoculation
method, the better environment and the best age to begin the screening process for
the large number of genotypes generated in an olive breeding program. These results
provide information useful to optimize the evaluation and selection of olive
genotypes resistant to Verticillium wilt, saving labor, space and economic resources.
Actually, more than 8000 olive seedlings from different sources of resistance have
been screened for Verticillium wilt resistance by applying the procedures described
in this study.
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Figures Chapter 3. Nine-month self-rooted olive plants before their inoculation (a). Seedlings of 40
(b), 80 (c) and 120 (d) days old, before they were inoculated.

71

Chapter 3

e

f

Inoculation of seedlings by root dip (e) and stem injection (f) with a conidial suspension of the V117
isolate of Verticillium dahliae.
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g

h

i

Disease severity scale used in olive seedlings (g). Complete defoliation (h) and sudden wilt (i)
of olive seedlings.
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j

k

l

Evaluation of seedlings in greenhouse (j) and growth chamber (k).
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m

Plants showing no symptoms and consistent growth 12 weeks after the inoculation (l, m).
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4
Screening olive progenies for resistance to Verticillium
dahliae
ABSTRACT
Verticillium wilt of olive (Olea europaea), caused by the fungus Verticillium
dahliae, is the most serious disease in the Mediterranean countries. The use of
resistant cultivars or rootstocks is one of the most efficient measures for the control
of this disease. Olive shows a wide range of genetic variability useful for finding
resistance to the disease. The first step to achieve this objective is the identification
of resistance-transmitting genitors, in order to screen many genotypes for resistance
to V. dahliae. More than 100 olive seedlings from one crossing and open pollination
of different genitors were evaluated for resistance to V. dahliae under controlled
conditions. Two month-old seedlings were inoculated by dipping their root system in
a conidial suspension of the highly virulent isolate V117. Disease symptoms
(defoliation, wilt, chlorosis and necrosis) were assessed by using a 0-4 scale. Results
demonstrated that young olive seedlings can be successfully infected by V. dahliae,
showing consistent Verticillium wilt symptoms. Results have provided preliminary
information about inheritance of resistance, and they have highlighted ‘Frantoio’ as a
suitable genitor to breed for Verticillium wilt resistance in olive. Several olive
genotypes were selected for resistance to Verticillium wilt and they will be tested in
field conditions.

This chapter has been published:
Trapero C, Muñoz-Díez C, Rallo L, López-Escudero FJ, Barranco D. 2011.
Screening olive progenies for resistance to Verticillium dahliae. Acta Horticulturae
924: 137–140.
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INTRODUCTION
Verticillium wilt of olive, caused by Verticillium dahliae, is the most severe
disease affecting this crop in most olive growing countries (Hiemstra and Van
Holsteijn, 2000; López-Escudero and Mercado-Blanco, 2011). Recent disease
surveys carried out
in orchards located in severe affected areas, such as
Guadalquivir valley (Andalucía, Spain), reveal an average disease incidence of
nearly 20% of trees (López-Escudero and Mercado-Blanco, 2011). V. dahliae can
survive in the soil for long periods of time, it has a wide host range (Klosterman et
al., 2009), and chemical compounds are not effective. Because of these reasons,
control of Verticillium wilt of olive is difficult to achieve, and should be approached
through an integrated control strategy, in which the use of resistance is one of the
most efficient and economic measures. Olive shows a wide range of genetic
variability that can be explored for finding resistance. This work tries to screen olive
genotypes for resistance to Verticillium wilt and search for suitable olive genitors to
breed olive for resistance to this disease.

MATERIALS AND METHODS
Plant materials
Six olive progenies were evaluated for Verticillium wilt resistance. Seeds were
obtained by open pollination of five cultivars (‘Arbequina’, ‘Empeltre’, ‘Frantoio’,
‘Manzanilla de Sevilla’ and ‘Picual’), as well as the cross between ‘Frantoio’ and
‘Picual’. Fruits were taken from trees located in the Olive Germoplasm World Bank
at the “Alameda del Obispo” experimental farm (IFAPA) in Córdoba, Spain. Seeds
were sown and grown following a forcing protocol with continuous artificial light
and 25±1ºC (Santos-Antunes et al., 2005).
Fungal material and inoculation of seedlings
Plants were inoculated with isolate V117 from the collection of the Agronomy
Department, University of Cordoba. The high virulence of isolate V117 has been
previously reported in several olive artificial inoculations (López-Escudero et al.,
2004, 2007; Martos-Moreno et al., 2006). V117 was collected from cotton in Jerez de
la Frontera (Andalucía, Spain). Germinated olive seedlings were maintained in a
greenhouse for 3 months (approximately until the development of the first 8 pairs of
leaves). In that moment, seedlings were inoculated by dipping their bare root systems
in a suspension of 10 7conidia/ml for 30 min. After that, they were transplanted in
pots with sterile soil (1:1:1, peat:sand:lime) and maintained in a greenhouse with a
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16-h photoperiod at 20±5ºC. For each progeny, between 16 and 31 genotypes were
evaluated and 3 non-inoculated genotypes were used as a control. A total of 137
plants were screened (Table 1).

Table 1. Values of disease parameters estimated for the olive progenies inoculated by root dip
with the isolate V117 of Verticillium dahliae a .

Progeny

No.
of
plants

Disease parameters
Incubation
periodb

Final
severityc

RAUDPC
(%)d

Selected
plants (%)e

‘Arbequina’ OPf

22

5.3 a

2.2 a

37.3 a

31.8

‘Empeltre’ OP

31

6.2 a

2.9 a

43.3 a

12.9

‘Frantoio’ OP

26

7.7 b

1.1 b

13.5 b

42.3

‘Frantoio’ x 'Picual’

17

7.8 b

1.1 b

11.8 b

35.3

‘Manzanilla de Sevilla’ OP

16

5.8 a

2.4 a

38.9 a

25.0

‘Picual’ OP

22

5.7 a

2.4 a

41.4 a

4.5

a

Values were estimated 12 weeks after inoculation and they are the mean of all inoculated
plants in each progeny. Values in columns followed by the same letter are not statistically
significant according to least significant difference test at P = 0.05.
b
c

Mean period from inoculation to the appearance of symptoms.

Mean severity value, estimated 12 weeks after inoculation.

d

Area Under the Disease Progress Curve with reference to the maximum value potentially
reached over the assessment period. RAUDPC Values were log-transformed for analysis, and
divided in two groups: 1) ‘Arbequina’, ‘Empeltre’, ‘Manzanilla de Sevilla’ and ‘Picual’ OP;
2) ‘Frantoio’ OP and ‘Frantoio’ x ‘Picual’).
e

Plants showing no symptoms 12 weeks after inoculation. There were no significant
differences according to Chi-Square test at P = 0.05
f

Seeds were obtained by open pollination.

Resistance screening
Disease severity was assessed weekly. Evaluation started 2 weeks after
inoculation and lasted for 10 weeks. A 0-4 scale was used according to the
percentage of plant tissue affected by chlorosis, leaf and shoot necrosis or defoliation
compared with control plants (0 = plant without symptoms; 1 = affected plant in 133%; 2 = 34-66%; 3 = 67-99%; 4 = dead plant). Other disease parameters, such as
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final mean severity and incubation period were considered to estimate the severity of
the reactions. The relative area under the disease progress curve (RAUDPC) was
estimated for each plant (Campbell and Madden, 1990), and a mean RAUDPC value
was calculated for each progeny.
Statistical analysis of data
Plants were arranged according to a completely randomized design. An
analysis of variance (ANOVA) of RAUDPC, incubation period and final severity was
performed for each progeny. In all cases, mean values were compared by the Fisher’s
protected least significance difference test at P = 0.05. Percentages of plants showing
no symptoms were analyzed with Chi-Square test al P = 0.05. When necessary, data
were log-transformed before ANOVA was applied. Statistical analyses were
performed using Statistix 9.0 program (Analytical Software, Tallahasee, FL, USA).

RESULTS AND DISCUSSION
Disease evaluation
Results demonstrated that young olive seedlings can be successfully infected
by V. dahliae, showing consistent Verticillium wilt symptoms. Symptoms appeared 4
weeks after inoculation in some of the seedlings, and became more severe from 6
weeks after inoculation. Mean RAUDPC values ranged from 11.8% (progeny from
‘Frantoio’ x ‘Picual’) to 43.3% (progeny from ‘Empeltre’) (Table 1). Disease
symptoms and development in young seedlings were similar to those observed in 9
month-old olive rooted cuttings inoculated by the same method (López-Escudero et
al., 2004; Martos-Moreno et al., 2006).
Selection of resistant genotypes
33 olive genotypes (24.6%) showed no symptoms during the disease
evaluation period and were selected for resistance to Verticillium wilt. They will be
further tested in field conditions, as it is shown on the flow diagram of the proposed
breeding program (Figure 1). Resistant genotypes were selected from all progenies,
but more frequently in those considered as resistant (Table 1). However, there were
no significant differences between the percentages of plants of each progeny showing
no symptoms, according to Chi-Square test (Table 1). Results demonstrate that root
dip inoculation of seedlings could be an effective method for identifying resistance in
olive. Additional trials are currently searching resistance in a great number of
seedlings from crosses between cultivars, and also from open pollination of wild
olives. New genotypes will be screened in order to develop resistant cultivars or
rootstocks.
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Influence of the genitors on Verticillium wilt resistance of the progenies
Results have provided preliminary information about suitable genitors to breed
for Verticillium wilt resistance in olive. Progenies from susceptible cultivars
(‘Arbequina’, ‘Manzanilla de Sevilla’ and ‘Picual’) showed a significantly higher
susceptibility level, according to the estimated disease parameters (Table 1).
Progenies in which the resistant cultivar ‘Frantoio’ was present as genitor showed a
higher resistance level, with no significant difference between ‘Frantoio’ open
pollinated and ‘Frantoio’ x ‘Picual’ progenies (Table 1). On the other hand, the
progeny from the resistant cultivar ‘Empeltre’ resulted significantly susceptible.
Resistance of cultivars ‘Frantoio’ and ‘Empeltre’ have been previously confirmed in
artificial inoculations (López-Escudero et al., 2004; Martos-Moreno et al., 2006), as
well as in field conditions (F.J. López-Escudero, pers. Commun.). The reason for this
difference between their progenies is still unknown, but it could be due to different
mechanisms involved in the resistance of these two cultivars. Therefore, our results
agree with those observed by Wilhelm and Taylor (1965) in field conditions and
indicate that only ‘Frantoio’ has proved to be a suitable genitor to breed for
Verticillium wilt resistance in olive, and should be considered as a genitor for new
olive crossings with that purpose.

Figure 1. Flow diagram of the proposed breeding program for Verticillium wilt resistance in
olive.
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5
Variability and selection of Verticillum wilt-resistant
genotypes in cultivated olive and the genus Olea
ABSTRACT
Developing Verticillium wilt resistant genotypes is today a major objective for
olive breeding. In this study, 6017 genotypes belonging to 48 progenies obtained by
open pollination and crosses between olive cultivars, wild olive genotypes and other
Olea species and O. europaea subspecies were individually evaluated for
Verticillium wilt resistance. More than 800 genotypes did not show any symptom and
were preliminary selected due to their resistance to the disease. A high genetic
variability and a wide segregation for resistance were observed. Inheritance of
resistance was studied and the best genitors and crosses to breed resistant genotypes
were identified. According to the results, Verticillium wilt resistance in olive appears
to be a quantitative trait. Results obtained comparing the level of resistance between
different progenies, as well as estimating the heritability suggest that is possible to
breed for Verticillium wilt resistance in olive.
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INTRODUCTION
Olive (Olea europaea) is the most important oil tree crop in temperate areas
worldwide (FAO, 2012). Verticillium wilt, caused by the fungus Verticillium dahliae
Kleb., is currently the most important disease affecting this tree in most of the olive
growing countries (López-Escudero and Mercado-Blanco, 2011; Jiménez-Díaz et al.,
2012). Verticillium wilt produces important economic losses due to the severity of
the infections and the difficulty to prevent its spread. A mean incidence of 0.4% has
been reported in Spain, but in some areas it reaches 9%, with more than 50% of
affected orchards (Ruiz Torres, 2010). The most severe attacks are caused by the
defoliating (highly virulent) isolates and usually result in the death of the tree
(Bubici and Cirulli, 2011; López-Escudero and Mercado-Blanco, 2011; Jiménez-Díaz
et al., 2012).
The control of Verticillium wilt is cumbersome due to three main reasons:
first, the capacity of V. dahliae to survive in the soil for long periods of time that
might last up to 14 years (Wilhelm, 1955); second, its ability to infect a wide host
range going from annual plants to woody crops (McCain et al., 1981; Bhat and
Subbarao, 1999; Klosterman et al., 2009); and third, the fact that up to date, there are
no chemical compounds able to eradicate the disease from infected trees (Klosterman
et al., 2009; López-Escudero and Mercado-Blanco, 2011; Tsror, 2011; Jiménez-Díaz
et al., 2012). In this complex scenario, host resistance stays as the most effective,
environmentally friendly, and less expensive method to control such disease (Agrios,
2005; Klosterman et al., 2009; Tsror, 2011).
However, olive growing faces an important problem at this respect because
most of the olive cultivars evaluated so far, are susceptible or extremely susceptible
to V. dahliae (López-Escudero et al., 2004, 2007; Martos-Moreno et al., 2006;
Trapero et al., 2013b; Garcia-Ruiz et al., 2013). As positive counterpart, an extensive
and still not evaluated genetic diversity, exists within the cultivated (Rallo et al.,
2005; Díez et al., 2012) and wild olive also called oleaster (Olea europaea subsp.
europaea var. sylvestris) (Belaj et al., 2010; Lavee, 2013). This variability might be
priceless to breed for resistance to Verticillium wilt, other diseases and tolerance to
abiotic stresses (Klepo et al., 2013). Moreover, there are several wild species and
subspecies within the Olea genus which have never been explored for these traits
(Green, 2002; de la Rosa et al., 2003; Besnard et al., 2009; Lavee, 2013).
New genotypes coming from open pollination or crosses between selected
genitors in the frame of breeding programs constitute another source of resistance.
These genotypes exhibit new allele combinations that might involve higher resistance
to Verticillium wilt. Breeding programs in other species such as Acer spp. (Hiemstra
and Van Holsteijn, 2000), avocado (Pinkas and Kariv, 1981), pistachio (Ashworth,
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1984; Epstein et al., 2004) or
obtaining resistant genotypes
resistance was found within
pistachio, the resistance was
Epstein et al., 2004).

strawberry (Shaw et al., 2010) have been successful
to Verticillium wilt. In many of these species the
their cultivated germplasm, but in others such as
provided by the wild relatives (Schnathorst, 1988;

The generation and evaluation of these new genotypes (normally large
progenies resulting from crosses between known genitors) also constitute a
remarkable approach to understand the mechanisms ruling the resistance to
Verticillium wilt. Up to date, only progenies coming from the open pollination of
wild and cultivated olive genotypes have been evaluated (Wilhelm and Taylor, 1965;
Colella et al., 2008; Trapero et al., 2011). This approach is very valuable, taking into
account the difficulties of generating pure crosses in olive (Diaz et al., 2007).
However, offsprings from controlled crosses between known genotypes would
enhance the evaluation of the influence of both genitors as well as the mechanisms
ruling the resistance to Verticillium wilt.
So far Verticillium wilt resistance has been described as either qualitative or
quantitative (Pegg and Brady, 2002). Major genes conferring resistance have been
identified in host species such as cotton (Mert et al., 2005), lettuce (Hayes et al.,
2011), mint (Vining and Davis, 2009), potato (Jansky et al., 2004) and tomato
(Schaible et al., 1951; Bender and Shoemaker, 1984; Fradin et al., 2009); while a
polygenic control of the resistance has been reported in alfalfa (Vandemark et al.,
2006), cotton (Li et al., 2013), hop (Jakse et al., 2013), rapeseed (Happstadius et al.,
2003; Rygulla et al., 2007) or spinach (Villarroel-Zeballos et al., 2012). The
knowledge about Verticillium wilt resistance is more limited in fruit trees, but
presumably it also relies on complex mechanisms with a remarkable species-specific
component. For instance, a qualitative type of resistance is likely to operate in cocoa
according to Braga and Silva (1989), while quantitative genes probably drive the
resistance in Pistacia spp. (Raabe and Wilhelm, 1978; Morgan et al., 1992;
Teviotdale et al., 1995).
Bearing these ideas in mind, the main goals of this study were: a) the selection
of Verticillium wilt-resistant genotypes among the progenies of cultivars, wild olives
and other wild Olea species (Olea europaea subsp. cuspidata and Olea exasperata);
b) characterizing the relationship between the genitors and the distribution of
resistant and susceptible genotypes in their offsprings; c) the identification of the
most suitable genitors to improve the breeding for resistance to Verticillium wilt. To
do so, we applied a recently developed method able to screen a great number of olive
genotypes for Verticillium wilt resistance, identifying new sources of Verticillium
wilt resistance in olive (Trapero et al., 2013a).
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MATERIALS AND METHODS
Plant Material
During three different trials conducted in 2009, 2010 and 2011, we evaluated
6017 olive genotypes belonging to 48 progenies for Verticillium wilt resistance.
In the first trial (2009), we analyzed the progenies from five different sources:
i) 16 olive cultivars in open pollination located in the World Olive Germplasm Bank
at IFAPA (Andalusian Institute for Research and Training in Agriculture) in
Cordoba, Spain (Caballero et al., 2006). These cultivars were selected because of
their resistance to Verticillium wilt or by other valuable agronomic traits (Table 1).
ii) ‘Frantoio’ x ‘Picual’ and the reciprocal cross. All the controlled crosses between
cultivars were performed applying male pollen to female-bagged branches according
to (Diaz et al., 2007). iii) 11 wild olive genotypes in open pollination scattered
through the Andalusia region following an altitudinal gradient ( Table 2). Elevation
has a big impact on species distribution and it is considered a proxy for a suite of
environmental variables (Gaston, 2000; Lookingbill and Urban, 2003; Díez et al.,
2013). Therefore following an altitudinal gradient, we pretended to approximately
represent the range of environmental diversity of the wild olive in the Andalusia
region . iv) Seven genotypes of O. europaea subsp. cuspidata (originally from
Croatia, Pakistan and South Africa) in open pollination and provided by the
germplasm collection of the USDA (United States Department of Agriculture) in
Davis, USA (Koehmstedt et al., 2010). v) Seedlings from a mixture of several mother
genitors of the species O. europaea subsp. cuspidata and O. exasperata in open
pollination. These seeds were collected in Southern South Africa and provided by
Silverhill Seeds (Table 3).
During the second and third trial (2010 and 2011, respectively) we evaluated
the progenies resulting from controlled crosses between six different cultivars and
one wild olive (HU-AC-102) (Table 4). Besides, we analyzed the open pollinated
(OP) progenies of these seven genotypes used as genitors for the controlled crosses
(Table 1 and Table 2).
The fruits for all the trials were collected at the beginning of their maturation
in order to achieve a satisfactory seed germination percentage (Morales-Sillero et al.,
2012). Seeds were stratified and germinated according to the method optimized by
Santos-Antunes et al. (2005). We performed microsatellite-based paternity tests to
assure the genitors of the crosses following the protocol described by de la Rosa et
al. (2004). Seedlings were inoculated 40 days after germination when they were
approximately 7 cm high and had 2-3 pair of leaves, which has been reported as the
best time to achieve a high disease severity (Trapero et al., 2013a).
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In addition, 6 month-old plants of ‘Frantoio’ and ‘Picual’, obtained by root
cutting (Caballero and Del Río, 2010), were included in the experiments as controls
because of their known response to the V. dahliae infection (resistant and
susceptible, respectively) (López-Escudero and Mercado-Blanco, 2011). The role of
these plants (hereafter “controls”) in the experiments was just to act as proxy of the
effectiveness of the inoculation and not to compare their resistance with that of the
seedlings, as they were different type of plant material.
Fungal inoculation, experimental design and evaluation of the seedlings
All plants were inoculated with the defoliating V. dahliae cotton isolate V117
(Blanco-López et al., 1989), which has been described as highly virulent in olive
(López-Escudero et al., 2004; Trapero et al., 2013a). The preparation of the conidial
suspension and the inoculation of plants by root dipping were performed as described
for young olive seedlings by Trapero et al. (2013a). Briefly, the seedlings were
inoculated by dipping their bare root systems in a V. dahliae conidial suspension (10 7
conidia/ml) of the reported isolate for 30 min. Then, they were transplanted to pots
with sterile soil (1:1:1, peat:sand:lime) and incubated in greenhouse during 15 weeks,
with 16 h of light/day and temperatures of 23±2°C (day) and 18±2°C (night). Noninoculated plants followed the same process but were immersed in tap water. Plants
were arranged according to a completely randomized design with different number of
plants per progeny (Tables 1-4).
We scored the progress of the disease every week from the 4th to the 12th
week after the inoculation according to a scale ranging from 0 to 4 depending on the
number of defoliated or wilted leaves in the seedlings (Trapero et al., 2013a). The
infection of the pathogen was confirmed analyzing a 4% of randomly selected
seedlings. For this analysis the seedlings stems were washed in running tap water,
and surface disinfected in 0.5% sodium hypochlorite for 1 min. Stem pieces were
placed on PDA plates and incubated at 24ºC in the dark for 6 days.
Statistical analysis of data
The main parameter to assess the resistance of each progeny was the RAUDPC
(Relative Area Under the Disease Progress Curve). It was calculated from the disease
severity values, according to the following formula (Campbell and Madden, 1990):

RAUDPC 

n
s  si 1 
100
 i
 t i 1  t i 
( s max  t e ) i 1
2

Where s i = disease severity value for observation number i; s max = maximum
value of severity (4); ti = number of days between planting and observation i; te =
total evaluation period; n = number of observations.
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The percentage of dead plants, calculated from the disease severity values, was
used as an additional parameter to assess the resistance level of the genotypes
(López-Escudero et al., 2004; Trapero et al., 2013a). Finally, we considered as
resistant genotypes those plants showing no symptoms during the evaluation period
and being able to consistently grow after the inoculation.
To estimate the differential response to Verticillium wilt, first we calculated
the differences between-trials, considering only the crossings that were common to
the three experiments (2009, 2010 and 2011) and applying an ANOVA to the
RAUDPC. After that, RAUDPC and the percentage of resistant plants of each
progeny were analyzed for each trial separately applying parametric and nonparametric test when appropriate.
For the 2009 trial, we applied the Kruskal-Wallis non-parametric test to
RAUDPC (P = 005) because the data did not suited the ANOVA assumptions,
An ANOVA of the RAUDPC was applied to the 2010 and 2011 trials since
they fulfilled the ANOVA requirements. For these experiments, mean values were
compared by the least significance difference test at P = 0.05. In the 2010 trial, the
data were log-transformed before applying the ANOVA.
For all trials (2009, 2010 and 2011), the mean RAUDPC values of each
progeny were compared with the values of ‘Picual’ OP progeny (hereafter,
“susceptible check”) due to its reported susceptibility (Trapero et al., 2011). The
percentage of resistant genotypes was analyzed by means of Chi-Square test at P =
0.05. We compared the percentage of each progeny with the percentage of resistant
genotypes in ‘Picual’ OP progeny. These statistical analyses were performed using
the program Statistix 9.0 (Analytical Software, Tallahassee, FL, USA).
Finally, we calculated the frequency distributions histograms for the RAUDPC
values to illustrate the response of several representative progenies (Figure 2). A
normal distribution curve was fitted according to the least squares method (Press et
al., 1992), using the program Grapher 9.6 (Golden Software, Golden, CO, USA). The
Shapiro-Wilk W test was applied to determine the departure of the frequency
distributions from normality, using the program Statistix 9.0.
Estimation of heritability of resistance in open pollinated progenies
In order to estimate the additive component of the genetic variation in the
performed experiments, narrow-sensed heritability (h 2) was calculated for OP
progenies of the 2010 and 2011 trials, separately. Heritability was not estimated in
the 2009 trial as analysis of variance (ANOVA) assumptions were not suited. Value
of h 2 was estimated by a one-way ANOVA, according to the half-sib analysis for
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progenies with unequal number of individuals (Lynch and Walsh, 1998), which is
based on the linear model:

is the phenotype of the jth offspring of the ith mother,
is the
Where
is the residual error resulting from segregation,
effect of the ith mother, and
dominance genetic variance among mothers, and environmental variance. A basic
assumption of linear ANOVA models is that the random factors are uncorrelated to
each other. Thus, for the half-sib model, the residual deviations are uncorrelated with
the mother effects:
0

,

and the total phenotypic variance equals the variances due to mothers plus the
residual variance:

Considering the design in which
n i half sibs are assayed from each of the N
mothers, the total individuals in the analysis is:

The resulting ANOVA table is given below:
Factor
Between progenies

df

SS

MS

1

Expected(MS)
1

Within progenies

Total

1

1

Where SS are observed sums of squares, MS are the mean squares, E(MS) are
is the weighted progeny size,
the expected mean squares, is the grand mean and
according to the formula:
n
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Assuming that the measurement error is independent of the progeny mean, and
after making some substitutions, yields the following unbiased estimators of ,
and :
Var s =

MSs -MSe
n0

The quantity
tPHS =

Var s
Var z

Is the intraclass correlation and provides an estimate of the fraction of the
phenotypic variance attributable to differences among mothers. Considering that
the maternal half-sib ANOVA estimator of the heritability was calculated as
follows:
4
An approximate formula for standard error of h 2 (Swiger et al., 1964) is
2 1

1 1

1
1

With

being the intraclass correlation:
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RESULTS
Disease symptoms
The inoculation of the seedlings with V. dahliae by root dipping was
successful in the three trials. The main symptoms observed were partial or complete
defoliation and the sudden wilt of the whole plant followed by necrosis. These
symptoms were common to all the inoculated progenies, being the fungus
consistently isolated from randomly selected seedlings. Non-inoculated plants
remained free of symptoms and started growing between the 2nd and 4th week after
the treatment with water. Conversely, no inoculated plant was able to grow during
the first six weeks after the inoculation. All these observations were confirmed in the
three trials.
Overall resistance of the progenies and variability between and within trials
We found statistically significant differences (P < 0.05) between trials
according to the analysis of the RAUDPC of the progenies that were common to the
3 experiments (‘Changlot Real’, ‘Empeltre’, ‘Frantoio’, ‘Picual’ and ‘Sikitita’ OP;
and ‘Frantoio’ x ‘Picual’ and ‘Picual’ x ‘Frantoio’). Given these results, the same
crossing showed differences in the RAUDCP values and the percentage of resistant
plants depending on the year of evaluation (Figure 1).
The average RAUDCP in all progenies evaluated was 28.0, with values
ranging from 3.4 to 72.6 (Tables 1-5). The disease reactions were significantly lower
(P < 0.05) in progenies and in comparison with the susceptible check.
Regarding the percentage of resistant genotypes selected, this value ranged
from 0.0 to 48.4. A total of 877 (14.6%) out of the 6017 genotypes evaluated were
selected for their Verticillium wilt resistance. The number of selected resistant
genotypes from each origin was: 380 from OP cultivars, 331 from crosses between
cultivars, 121 from wild olives, 19 from O. europaea subsp. cuspidata and 26 from
O. exasperata.
Variability and resistance of the progenies within trials
Analyzing the variability within trials we found that:
a) In the 2009 trial, progenies from the crosses ‘Frantoio’ x ‘Picual’ and
‘Picual’ x ‘Frantoio’, as well as OP progenies from the cultivars ‘Frantoio’ and
‘Koroneiki’, two wild olives and O. exasperata had a RAUDPC value significantly
lower than the susceptible check, according to the Kruskal-Wallis test (Tables 1-3).
The percentage of resistant plants was significantly higher in seven of the progenies
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than in the susceptible check (‘Frantoio’ x ‘Picual’, ‘Frantoio’ OP, three wild olives,
Olea europaea subsp. cuspidata SA-01 and O. exasperata).
b) In the 2010 trial, none of the evaluated progenies outperformed the
susceptible check except the crossing between ‘Frantoio’ and the wild olive ‘HU-AC102’ (Table 4).
c) In the 2011 trial the offspring of ‘Frantoio’ in OP, ‘Frantoio’ x ‘HU-AC102’ and ‘Frantoio’ x ‘Picual’ showed a significantly lower RAUDPC and in the last
case, higher percentage of resistant plants, than the susceptible check (Figure 1).
Similarly to 2010, the cross between ‘Frantoio’ and the wild olive ‘HU-AC-102’ led
again to a highly resistant progeny, although its resistance level did not overcome the
performance of the OP progenies of both genitors (Table 4).
In the 2011 trial, we compared the performance of the offspring of six
cultivars involved in directed crossed and in OP (Figure 2, Table 5). As general
pattern, cultivars ‘Arbosana’ and ‘Sikitita’ gave rise to susceptible progenies while
‘Koroneiki’ contributed to medium and ‘Frantoio’ to resistant offsprings.
Consistently, the resistance of ‘Arbosana’ offspring increased when ‘Koroneiki’ and
specially ‘Frantoio’, participated in the crossing. Actually, the progenies having
‘Arbosana’ as female genitor and ‘Sikitita’, ‘Koroneiki’ and ‘Frantoio’ as male
genitors showed significantly different RAUDPC values (P < 0.05) (Table 5). The
lowest RAUDPC corresponded to ‘Arbosana’ x ‘Frantoio’ progeny, while ‘Arbosana’
x ‘Sikitita’ progeny showed the highest value (Table 5). The percentages of resistant
plants were not over the 10% except in the progeny of ‘Frantoio’ in open pollination,
the only one showing significant differences at this respect.
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Figure 1. Relative Area Under the Disease Progress curve (RAUDPC) of several olive and
Olea progenies, obtained by open pollination or cross-breeding and inoculated with V117
isolate of Verticillium dahliae in years 2009, 2010 and 2011. Columns and bars represent
mean values and standard errors, respectively. Number of plants was variable for each
progeny and year. Progenies with an asterisk above their bars had a significantly lower
RAUDPC value than the progeny ‘Picual’ OP progeny (striped bar), according to KruskalWallis test at P = 0.05 (2009 trial) or according to Least Significant Difference (LSD) test at
P = 0.05 (2010 and 2011 trials).
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Reference,
(country)a

9 (SP)
80 (IT)
15 (SP)
13 (SP)
231 (SP)
666 (SP)
631 (SP)
332 (SP)
744 (TU)
90 (IT)
10 (SP)
1363 (IT)
2 (SP)
218 (GR)
82 (IT)
5 (SP)
21 (SP)
377 (SP)
17 (SP)
562 (SP)
608 (SP)
-

Cultivar

‘Picual’
‘Frantoio’
‘Changlot Real’
‘Empeltre’
‘Arbequina’
‘Arbosana’
‘Bodoquera’
‘Carr. de Alcaudete’
‘Chemlali’
‘Cipresino’
‘Cornicabra’
‘Dolce Agogia’
‘Hojiblanca’
‘Koroneiki’
‘Leccino’
‘Lechín de Sevilla’
‘Manzanilla de ‘Sevilla’
‘Menya’
‘Morisca’
‘Peq de casas Ibáñez’
‘Sevillenca’
‘Sikitita’
Total

S
R
R
R
M
M
S
M
M
M
S
M
S
M
M
S
S
M
S
S
M
M
-

VW
resistanceb

Low vigor, early bearing
-

Resistant to drought
Resistant to peacock spot

Tolerant to calcareous soils
Highly productive, high oil quality
High oil quality
Adaptability to many soils
High table olive characteristics

High oil quality

Low vigor, early bearing
Low vigor, early bearing
Resistant to frost

Highly productive
High oil quality

Remarkable agronomic traits
1,2,3
1,2,3
1,2,3
1,2,3
1,2
1,3
1
3
3
3
1
3
1
1,3
3
1
1
1
1
1
3
1,2,3
-

Trialc

Number of
seedlings
181
1143
101
498
110
112
48
18
35
65
46
48
20
157
13
25
77
46
35
93
55
86
3012
24.6
16.01,3
27.9
34.7
30.7
38.8
44.5
43.5
47.8
28.5
33.1
56.1
21.1
27.31
45.4
18.4
19.3
32.0
12.8
31.2
48.1
24.4
32.1

RAUDPCd

Resistant
genotypes (%)e
9.9
20.51
10.2
9.1
5.5
4.5
2.1
0.0
2.9
6.2
2.2
2.1
5.0
5.8
7.7
16.0
1.3
13.0
28.6
6.3
1.8
16.3
12.6

Verticillium wilt resistance of OP progenies

Table 1. Characteristics of the olive cultivars used as genitors and disease resistance parameters of their open-pollinated progenies inoculated by
root dip with the V117 isolate of Verticillium dahliae under greenhouse conditions.
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a

Reference number in the Olive World Germplasm Bank (Córdoba, Spain). The country of
origin is shown in brackets by its first two letters: GR = Greece, IT = Italy, SP = Spain, TU =
Tunisia.

b

Resistance level to Verticillium wilt according to controlled and field studies: susceptible
(S), moderately susceptible (M), and resistant (R) (López-Escudero and Mercado-Blanco
2011; Trapero et al. 2013).
c

Trials in which each OP progeny was evaluated: 2009 (1), 2010(2) and 2011 (3).

d
Values were estimated 12 weeks after inoculation and they are the mean of all inoculated
plants of each progeny. For progenies evaluated in several trials, the RAUDPC shown is the
weighted mean value. Values followed by superscript numbers correspond to progenies whose
RAUDPC was significantly lower than ‘Picual’ OP at least in one trial, according to the
Kruskal-Wallis test at P = 0.05 (trial 1) or according to Least Significant Difference (LSD)
test at P = 0.05 (trials 2 and 3). Superscript numbers indicates the trials in which the
difference was significant.
e

Genotypes which did not show symptoms during the experiment and showed consistent
growth during up to four weeks. Values followed by superscript numbers correspond to
progenies whose % of selected genotypes was significantly lower than ‘Picual’ OP progeny at
least in one trial, according to Chi-Square test at P = 0.05. Superscript numbers indicates the
trials in which the difference was significant.
Table 2. Wild olive genitors and disease resistance parameters of their open-pollinated
progenies inoculated by root dip with the V117 isolate of Verticillium dahliae under
greenhouse conditions (2009 trial).
Verticillium wilt resistance of OP progeny
Referencea Location

Altitude
Number

San José del Valle, Cádiz

166

CA-AC-033

Los Barrios, Cádiz

CA-AC-101

Tarifa, Cádiz

HU-AC-003
HU-AC-004
HU-AC-102
JA-AC-003

RAUDPCb

Resistant
genotypes (%)c

7

42.3

158

82

22.6

8.5

1

28

7.2

46.4*

Trigueros, Huelva

26

101

30.6

Trigueros, Huelva

25

62

Almonte, Huelva

3

64

Carboneros, Jaén

487

76

13.9

22.4

JA-AC-021

Carboneros, Jaén

256

36

11.9

38.9*

JA-AC-027

Andújar, Jaén

520

55

19.2

25.5

SE-AC-101

El Pedroso, Sevilla

90

76

22.3

6.6

SE-AC-154

Castilblanco de los arroyos, Sevilla

Total

-

CA-AC-001

102

0.0

5.0

7.4*

14.5

3.4*

48.4*

178

15

11.9

40.0

-

602

20.2

20.1
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a

Reference code indicates the Andalusian province (CA = Cádiz, HU = Huelva, JA = Jaén, SE
= Sevilla) and the wild olive nature (AC) of the genitors.
b

Values were estimated 12 weeks after inoculation and they are the mean of all inoculated
plants of each progeny. RAUDPC values followed by an asterisk (*) correspond to progenies
whose RAUDPC was significantly lower than ‘Picual’ OP, according to the Kruskal-Wallis
test at P = 0.05.
c

Genotypes which did not show symptoms during the experiment and showed consistent
growth during up to four weeks. Values followed by an asterisk (*) correspond to progenies
whose % of selected genotypes was significantly lower than ‘Picual’ OP progeny, according
to Chi-Square test at P = 0.05.
Table 3. Olea europaea subsp. cuspidata and Olea exasperata genitors and disease resistance
parameters of their open-pollinated progenies inoculated by root dip with the V117 isolate of
Verticillium dahliae under greenhouse conditions (2009 trial).

Olea species and reference

Verticillium wilt resistance of OP
progeny
Plant material origin
Resistant
Number RAUDPCb
genotypes

O. europaea subsp. cuspidata 90

Unknown

10

32.9

0.0

O. europaea subsp. cuspidata 116

Unknown

11

72.6

0.0

O. europaea subsp. cuspidata 132

South Africa

39

19.7

23.1

O. europaea subsp. cuspidata 176.6

Pakistan

40

24.6

10.0

O. europaea subsp. cuspidata 177.9

Croatia

8

65.2

0.0

O. europaea subsp. cuspidata SA-01 South Africa

45

30.1

22.2*

O. exasperata

South Africa

60

Total

-

a

213

3.8*
35.6

43.3*
23.0

a

Reference numbers in O. europaea subsp. cuspidata progenies are those of the mother trees
from the germplasm collection of the USDA (United States Department of Agriculture) in
Davis, USA (Koehmstedt et al. 2010).
b

Values were estimated 12 weeks after inoculation and they are the mean of all inoculated
plants of each progeny. RAUDPC values followed by an asterisk (*) correspond to progenies
whose RAUDPC was significantly lower than ‘Picual’ OP, according to the Kruskal-Wallis
test at P = 0.05.
c

Genotypes which did not show symptoms during the experiment and showed consistent
growth during up to four weeks. Values followed by an asterisk (*) correspond to progenies
whose % of selected genotypes was significantly lower than ‘Picual’ OP progeny, according
to Chi-Square test at P = 0.05.
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Table 4. Disease resistance parameters of olive crosses inoculated by root dip with the V117
isolate of Verticillium dahliae under greenhouse conditions.
Cross
‘Picual’ x ‘Frantoio
‘Frantoio’ x ‘Picual’
‘Arbosana’ x ‘Frantoio’
‘Arbosana’ x ‘Koroneiki’
‘Arbosana’ x ‘Sikitita’
d

Triala

Number

1,2,3

354

RAUDPCb

Resistant
genotypes (%)c

16.11
1,3

11.4

1,2,3

240

12.7

23.71,3

3

298

24.0

12.4

2,3

210

35.5

10.5

2,3

245

50.1

5.7

2,3

25.92

‘Frantoio’ x ‘HU-AC-102’

2,3

474

13.6

‘Koroneiki’ x ‘Arbosana’

2,3

270

29.7

8.9

2

99

18.7

10.1

‘Picual’ x ‘Arbequina’
a

Trials in which each OP progeny was evaluated: 2009 (1), 2010(2) and 2011 (3).

b

Values were estimated 12 weeks after inoculation and they are the mean of all inoculated
plants of each progeny. For progenies evaluated in several trials, the RAUDPC shown is the
weighted mean value. Values followed by superscript numbers correspond to progenies whose
RAUDPC was significantly lower than ‘Picual’ OP progeny at least in one trial, according to
the Kruskal-Wallis test at P = 0.05 (trial 1) or according to Least Significant Difference
(LSD) test at P = 0.05 (trials 2 and 3). Superscript numbers indicates the trials in which the
difference was significant.
c

Genotypes which did not show symptoms during the experiment and showed consistent
growth during up to four weeks. Values followed by superscript numbers correspond to
progenies whose % of selected genotypes was significantly lower than ‘Picual’ OP progeny at
least in one trial, according to Chi-Square test at P = 0.05. Superscript numbers indicates the
trials in which the difference was significant.

d

‘HU-AC-102’ is the reference number of a wild olive genotype (see Table 2).
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Table 5. Disease resistance parameters in open pollinated progenies and olive crosses
inoculated by root dip with the V117 isolate of Verticillium dahliae under greenhouse
conditions (2011 trial).
Number

RAUDPCa

Mortality (%)b

‘Sikitita’ OP

10

61.5 a

90.0

Resistant
genotypes (%)c
0.0

‘Arbosana’ OP

24

59.6 a

87.5

0.0

‘Arbosana’ x ‘Sikitita’

187

55.4 a

82.4

2.1

‘Arbosana’ x ‘Koroneiki’

141

43.7 b

51.8

2.2

‘Koroneiki’ x ‘Arbosana’

123

39.2 b

50.0

3.3

95

38.5 b

55.8

4.9

‘Arbosana’ x ‘Frantoio’

298

24.0 c

26.2*

12.4

‘Frantoio’ OP

441

20.2 d

20.1*

16.9*

Cross

‘Koroneiki’ OP

a

Values were estimated 12 weeks after inoculation and they are the mean of all inoculated
plants of each progeny. Values followed by the same letter are not significantly different
according to Least Significant Difference (LSD) test at P = 0.05.
b

Mortality was estimated 12 weeks after inoculation, considering all inoculated plants of each
progeny. Values followed by an asterisk (*) correspond to progenies whose % of dead plants
were significantly lower than ‘Picual’ OP, according to Chi-Square test at P = 0.05.
c

Genotypes which did not show symptoms during the experiment and showed consistent
growth during up to four weeks. Values followed by an asterisk (*) correspond to progenies
whose % of selected genotypes was significantly lower than ‘Picual’ OP progeny, according
to Chi-Square test at P = 0.05.

Heritability and RAUDPC frequency distributions
Heritability (h 2) was estimated for the OP progenies evaluated in 2010 and
2011 trials, as only they suited the ANOVA assumptions. Values of h 2 and its
standard error (SE) were 0.26 and 0.20 for the 2010 trial; and 0.31 and 0.18 for the
2011 trial, respectively. The variability of resistance within progenies was normally
greater in the most susceptible progenies than in resistant ones, as it can be observed
in the frequency distribution histograms for RAUDPC (Figure 2). These frequency
plots showed a continuous, but not normal distribution (Shapiro-Wilk W test: P <
0.05). We found a certain percentage of resistant plants in all the progenies, even in
the highly susceptible ones such as ‘Arbosana’ x ‘Sikitita’. This percentage was
remarkable high in the crosses that involved ‘Frantoio’ as genitor, being the
RAUDPC frequency distribution skewed towards the left (0-30) (Figure 2). In the
rest of the progenies the RAUDPC values were concentrated between the values 2080, indicating a general susceptibility to Verticillum wilt.
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Figure 2. Histograms indicating the frequency distributions of the Relative Area Under the
Disease Progress curve (RAUDPC, x axis) of several olive progenies inoculated with V117
isolate of Verticillium dahliae in the 2011 trial.
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DISCUSSION
Up to date, no source of complete resistance to Verticillium wilt in olive has
been found. Still, a wealth legacy of cultivated and wild genetic resources within the
Olea genus remains unexplored for this character. With this aim, we carried out three
experiments to individually evaluate 6017 genotypes belonging to 48 progenies
across the Olea genus for their resistance to Verticillium wilt. The seedlings were
successfully screened in controlled conditions applying the previously optimized root
dip inoculation method with a highly virulent V. dahliae (Trapero et al. 2013a).
Probably none of the inoculated genotypes escaped the infection because they did not
restart growing as quickly as the non-inoculated plants. This trend, also observed in
other studies conducted in self-rooted olive plants, remarked the reliability of our
screening method (López-Escudero and Blanco-López, 2005; Cirulli et al., 2008;
Markakis et al., 2009).
Resistance to Verticillium wilt in the cultivated olive
There was a notable variation in the response to V. dahliae among and within
the evaluated offsprings. In addition, there was variability in the response of a given
progeny between experiments, likely caused by environmental and genetic factors.
OP progenies showed a high variability at this respect, probably due to the variation
in the fluxes of pollen and therefore, in the identity and proportions of male genitors
every year (Barranco et al., 1994; Mookerjee et al., 2005; Diaz et al., 2006).
Despite this variation, we also found consistent patterns. Cultivar ‘Frantoio’,
one of the most resistant olive cultivars to Verticillium wilt (López-Escudero et al.,
2004; Martos-Moreno et al., 2006; Trapero et al., 2013b), clearly transmitted a high
level of resistance to its offspring either working as female or male genitor (Table 1
and Table 4). This result was in sound with previous evaluations of ‘Frantoio’ OP
progenies under controlled (Trapero et al., 2011) and field conditions (Wilhelm and
Taylor, 1965). ‘Koroneiki, which is considered a moderately susceptible cultivar
(López-Escudero et al., 2007; Markakis et al., 2009; Trapero et al., 2013b), also
conferred a relatively good performance to its offspring but not as high as ‘Frantoio’
(Table 1 and Table 5). ‘Frantoio’ and ‘Koroneiki’ were the only of the 22 evaluated
cultivars which yielded progenies significantly more resistant than the susceptible
check in at least one experiment. Moreover, 491 out of the 877 genotypes selected as
resistant were obtained from ‘Frantoio’ as one of the parents. The outperformance of
‘Frantoio’ over ‘Koroneiki’ transmitting resistance to the offspring was also observed
when both cultivars were crossed as male genitors with the moderately susceptible
cultivar ‘Arbosana’: the offspring of ‘Koroneiki’ were more resistant than the
offspring of ‘Sikitita’, but more susceptible than the ‘Frantoio’ one (Table 5).
‘Frantoio’ gave rise to a high number of resistant seedlings even crossing with a very
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susceptible cultivar such as ‘Picual’ (Table 4). Curiously, the progenies between
‘Frantoio’ and ‘Picual’ were as resistant as the offspring between ‘Frantoio’ and
other resistant genotype, the wild olive ‘HU-AC-102’ (Table 4).
However, not all the resistant cultivars such as ‘Frantoio’ conferred resistance
to their offspring. The cultivars ‘Changlot Real’ and ‘Empeltre’, the most resistant
olive cultivars along with ‘Frantoio' (López-Escudero et al., 2004; Martos-Moreno et
al., 2006; Trapero et al., 2013b) lead to susceptible offsprings (Table 1). The crosses
between these three resistant cultivars, which might have increased the probability of
obtaining resistant genotypes, were repetitively unsuccessful, presumably due to
incompatibility phenomena (Rodríguez-Castillo et al., 2009).
Another consistent pattern emerging from our results was the general
susceptibility to the disease of the progenies obtained from susceptible or moderately
susceptible cultivars such as ‘Dolce Agogia’, ‘Sevillenca’ o ‘Bodoquera’ (Table 1).
Exceptionally, the offsprings of susceptible cultivars such as ‘Morisca’ OP
showed a high but not significant resistance values (low RAUDPC and a high
proportion of resistant seedlings). Massive natural pollination with a resistant
cultivar such as ‘Frantoio’ could explain this pattern. However further experiments
considering replicates and a larger number of seeds are needed to evaluate its
consistency.
We observed a high variability in the response to V. dahliae mainly within
susceptible progenies such as ‘Picual’ OP, with some genotypes being either more
resistant or more susceptible than the genitors (Figure 2, ‘Picual’ OP). This
phenomenon called transgressive segregation (Robinson, 1996), has been reported
also for the inheritance of Verticillium wilt resistance in cotton (Bolek et al., 2005),
Medicago truncatula (Negahi et al., 2013) and pepper (Palloix et al., 1990). Due to
this phenomenon, it would be possible to select resistant genotypes in progenies
which have a high susceptibility mean value but also have some other interesting
agronomical, such as the low vigor found in the offspring of ‘Arbosana’ x ‘Sikitita’
(Hammami et al., 2012). However, considering the distribution shown in Figure 2, a
large number of genotypes of susceptible progenies would have to be screened to
select some resistant genotypes.
Resistance to Verticillium wilt in the olive wild relatives
We evaluated the offsprings of 11 wild olives, collected in different
edaphoclimatic conditions, reproducing the finding of resistant genotypes reported by
Colella et al. (2008) sampling wild olives in the Mediterranean Basin.
In sound with our observations in cultivated material, the level of resistance
between and within wild olive progenies was quite variable, ranging from resistant to
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very susceptible performances. However, four progenies showed an outstanding
resistance, with percentages of resistant genotypes that in some cases, were close to
the 50% (Table 2). These high proportions of resistant genotypes, which exceeded
those observed by Colella et al. (2008), might not be the common rule in the wild
olive germplasm; they could be just a random event, product of our reduced sample
size. Thus, a broader sampling would be required to corroborate this interesting
observation. The finding of resistant genotypes among the wild olives reinforces their
value as genetic resource for the breeding of resistant rootstocks (Bubici and Cirulli,
2012) or even cultivars (Klepo et al., 2013). Curiously, three of the most resistant
wild progenies were collected at low altitude. Again, the low number of wild
progenies evaluated in this study is not enough to assess any consistent correlation;
however our observation opens questions about the possible relationship between
elevation and resistance to Verticillium wilt in wild olive.
The value of other wild Olea species as donors of valuable agronomical traits
or as possible rootstocks in olive breeding remains unexplored (Besnard et al., 2012;
Lavee, 2013). We have characterized for the first time the differential performance of
O. europea subsp. cuspidata and O. exasperata to Verticillium wilt. In general, O.
europea subsp. cuspidata seedlings were highly susceptible while those of O.
exasperata were highly resistant (Table 3). Actually, the level of resistance of O.
exasperata seedlings was comparable to the wild olives considered highly resistant
such as HU-AC-102. The most resistant progenies of O. europea subsp. cuspidata
and O. exasperata were from South Africa, being necessary a broader evaluation to
confirm if this resistance is related to this origin or just a random effect.
Breeding for resistance in olive: heritability and selection
Olive breeding, as in other fruit species, is primary based on the evaluation of
large progenies coming from genitors with desirable traits, such as resistance
Verticillium wilt. A high heritability value for a certain trait indicates that most of
the observed variability for this trait is due to genotypic instead of environmental
variation (Falconer, 1989). Therefore, the higher the heritability the more feasible is
breeding for that trait. In recent works, heritability values have been estimated for
some olive traits such as fruit weight, flowering behavior and fatty acid composition
ranging from low-medium (0.3) to high values (0.97) (Leon et al., 2004; Zeinanloo et
al., 2009; Ruiz-Domínguez et al., 2013; Ben Sadok et al., 2013). In our case, we
obtained a general medium-low heritability value for Verticillium wilt resistance,
being in sound with the high variability observed among and within progenies, but
also between years for a given progeny. However, a higher heritability value could be
obtained using controlled crosses instead of OP progenies, whose variability highly
depends on the fluxes of pollen and in last term, on the environmental conditions.
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Complex genetic interactions might be involved in the resistance to
Verticillium wilt in olive. We found possible patterns of transgressive segregation in
the offspring of susceptible and moderately susceptible cultivars, which might be
indicative of polygenic control (Robinson, 1996). However, under this hypothesis, it
would be hard to explain why only one resistant cultivar, ‘Frantoio’, differentially
transmitted this condition to its offspring; or why the proportion of resistant
seedlings was not enhanced when crossing two resistant genotypes (Frantoio and ACHU-102) being as resistant as the offsprings of both genitors in OP. These puzzling
results just allowed us to hypothesizing that: a) possibly there are different allelic or
even, gene configurations that might lead to resistant genotypes; b) some genes might
have major role in the resistance; c) these two non-exclusive options might lead to
genotype-specific resistant configurations. Interactions between major and minor
genes in the resistance to this pathogen have been recently reported in hop (Jakse et
al., 2013).
Despite the commented difficulties of breeding for Verticillium wilt resistance
in olive, we identified 14.6% of highly resistant genotypes, as well as the most
suitable genitors to increase this percentage in further crosses. A second cycle of
selection, this time in field conditions, will be needed to corroborate the resistance of
the selected genotypes. The presence of other valuable agronomical traits such as,
vigor, production or oil quality will decide these genotypes to be discarded,
considered as rootstock or as olive cultivars.

CONCLUSIONS
Considering our results, obtaining fully resistant progenies can be a slow
process, especially considering the presumably polygenic nature of this trait. Massive
screening of seedlings is necessary in order to maximize the possibilities of finding a
resistant genotype. ‘Frantoio’ is up to know the best genitor to breed resistant olive
genotypes with increased resistance to Verticillium wilt. Some wild olives, and even
some O. exasperata genotypes might also be interesting sources of resistance, mainly
for rootstock breeding. Verticillium wilt seems to be quantitatively inherited in olive.
Due to the narrow range of compatible crosses between resistant cultivars,
developing new cultivars with improved resistance and other useful traits will depend
on the identification of new sources of resistance (cultivars or wild genotypes) and
on the recovery of transgressive segregants from non-resistant genitors.
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Figures Chapter 5: Collection of fruits from wild olive genotypes located in a mountain (a)
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6
Field response to Verticillium wilt in olive genotypes
previously screened for resistance using artificial
inoculation methods
ABSTRACT
The search and identification of olive genotypes and genitors in the breeding
program for resistance to Verticillium wilt requires careful screening of genotypes by
artificial inoculations and field trials. In this work, we studied the performance of
olive genotypes, which had been previously selected by their resistance to
Verticillium dahliae under artificial inoculations in controlled conditions in a field
highly infested by the pathogen. We demonstrated that both root dip and stem
injection inoculation methods in the seedling stage are effective to select single
genotypes with a high resistance to Verticillium wilt, as all the progenies showed a
greater resistance than susceptible cultivar ‘Picual’. Seventy seven out of the 105
genotypes (73.3%) did not show symptoms during the 2-year assessment period and
therefore are candidates for resistant olive cultivars. However, it will be necessary a
longer evaluation period and further replications of the genotypes in order to
definitively assess their resistance level, as well as other agronomical traits.
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INTRODUCTION
Verticillium wilt of olive (Olea europaea L.), caused by Verticillium dahliae
Kleb., is a serious threat for this crop in almost all areas where it is grown (LópezEscudero and Mercado-Blanco, 2011; Jiménez-Díaz et al., 2012). The disease
substantially reduces the production and usually causes the death of the tree,
especially when the infection is caused by highly virulent isolates (defoliating
pathotype) (Jiménez-Díaz et al., 2011; López-Escudero and Mercado-Blanco, 2011).
Since there are no individual control measures that are quite effective against this
disease, it is imperative to use a control strategy that integrates several measures. In
this integrated approach, the use of resistant cultivars is believed to be the most
economically-effective and environmentally-friendly method of control (Agrios,
2005; Klosterman et al., 2009; López-Escudero and Mercado-Blanco, 2011).
However, most of the olive cultivars evaluated up to date are very susceptible
to V. dahliae (López-Escudero and Mercado-Blanco, 2011; Garcia-Ruiz et al., 2013),
and the few resistant ones present some agronomical limitations, particularly in cold
areas or high density plantations (Rallo et al., 2005). Moreover, they do not show a
complete resistance and the pathogen can be able to overcome their resistance level,
especially in soils highly infested with the defoliating pathotype (Trapero et al.,
2013b). Searching and identifying new sources of resistance is therefore critical to
advance in the integrated control of Verticillium wilt of olive. Efforts have been
made both in improving the screening procedures and in indentifying genotypes
having a high resistance level, particularly in recent years (López-Escudero et al.,
2007; Antoniou et al., 2008; Cirulli et al., 2008; Colella et al., 2008; Trapero et al.,
2011, 2013a), but new resistant genotypes are not available at the moment and
breeding for this trait is needed. Unfortunately, fruit tree breeding is a long process,
especially using classical methods (Janick, 2005; Byrne, 2012). Moreover, olive has
a long juvenile period which exacerbates this fact, although inter-generation period
has been reduced from 10-15 years in open field (Bellini, 1993) to 2-4 years by
forced growth environments (Santos-Antunes et al., 2005). Several olive breeding
programs have been started in some of the olive-producing countries and a wide
variability have been observed for several agronomic traits (Leon et al., 2004b;
Moral et al., 2013; Ben Sadok et al., 2013). Early selection of olive genotypes can be
made for some traits (Leon et al., 2004a; De la Rosa et al., 2006; Rallo et al., 2008),
reducing the time necessary in the breeding process.
Breeding for disease resistance requires a wide genetic variability, as well as
adequate selection and evaluation methods to screen a large number of accessions
from different sources of resistance (Johnson and Jellis, 1992; Allard, 1999). In this
search on identification of sources of resistance, the availability of accurate
screening methods is essential. These screening methods are often applied under
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controlled conditions, using known isolates and the most favorable conditions for
disease development in order to shorten the evaluation period, minimize the plants
that escape infection and consistently differentiate between susceptible and resistance
genotypes (Johnson and Jellis, 1992; Blanco-López et al., 1998; Infantino et al.,
2006). The screening methods must produce results highly correlated with the
performance of genotypes in the field, as achieved in other crops affected by
Verticillium wilt (Grau et al., 1991; Debode et al., 2005; Gordon et al., 2005; Eynck
et al., 2009). However, resistance observed in experiments under controlled
conditions usually differs from the field performance. It can occur due to multiple
reasons, such as an excessively high or low disease pressure because of the
inoculation method used (López-Escudero et al., 2007; Antoniou et al., 2008; Cirulli
et al., 2008), a differential reaction to the pathogen depending on the host age (Evans
et al., 1966; Martin et al., 1993; Resende et al., 1995), or the production of toxins by
the pathogen in controlled conditions (Bae et al., 2011).
In olive, some cultivars such as ‘Arbequina’ perform as moderately
susceptible, or even, in some infested soils, as moderately resistant to V. dahliae
(Trapero et al., 2013b), but when they are inoculated in controlled conditions by stem
puncture (López-Escudero et al., 2007) or root dipping (Mercado-Blanco et al.,
2003a; López-Escudero et al., 2004), they react as very susceptible to the disease,
probably because the high inoculum density typically used in artificial inoculations
overcomes the resistance level of these genotypes. As well, genotypes which are
highly resistant under controlled conditions such as cultivar ‘Frantoio’ (LópezEscudero et al., 2004; Bubici and Cirulli, 2012), may also be affected by the disease
under field conditions when the inoculum density in the soil is very high (Trapero et
al., 2013b).
A recent screening method of young olive seedlings for resistance to V.
dahliae has been developed (Trapero et al., 2013a), but the correlation with the field
performance remains unknown. The main objective of the present work was to
unravel this correlation by assessing the effectiveness of the screening method, and
to confirm in field conditions the level of resistance given to the genotypes in the
first step of the selection program.
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MATERIALS AND METHODS
Plant material
Control cultivars. Self-rooted plants of ‘Arbequina, ‘Frantoio’ and ‘Picual’
olive cultivars were included as control cultivars of moderately susceptibility,
resistance and very susceptibility reactions, respectively (López-Escudero and
Mercado-Blanco, 2011; Trapero et al., 2013b). Plants were obtained by root cutting
(Caballero and Del Río, 2010). They will be name hereafter “control cultivars”.
Seedling genotypes previously selected by root dip. The genotypes
evaluated in this study were obtained and selected for their resistance to V. dahliae in
their seedling stage after being root-dip inoculated with a highly virulent isolate
(V117). All these resistant genotypes did not show any symptom of the disease and
grew consistently several weeks after the inoculation. Chapter 5 describes the
protocol carried out for the collection, germination, growing, paternity-testing and
inoculation of the seedlings. The genotypes used in the present study were obtained
by open pollination of olive cultivars and from crosses between them, and number of
genotypes per progeny was variable (Table 1).
Seedling genotypes used to study the effect of the selection method. We
evaluated genotypes from four progenies (‘Changlot Real’ OP, ‘Frantoio’ OP,
‘Picual’ x ‘Arbequina’ and ‘Picual’ x ‘Frantoio’) which had been previously selected
by three different selection methods:
i) Genotypes selected by root dip inoculation with a conidial suspension of a
highly virulent isolate of V. dahliae (V117).
ii) Genotypes selected by stem injection of a conidial suspension of a highly
virulent isolate of V. dahliae (V117).
iii) Genotypes which were used as non-inoculated controls in trials where
genotypes in i) and ii) were selected.
Twenty genotypes from each selection method were planted in the field to
study the effect of the selection method.
Experimental plot
The experimental plot was located in Utrera (lower Guadalquivir Valley,
Sevilla province of Andalucía, Spain). Mild and humid winters, and warm dry
summers characterize this Mediterranean climatic area. In this area, soils are usually
heavily infested with the defoliating V. dahliae pathotype since 1996 (BejaranoAlcazar et al., 1996) due to the cultivation of different V. dahliae susceptible hosts
over many years.
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The selection of this particular field was based on the high inoculum density
of the pathogen in the soil (14 MS per gram of soil), estimated by the wet sieving
technique (Huisman and Ashworth, 1974; Butterfield and Devay, 1977; LópezEscudero and Blanco-López, 2005) and also in the disease reaction observed on
several olive cultivars in a previous experiment conducted in the same field (Trapero
et al., 2013b). Additionally, several isolates of V. dahliae were recovered from
microsclerotia in the soil prior to the plantation and the presence of the defoliating
pathotype in the soil was demonstrated by duplex, nested PCR analysis (MercadoBlanco et al., 2003b; Trapero et al., 2012).
Olive orchard establishment and experimental design
Prior to the plantation, selected genotypes and control cultivars were grown
during 9 months under controlled forced conditions in a greenhouse, as described in
Santos-Antunes et al. (2005) for quickly overcoming the juvenile period. Olive trees
were planted in the selected plot on 1 December 2011. Trees were planted on ridges
in order to avoid water logging, with a 7 x 1.25 spacing. Drip irrigation was applied
from April to October.
All plants of the progenies and control cultivars were arranged in a
randomized block design, with 4 blocks and a variable number of plants per block.
For control cultivars, at least 3 replicates were planted per block; while for selected
genotypes the number of plants was different depending on the progeny, so plants
from each progeny were distributed as equally as possible among the 4 blocks. The
selection method was considered as a treatment in the genotypes in which they were
applied, and therefore they were also equally distributed among the blocks, with 20
genotypes per selection method.
Assessment of symptom development and tree growth
Olive cultivars and genotypes were surveyed periodically for symptom
development during 24 months after planting. A 0 to 4 scale was used based on the
percentage of affected plant tissue with Verticillium wilt symptoms: (0 = no
symptoms; 1 = 1 to 33%; 2 = 34 to 66%; 3 = 67 to 99%; 4 = dead plant) (LópezEscudero et al., 2004). The main parameter to assess the resistance was the relative
area under the disease progress curve (RAUDPC). It was estimated as the percentage
with regard to the maximum potential value, for the period between the first
symptom appearance and last assessment, using the formula of Campbell and
Madden (Campbell and Madden, 1990):
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where s i = disease severity value for observation number i; s max = maximum
value of severity (4); ti = number of days between planting and observation i; te =
total evaluation period; n = number of observations.
The percentage of diseased trees or incidence, as well as the percentage of
dead plants or mortality were also considered to assess the resistance.
Pathogen isolation
Plant infection was confirmed by isolating the fungus from affected shoots or
leaf petioles of randomly collected diseased plants. Samples of affected plant tissue
were washed in running tap water, and tissue was surface disinfected in 0.5% sodium
hypochlorite for 1 min. Wood chips were placed on PDA plates and incubated at
24ºC in the dark for 6 days.
Data analysis
An one-way analysis of variance (ANOVA) of the RAUDPC data using a
randomized complete block design was performed to analyze the differences between
all the progenies and cultivars. Original data were suitable for ANOVA without
transformation and mean values of progenies and cultivars were compared by the
Fisher’s protected LSD test at P = 0.05.
An ANOVA of the RAUDPC was also performed to analyze the differences
between selection methods. A two-factor full factorial design was used for the
analysis, the two factors being selection method and the progeny. Original data were
suitable for ANOVA without transformation and mean values of progenies and
cultivars were compared by the LSD test at P = 0.05. The incidence and mortality
observed values were analyzed by means of the Pearson’s Chi-Square test at P =
0.05. All the analyses were performed using Statistix 10.0 program (Analytical
Software, Tallahassee, FL, USA).
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RESULTS
Disease symptoms and disease progress
Defoliation and sudden wilt affecting some branches or shoots or the whole
trees were the main V. dahliae symptoms observed. Olive trees were usually affected
at the same time by both symptoms. They were observed from 5 months after
planting, and the disease developed more rapid and extensively during spring and
autumn months. Some symptoms were also observed during the winter, but a
complete interruption of the disease development occurred during the warmest
period, from July to October. Infected trees were usually killed in a few weeks after
the appearance of the first symptoms. This was particularly observed for cultivar
‘Picual’. In order to assure that the symptoms were caused by V. dahliae, isolations
were made and the fungus was consistently isolated from most of the sampled
symptomatic shoots.
Resistance of the genotypes previously selected by root dip
All the progenies, with the exception of ‘Picual’ x Arbequina’, showed a
significantly lower RAUDPC value than cultivar ‘Picual’. The RAUDPC values in
the progenies ranged from 0.0 in several progenies (Table 1) to 31.3 (‘Picual’ x
‘Arbequina’ progeny). However, significant differences between progenies were not
detected. In control cultivars, RAUDCP values were 0.0 for ‘Frantoio’, 2.1 for
‘Arbequina’ and 58.6 for ‘Picual’, respectively (Table 1). Differences between
genotypes within the same progeny were also observed, so there were genotypes
without any symptoms in all the progenies. As well, genotypes affected by the
disease were reported for most of the evaluated progenies (Table 1).
Incidence and mortality also showed variation between progenies (Table 1).
Regarding control cultivars, ‘Frantoio’ did not show any disease symptoms, while
only 23% of ‘Arbequina’ plants showed some slight or moderate symptoms. Most
plants of cultivar ‘Picual’ showed symptoms (91%) and were killed by the pathogen
(83%). Significant differences were not found for both disease parameters, according
to Pearson’s Chi-square test at P=0.05.

134

Progenies in the field

Table 1. Disease parameters of olive progenies evaluated in a field infested with Verticillium
dahliae. Genotypes had been previously selected for resistance to V. dahliae in the seedling
stage by root dip inoculation. a
Progeny or cultivar

Number

RAUDPCb Incidence (%) c Mortality (%) c

‘Arbequina’ OP d

2

0.0 a

0.0*

0.0*

‘Arbosana’ OP

3

0.0 a

0.0*

0.0*

‘Arbosana’ x ‘Sikitita’

3

0.0 a

0.0*

0.0*

control ‘Arbequina’

13

2.1 a

23.1*

0.0*

‘Changlot Real’ OP

5

8.8 a

20.0*

20.0*

‘Empeltre’ OP

13

11.0 a

23.1*

23.1*

control ‘Frantoio’

17

0.0 a

0.0*

0.0*

‘Frantoio’ x ‘HU-AC-102’

21

6.3 a

14.3*

4.8*

‘Frantoio’ OP

33

17.7 a

33.3*

21.2*

‘Frantoio’ x ‘Picual’

7

19.6 a

42.9*

28.6*

‘HU-AC-102’ OP

9

13.4 a

33.3*

0.0*

23

58.5 b

91.3

82.6

control ‘Picual’
‘Picual’ x ‘Arbequina’

2

31.3 ab

50.0

50.0

‘Picual’ x ‘Frantoio’

4

15.1 a

50.0*

50.0

‘Picual’ OP

3

25.9 a

33.3*

33.3

13.0

26.7*

17.1*

Total (excluding controls)

105

a

Root dip inoculation method had been performed using a conidial suspension of a highly
virulent V. dahliae isolate. The selection of resistant genotypes is described in Chapter 5.

b

Values were estimated two years after planting. Values followed by the same letter are not
significantly different according to Least Significant Difference (LSD) test at P = 0.05.
c

Values followed by an asterisk (*) correspond to progenies or cultivars whose % of incidence
or mortality was significantly lower than control ‘Picual’, according to Pearson’s Chi-Square
test at P = 0.05.
d

“OP” means Open Pollinated.

Selection methods
The factorial analysis revealed that there were no significant interactions
between the selection method and the progeny (P = 0.946), and therefore the
selection methods were effective for all the progenies. Differences between progenies
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were also not significant (P = 0.111). Significant differences were only found for
RAUDPC between selected (both by root dip or stem injection) and non-selected
genotypes (P = 0.042).
The three disease parameters evaluated were lower for the genotypes selected
by either root dip or stem injection inoculation methods than for genotypes had been
used as controls (Table 2). Specifically, genotypes selected by the root dip method
showed a lower RAUDPC value than genotypes selected by the stem injection
method, although the difference was not significant. As in the analysis of the
progenies, the Pearson’s Chi-square test was not able to find significant differences
for incidence and mortality parameters.

Table 2. Disease parameters of genotypes obtained from four olive crosses and evaluated in a
field infested with Verticillum dahliae. Genotypes had been previously selected for resistance
to V. dahliae in the seedling stage by three different methods.a
Inoculation treatment

RAUDPC b

Incidence (%) c

Mortality (%) c

Root-dip

18.7 a

35*

20*

Stem-injection

22.0 a

30*

20*

Not selected

45.0 b

65

50

a

Olive crosses used were: ‘Changlot Real’ OP, ‘Frantoio’ OP, ‘Picual’ x ‘Arbequina’ and
‘Picual’ x ‘Frantoio’. The number of plants from each inoculation treatment was the same for
each cross. Root dip and stem injection inoculations method had been performed using a
conidial suspension of a highly virulent V. dahliae isolate. The selection of resistant
genotypes is described in Chapter 5.
b

Values were estimated 2 years after planting and they are the mean of 20 genotypes per
inoculation treatment. Values followed by the same letter are not significantly different
according to Least Significant Difference (LSD) test at P = 0.05.
c

Values followed by an asterisk (*) correspond to treatments whose % of incidence or
mortality was significantly lower than the control genotypes (genotypes which had not been
selected for resistance), according to Pearson’s Chi-Square test at P = 0.05.
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DISCUSSION
The symptoms and progression of Verticillium wilt observed for olive
genotypes corresponded to that reported for this disease in a previous work carried
out in the same field (Trapero et al., 2013b), and also agrees with observations in
other orchards where it has been studied (López-Escudero and Blanco-López, 2007;
Navas-Cortés et al., 2008; Tsror, 2011). The observed symptom development, mostly
during spring and fall, is due to the better conditions for the infection and
colonization of the pathogen (Levin et al., 2003; Trapero et al., 2013b).
The resistance performed by the three control cultivars was ranked in the same
order as a previous field study, with ‘Frantoio’ being the most resistant cultivar,
‘Picual’ the most susceptible one, and ‘Arbequina’ showing an intermediate reaction.
(López-Escudero et al., 2004; Trapero et al., 2013b) The resistance of ‘Arbequina’ in
this study was unexpectedly high, as no plant of this cultivar was either killed or
severely affected by the pathogen 2 years after the plantation, resulting in a very
similar disease reaction to that showed by ‘Frantoio’. This cultivar shows the same
level of susceptibility than ‘Picual’ when inoculated and evaluated under controlled
conditions (López-Escudero et al., 2004, 2007; Martos-Moreno et al., 2006), but
recently, and similarly to the present study, it has been reported to be more resistant
than ‘Picual’ under the field conditions (Trapero et al., 2013b). However, in the same
cited study ‘Arbequina’ was significantly more susceptible than ‘Frantoio’ 22 months
after planting. This different could be due to less appropriate environmental
conditions for the development of the disease during the period of the current study.
Also, a decrease in the inoculum density (from 21 to 14 MS per gram of soil) from
that reported in 2009 when the other experiment was established might have affect
the less susceptibility showed by cultivar ‘Arbequina’. A decrease in the inoculum
density of V. dahliae in the soil has been also observed when planting olive in semicontrolled conditions (López-Escudero and Blanco-López, 2007).
Considering that most of the genotypes evaluated in this study had been
selected for their resistance to Verticillium wilt, there were important differences
between progenies. However, there were very few genotypes in some of the
evaluated progenies, therefore showing a great variability between them. Thus, the
differences between progenies should be carefully considered. This high variability
in soils infested by V. dahliae can be mainly due to both genetic variation between
the genotypes (Wilhelm and Taylor, 1965; López-Escudero and Blanco-López, 2007;
Trapero et al., 2013b) and the non-uniform distribution of the pathogen in soil
(Devay et al., 1974; Smith and Rowe, 1984; Harris and Yang, 1996). A high number
of replications per treatment are likely necessary to minimize this variability.
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Virtually all progenies had less wilted plants and were significantly more
resistant than control cultivar ‘Picual’, which indicates the effectiveness of the
screening method for selecting resistant genotypes. Genotypes were selected even
from progenies which showed an extremely high mean susceptible, such as
‘Arbosana’ x ‘Sikitita’ (Chapter 5) However, the resistance of the progenies could
not be distinguished from that observed in cultivars ‘Arbequina’ and ‘Frantoio’ and
therefore, the screening method would be also selecting genotypes with a resistance
level lower than cultivar ‘Frantoio’. This suggestion is also supported because no
plant of this cultivar was affected by the pathogen, while 38% of the genotypes
showed symptoms of the disease. This percentage, however, is still far from cultivar
‘Picual’, which exhibited an incidence of 91%.
Genotypes which had been selected for Verticillium wilt resistance before
planting in the infested field, either by root dip or stem injection inoculation, were
more resistant than genotypes which had been used as controls. This fact explains the
reliability of both screening methods. As the interaction between progeny and
selection method was not significant, we can affirm that the selection method was
effective to screen for resistant genotypes regardless of the genitors used. There
were, however, no significant differences between selecting resistant genotypes by
root dip or by stem injection inoculation. In fact, both artificial inoculation methods
comprise the infection of the plants by introducing them a conidial suspension of a
highly virulent isolate of the fungus. The effectiveness and the similarity in the
reaction showed by the plant with both methods has been previously reported in olive
(López-Escudero et al., 2007; Antoniou et al., 2008), although some other studies
suggest that the stem injection method induces less severe Verticillium wilt
symptoms than the root dip method (Cirulli et al., 2008; Trapero et al., 2013a).
Besides this, root dip inoculation do not skip the possible resistance mechanisms
operating in the root system and therefore is the preferred V. dahliae inoculation
method also in other species, such as Acer platanoides (Chambers and Harris, 1997),
artichoke (Jiménez-Díaz et al., 2006), broccoli (Bhat and Subbarao, 2001; Debode et
al., 2005), horseradish (Atibalentja and Eastburn, 1997), strawberry (Gordon et al.,
2005) and several woody species (Blanco-López et al., 1998). For our purpose, the
inoculation of olive seedlings by stem-injection is also interesting because it allows
screening a great number of plants using nearly half of the time needed for root dip
inoculation of seedlings (Trapero et al., 2013a).
On the other hand, resistance mechanisms working before the entrance of the
conidia in the root xylem are also skipped when using these methods, therefore a
rapid method involving the infection of the plants by microsclerotia would be of
much interest, as has been developed in other species (Steventon et al., 2002; Bae et
al., 2011). However, while with the root dip inoculation the roots are exposed to
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infective conidia, in soil inoculation the infections are not likely to occur until
growing roots encounter microsclerotia. Then, the time course for disease
development is usually larger in inoculations using microsclerotia (Debode et al.,
2005; Gordon et al., 2005).
Plants which were inoculated with V. dahliae in the seedling stage and then
selected for their resistance after several weeks without symptoms may express
induced resistance during an unknown period of time. Induction of resistance have
been reported for a wide range of crops and pathogens (Durrant and Dong, 2004),
including Verticillium wilt of olive. Martos-Moreno et al. (2003) reported that the
infection with a nondefoliating isolate can induce a higher resistance level against a
following inoculation with a defoliating isolate under controlled conditions. Then, in
this study we might be overrating the level of resistance in those genotypes
inoculated with V. dahliae in the seedling stage. However, after the seedling
inoculation plants were subjected to forced growing (Leon et al., 2007) during 7
months and afterwards they were evaluated during 24 months in the field. Thus, the
presence of an induced resistance so long after the inoculation is not very likely.
Evaluation of F1 genotypes in fields highly infested with V. dahliae
defoliating isolates has been demonstrated a suitable procedure to breed cultivars for
Verticillium wilt. As in other studies conducted to develop new olive cultivars (Leon
et al., 2007; Zeinanloo et al., 2009; Ben Sadok et al., 2013), other desired
agronomical traits should be evaluated in the subsequent years.

CONCLUSIONS
The success of root dip and stem injection inoculation methods to screen olive
seedlings for resistance to Verticillium wilt has been confirmed in the present study
by evaluating, the genotypes which had been selected by both methods, in a soil
heavily infested with V. dahliae. The opportunity to select resistant genotypes from
susceptible cultivars or progenies broadens the genetic pool available for breeding
olive for Verticillium wilt resistance, but massive screening of seedlings would be
necessary in order to find resistant genotypes among these progenies. Although in
this study many genotypes remain free of symptoms for two years in a field highly
infested with the fungus, additional years of evaluation are probably necessary in
order to ultimately select resistant genotypes. New experiments using more replicates
and additional progenies are also desirable in order to refine the effectiveness of the
screening method.

139

Chapter 6

ACKNOWLEDGEMENTS
Research was supported by the Spanish Ministry of Education and Science
(project AGL 2011-30137), by the Andalusian Regional Government (project P10AGR6573) and by the “Interprofesional de Aceite de Oliva Español” Association.
We thank Dr. Mercado-Blanco (IAS- CSIC, Córdoba) for characterizing the
pathotype of V. dahliae isolates from infected plants. Finally, we specially thank the
Oficina Comarcal Agraria “Las Marismas” (Lebrija, Sevilla) and the Sociedad
Cooperativa Andaluza “Agroquivir” (Trajano, Sevilla) for their essential
participation and technical assitance, permitting the authors to conduct field
experiments on their property.

REFERENCES
Agrios GN. 2005. Control of plant diseases. In: Plant Patholog,. Fifth edition. Elsevier,
London, 295–350.
Allard RW. 1999. Principles of Plant Breeding. John Wiley and Sons, New York.
Antoniou PP, Markakis EA, Tjamos SE, Paplomatas EJ, Tjamos EC. 2008. Novel
methodologies in screening and selecting olive varieties and root-stocks for resistance
to Verticillium dahliae. European Journal of Plant Pathology 122: 549–560.
Atibalentja N, Eastburn DM. 1997. Evaluation of inoculation methods for screening
horseradish cultivars for resistance to Verticillium dahliae. Plant Disease 81: 356–362.
Bae JJ, Neu K, Halterman D, Jansky S. 2011. Development of a potato seedling assay to
screen for resistance to Verticillium dahliae. Plant Breeding 130: 225–230.
Bejarano-Alcazar J, Blanco-Lopez MA, Melero-Vara JM, Jimenez-Diaz RM. 1996.
Etiology, importance, and distribution of Verticillium wilt of cotton in southern Spain.
Plant Disease 80: 1233–1238.
Bellini E. 1993. Behaviour of some genetic characters in olive seedlings obtained by crossbreeding. Acta Horticulturae 317: 197–208.
Ben Sadok I, Moutier N, Garcia G, Dosba F, Grati-Kamoun N, Rebai A, Khadari B,
Costes E. 2013. Genetic determinism of the vegetative and reproductive traits in an F1
olive tree progeny. Tree Genetics & Genomes 9: 205–221.
Bhat RG, Subbarao K V. 2001. Reaction of broccoli to isolates of Verticillium dahliae from
various hosts. Plant Disease 85: 141–146.
Blanco-López MA, Hiemstra JA, Harris DC, López-Escudero FJ, Antoniou P. 1998.
Selection and screening for host resistance. In: Hiemstra JA, Harris DC, eds.
Compendium of Verticillium Wilt in Trees Species. Ponsen & Looijen, Wageningen, The
Netherlands, 51–54.

140

Progenies in the field

Bubici G, Cirulli M. 2012. Control of Verticillium wilt of olive by resistant rootstocks. Plant
and Soil 352: 363–376.
Butterfield EJ, Devay JE. 1977. Reassessment of soil assays for Verticillium dahliae.
Phytopathology 67: 1073–1078.
Byrne DH. 2012. Trends in fruit breeding. In: Badenes ML, Byrne DH, eds. Handbook of
plant breeding. Vol. 8: Fruit Breeding. Springer, 3–36.
Caballero JM, Del Río C. 2010. Propagation Methods. In: Barranco D, Fernández-Escobar
R, Rallo L, eds. Olive growing. Junta de Andalucía / Mundi Prensa / RIRDC / AOA,
Pendle Hill, Australia, 83–112.
Campbell CL, Madden L V. 1990. Introduction to Plant Disease Epidemiology. John Wiley
and Sons, New York.
Chambers DA, Harris DC. 1997. Methods of screening Acer platanoides L. seedlings for
resistance to wilt (Verticillium dahliae Kleb.). Journal of Horticultural Science 72:
601–608.
Cirulli M, Colella C, D’Arnico M, Amenduni M, Bubici G. 2008. Comparison of screening
methods for the evaluation of olive resistance to Verticillium dahliae Kleb. Journal of
Plant Pathology 90: 7–14.
Colella C, Miacola C, Amenduni M, D’Amico M, Bubici G, Cirulli M. 2008. Sources of
verticillium wilt resistance in wild olive germplasm from the Mediterranean region.
Plant Pathology 57: 533–539.
Debode J, Declercq B, Hofte M. 2005. Identification of cauliflower cultivars that differ in
susceptibility to Verticillium longisporum using different inoculation methods. Journal
of Phytopathology 153: 257–263.
Devay JE, Forrester LL, Garber RH, Butterfield EJ. 1974. Characteristics and
concentration of propagules of Verticillium dahliae in air-dried field soils in relation to
prevalence of Verticillium wilt in cotton. Phytopathology 64: 22–29.
Durrant WE, Dong X. 2004. Systemic acquired resistance. Annual review of phytopathology
42: 185–209.
Evans G, Snyder WC, Wilhelm S. 1966. Inoculum increase of Verticillium wilt fungus in
cotton. Phytopathology 56: 590–594.
Eynck C, Koopmann B, von Tiedemann A. 2009. Identification of Brassica accessions with
enhanced resistance to Verticillium longisporum under controlled and field conditions.
Journal of Plant Diseases and Protection 116: 63–72.
Garcia-Ruiz GM, Trapero C, Rio C, Lopez-Escudero FJ. 2013. Evaluation of resistance of
Spanish olive cultivars to Verticillium dahliae in inoculations conducted in greenhouse.
Phytoparasitica.
Gordon TR, Shaw D V, Larson KA. 2005. Comparative response of strawberries to conidial
root-dip inoculations and infection by soilborne microsclerotia of Verticillium dahliae
Kleb. HortScience 40: 1398–1400.

141

Chapter 6

Grau CR, Nygaard SL, Arny DC, Delwiche PA. 1991. Comparison of methods to evaluate
alfalfa cultivars for reaction to Verticillium albo-atrum. Plant Disease 75: 82–85.
Harris DC, Yang JR. 1996. The relationship between the amount of Verticillium dahliae in
soil and the incidence of strawberry wilt as a basis for disease risk prediction. Plant
Pathology 45: 106–114.
Huisman OC, Ashworth LJ. 1974. Verticillium albo-atrum quantitative isolation of
microsclerotia from field soils: Procedural and substrate improvements. Phytopathology
64: 1159–1163.
Infantino A, Kharrat M, Riccioni L, Coyne CJ, McPhee KE, Grünwald NJ. 2006.
Screening techniques and sources of resistance to root diseases in cool season food
legumes. Euphytica 147: 201–221.
Janick J. 2005. The origins of fruits, fruit growing, and fruit breeding. Plant breeding
reviews 25: 255–321.
Jiménez-Díaz RM, Cirulli M, Bubici G, Jiménez-Gasco MD, Antoniou PP, Tjamos EC.
2012. Verticillium wilt, a major threat to olive production: current status and future
prospects for its management. Plant Disease 96: 304–329.
Jiménez-Díaz RM, Mercado-Blanco J, Olivares-García C, Collado-Romero M, BejaranoAlcázar J, Rodríguez-Jurado D, Giménez-Jaime A, García-Jiménez J, Armengol J.
2006. Genetic and Virulence Diversity in Verticillium dahliae Populations Infecting
Artichoke in Eastern-Central Spain. Phytopathology 96: 288–98.
Jiménez-Díaz RM, Olivares-García C, Landa BB, Del Mar Jiménez-Gasco M, NavasCortés JA. 2011. Region-wide analysis of genetic diversity in Verticillium dahliae
populations infecting olive in Southern Spain and agricultural factors influencing the
distribution and prevalence of vegetative compatibility groups and pathotypes.
Phytopathology 101: 304–315.
Johnson R, Jellis GJ. 1992. Breeding for Disease Resistance. Kluwer Academic Publishers,
Dordrecht, The Netherlands.
Klosterman SJ, Atallah ZK, Vallad GE, Subbarao K V. 2009. Diversity, pathogenicity, and
management of Verticillium species. Annual Review of Phytopathology 47: 39–62.
De la Rosa R, Kiran AI, Barranco D, Leon L. 2006. Seedling vigour as a preselection
criterion for short juvenile period in olive breeding. Australian Journal of Agricultural
Research 57: 477–481.
Leon L, de la Rosa R, Barranco D, Rallo L. 2007. Breeding for early bearing in olive.
HortScience 42: 499–502.
Leon L, Martin LM, Rallo L. 2004a. Repeatability and minimum selection time for fatty
acid composition in olive progenies. HortScience 39: 477–480.
Leon L, Rallo L, Del Rio C, Martin LM. 2004b. Variability and early selection on the
seedling stage for agronomic traits in progenies from olive crosses. Plant Breeding 123:
73–78.

142

Progenies in the field

Levin AG, Lavee S, Tsror L. 2003. Epidemiology of Verticillium dahliae on olive (cv.
Picual) and its effect on yield under saline conditions. Plant Pathology 52: 212–218.
López-Escudero FJ, Blanco-López MA. 2005. Isolation and morphologic characterization of
microsclerotia of Verticillium dahliae isolate from soil. Biotechnology 4: 296–304.
López-Escudero FJ, Blanco-López MA. 2007. Relationship between the inoculum density of
Verticillium dahliae and the progress of Verticillium wilt of olive. Plant Disease 91:
1372–1378.
López-Escudero FJ, Blanco-López MA, Del Río Rincón C, Caballero Reig JM. 2007.
Response of olive cultivars to stem puncture inoculation with a defoliating pathotype of
Verticillium dahliae. HortScience 42: 294–298.
López-Escudero FJ, Mercado-Blanco J. 2011. Verticillium wilt of olive: A case study to
implement an integrated strategy to control a soil-borne pathogen. Plant and Soil 344:
1–50.
López-Escudero FJ, Del Río C, Caballero JM, Blanco-López MA. 2004. Evaluation of
olive cultivars for resistance to Verticillium dahliae. European Journal of Plant
Pathology 110: 79–85.
Martin JM, Bruce MR, Ditterline RL, Mathre DE. 1993. Influence of plant age, disease
incubation time, and host plant resistance on Verticillium wilt symptom expression in
lucerne (Medicago sativa). Euphytica 69: 123–128.
Martos-Moreno C. 2003. Resistencia de cultivares de olivo al aislado defoliante de
Verticillium dahliae Kleb. y reducción de la enfermedad por la infección previa con el
aislado no defoliante. PhD thesis, University of Córdoba (Spanish).
Martos-Moreno C, López-Escudero FJ, Blanco-López MÁ. 2006. Resistance of olive
cultivars to the defoliating pathotype of Verticillium dahliae. HortScience 41: 1313–
1316.
Mercado-Blanco J, Collado-Romero M, Parrilla-Araujo S, Rodríguez-Jurado D,
Jiménez-Díaz RM. 2003a. Quantitative monitoring of colonization of olive genotypes
by Verticillium dahliae pathotypes with real-time polymerase chain reaction.
Physiological and Molecular Plant Pathology 63: 91–105.
Mercado-Blanco J, Rodríguez-Jurado D, Parrilla-Araujo S, Jiménez-Díaz RM. 2003b.
Simultaneous detection of the defoliating and nondefoliating Verticillium dahliae
pathotypes in infected olive plants by duplex, nested polymerase chain reaction. Plant
Disease 87: 1487–1494.
Moral J, Díez CM, León L, la Rosa R, Santos-Antunes F, Barranco D, Rallo L. 2013.
Female genitor effect on the juvenile period of olive seedlings. Scientia Horticulturae
156: 99–105.
Navas-Cortés JA, Landa BB, Mercado-Blanco J, Trapero-Casas JL, Rodríguez-Jurado
D, Jiménez-Díaz RM. 2008. Spatiotemporal analysis of spread of infections by
Verticillium dahliae pathotypes within a high tree density olive orchard in Southern
Spain. Phytopathology 98: 167–180.

143

Chapter 6

Rallo L, Barranco D, Caballero JM, Del Río C, Martín A, Tous J, Trujillo I. 2005.
Variedades de olivo en España. Junta de Andalucía / MAPA / Mundi-Prensa, Madrid.
Rallo P, Jimenez R, Ordovas J, Suarez MP. 2008. Possible early selection of short juvenile
period olive plants based on seedling traits. Australian Journal of Agricultural
Research 59: 933–940.
Resende ML V, Flood J, Cooper RM. 1995. Effect of method of inoculation, inoculum
density and seedling age at inoculation on the expression of resistance of cocoa
(Theobroma cacao L.) to Verticillium dahliae Kleb. Plant Pathology 44: 374–383.
Santos-Antunes F, Leon L, de la Rosa R, Alvarado J, Mohedo A, Trujillo I, Rallo L.
2005. The length of the juvenile period in olive as influenced by vigor of the seedlings
and the precocity of the parents. HortScience 40: 1213–1215.
Smith VL, Rowe RC. 1984. Characteristics and distribution of propagules of Verticillium
dahliae in Ohio potato field soils and assessment of two assay methods. Phytopathology
74: 553–556.
Steventon LA, Happstadius I, Okori P, Dixelius C. 2002. Development of a rapid technique
for the evaluation of the response of Brassica napus to Verticillium wilt. Plant Disease
86: 854–858.
Trapero C, Díez CM, Rallo L, Barranco D, López-Escudero FJ. 2013a. Effective
inoculation methods to screen for resistance to Verticillium wilt in olive. Scientia
Horticulturae 162: 252–259. (Chapter 3).
Trapero C, Muñoz-Díez C, Rallo L, López-Escudero FJ, Barranco D. 2011. Screening
olive progenies for resistance to Verticillium dahliae. Acta Horticulturae 924: 137–140.
(Chapter 4)
Trapero C, Raya-Ortega C, Valverde-Corredor A, Mercado-Blanco J, López-Escudero
FJ. 2012. Comparación de la población de Verticillium dahliae en suelo y en árboles
infectados en plantaciones de olivo. Libro de resúmenes del XVI congreso de la SEF:
301. (Chapter 7.1).
Trapero C, Serrano N, Arquero O, Trapero A, López-Escudero FJ. 2013b. Field
resistance to Verticillium wilt in selected olive cultivars grown in two naturally infested
soils. Plant Disease 97: 668–674. (Chapter 2).
Tsror L. 2011. Epidemiology and control of Verticillium wilt on olive. Israel Journal of
Plant Sciences 59: 59–69.
Wilhelm S, Taylor JB. 1965. Control of Verticillium wilt of olive through natural recovery
and resistance. Phytopathology 55: 310–316.
Zeinanloo A, Shahsavari A, Mohammadi A, Naghavi MR. 2009. Variance component and
heritability of some fruit characters in olive (Olea europaea L.). Scientia Horticulturae
123: 68–72.

144

Progenies in the field

SUPPLEMENTARY FIGURES

a

b

Olive seedlings before being inoculated with Verticillium dahliae (left of the photo), and after
being inoculated, selected for their resistance and forced-grown for several months (right of
the photo) (a). Plantation of the selected resistant genotypes in the field (b, c).
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c

d

Verticillium wilt symptoms in some of the olive genotypes (d, e, f, g).
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7.1
Differences between populations of Verticillium dahliae
isolated from soil and from infected trees in an olive
orchard
ABSTRACT
Verticilium wilt of olive is caused by the fungus Verticillium dahliae. This
disease is nowadays associated with the largest economic losses for olive cultivars.
The importance of the disease is mainly due to the high virulent isolates (defoliating
pathotype) of the pathogen, against which there are currently no cultivar completely
resistant. The objective of this work was the comparison of the virulence between V.
dahliae isolates present in the soil and isolates from olive trees affected by the
disease. The isolates were obtained from an olive orchard located in Utrera (Sevilla,
southern Spain). The orchard was planted in 2009 and the original inoculum density
was 21 propagules per gram of soil. Overall, 120 V. dahliae isolates were obtained
from each source. The pathotype of each isolate in pure fungus cultures was
characterized by performing duplex, nested PCR analysis. While all of the isolates
obtained from trees were from the defoliating pathotype, 5% of the soil isolates
corresponded to the non-defoliating pathotype. These results suggest a possible
selection pressure for defoliating V. dahliae isolates in olive orchards.

This chapter has been adapted from the poster communication:
Trapero C, Raya-Ortega C, Valverde-Corredor A, Mercado-Blanco J, LópezEscudero FJ. 2012. Comparación de la población de Verticillium dahliae en suelo y
en árboles infectados en plantaciones de olivo. Libro de resúmenes del XVI congreso
de la SEF: 301.
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INTRODUCTION
Verticilium wilt of olive (Olea europea L.) is caused by the fungus
Verticillium dahliae Kleb. This disease is nowadays associated with the largest
economic losses for olive cultivars. The importance of the disease is mainly due to
the high virulent isolates (defoliating pathotype) of the pathogen, against which there
are currently no cultivar completely resistant. By 1980, these isolates of the pathogen
in Spain were only located in a narrow area of the lower Guadalquivir valley
(Blanco-López et al., 1989). However, they have spread since then and nowadays
they are found along the whole valley (López-Escudero et al., 2010; Jiménez-Díaz et
al., 2011). The objective of this work was the comparison of the virulence between
V. dahliae isolates present in the soil and isolates from olive trees affected by the
disease. This study was carried out in a field located in Utrera, previously described
in chapters 2 and 5.

MATERIALS AND METHODS
The isolates were obtained from an olive orchard located in Utrera (Sevilla,
southern Spain). The orchard was planted in 2009 and comprises 6 blocks and 500
trees. The original inoculum density was 21 propagules per gram of soil. Overall, 120
V. dahliae isolates were obtained from each source. The pathotype of each isolate in
pure fungus cultures was characterized by performing duplex, nested PCR analysis.
Obtaining soil isolates
The procedure to obtain soil isolates is shown in Figures 1-4. Firstly, samples
of soil were taken (Figure 1). Then, the colonies were obtained by the wet sieving
method using Modified Sodium Polypectate Agar medium (MSPA) (Butterfield and
Devay, 1977; López-Escudero and Blanco-López, 2005) and microesclerotia were
individually transferred to Potato Dextrose Agar (PDA) medium plates. Finally,
isolates obtained were transferred to PDA tubes and stored at 4 ⁰C.
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Figure 1. Sample taking from soil

Figure 2. Verticillium dahliae colony on MSPA
medium

Figure 3. Individual transfer of microesclerotia
to PDA plates

Figure 4. Transfer of mycelium
to PDA

Obtaining tree isolates
As before, the process to get isolates from trees is shown in the following
Figures 5-8. First of all, woody samples were taken from trees showing typical
symptoms of the disease. Samples were washed in running tap water, the bark was
removed, and tissue was surface disinfected in 0.5% sodium hypochlorite for 1 min
(Figure 5). Wood chips were placed on PDA plates and incubated at 24 ⁰C in the
dark for 6 days. Finally, the mycelium was transferred to PDA plates.
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Figure 5. Olive tree affected by Verticillium.
dahliae

Figure 7. Pathogen incubation in PDA plate

Figure 5. Removing bark from woody tissue

Figure 8. Transfer of mycelium to PDA

Storing isolates and characterization of the virulence my molecular analysis
Isolates obtained from both kinds of samples were stored at 4 ⁰C. In order to
characterize the virulence of the isolates, they were analyzed by duplex, nested PCR
analysis with primers specific for non-defoliating and defoliating pathotypes
(Mercado-Blanco et al., 2003).
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Figure 9. V. dahliae isolates stored at 4 ⁰C

Figure 10. Detection of the pathotype by duplex, nested PCR analysis

Data analysis
The Chi-Square test was used to analyze discrete data of frequency of V.
dahliae pathotypes from soil or from olive plants. Analysis was performed using
Statistix 10.0 program (Analytical Software, Tallahassee, FL, USA).

RESULTS AND DISCUSSION
Tree isolates
Molecular analysis of the 120 tree isolates revealed that all of them
corresponded to the defoliating pathotype. They also showed the presence of the PCR
marker pattern type A in all the isolates with the exception of one which showed a
molecular pattern type B (see classification reported in Collado-Romero et al., 2008).
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It is the first time that molecular pattern B is detected in Spain in molecularly
characterized defoliating pathotypes (vegetative compatibility group 1 of V. dahliae).
Conversely, defoliating isolates which infect olive trees in the eastern basin of the
Mediterranean have always reported to correspond to pattern B and never to A
(Collado-Romero et al., 2008).
Soil isolates
Six out of 120 isolates (5%) showed a molecular pattern type C, characterized
because of the presence of non-defoliating PCR marker (Mercado-Blanco et al.,
2003). The rest of the isolates showed the pattern type A (defoliating).
These results emphasize the high prevalence of defoliating pathotype both in
soil and infecting olive trees. The non-defoliating pathotype was detected only in
samples from soil, although at low frequency (5%). However, the difference with the
samples of olive trees (0%) was significant (P = 0.013), suggesting a possible
selection pressure for defoliating V. dahliae isolates in the olive orchard.

CONCLUSIONS
Selection for defoliating V. dahliae isolates is likely existing in the soil of
olive orchards. It might be because their ability for infecting the plants and
colonizing them after the infection. The defoliating pathotype is prevalent in the
analyzed soil from the lower Guadalquivir valley. On the other hand, non-defoliating
isolates have also been detected, but only in the soil and not in trees affected by the
disease.
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7.2
Disease resistance and pathogen colonization of three olive
cultivars differing in susceptibility to Verticillium dahliae
ABSTRACT
The fungus Verticillium dahliae is the causal agent of Verticillium wilt of
olive (Olea europaea), which is nowadays the main disease in most olive-producing
countries. Control of the disease is very difficult to achieve, and the use of resistant
cultivars is currently the most efficient measure. In this study, olive plants of
susceptible cultivars ‘Arbequina’ and ‘Picual’, and the resistant cultivar ‘Frantoio’
were inoculated with a highly virulent isolate (defoliating) of V. dahliae. Disease
severity and amount of pathogen DNA in roots and stems of infected plants were
measured every 2 weeks after inoculation, starting one week after inoculation and
ending at 15 weeks after inoculation. Disease severity was very high in susceptible
cultivars and most of the plants were killed 90 days after inoculation; while almost
no symptoms were scored in the resistant one. The amount of pathogen DNA in the
roots decreased over time from the first week after inoculation, and there were only
slight differences between susceptible and resistant cultivars. Conversely, amount of
pathogen DNA in stems increased over time, especially in susceptible cultivars. The
amount was significantly lower in stems of ‘Frantoio’ compared with stems of
susceptible cultivars. Disease severity and the amount of pathogen DNA in stems
were significantly correlated, although the value of the correlation coefficient was
low (r < 0.6) for all cultivars. Based on these results, it appears that V. dahliae is able
to colonize the roots of all cultivars during the first weeks after the inoculation, but
not to extensively colonize the stem xylem of resistant cultivar, as reported before.
Histological changes related with pathogen resistance are being studied.

This chapter has been adapted from the poster communication:
Trapero C, Romero J, Koopman B, Karlovsky P, von Tiedemann A, Trapero A,
Barranco D, López-Escudero FJ. 2013. Disease resistance and pathogen
colonization of olive cultivars inoculated with Verticillium dahliae. IX International
Verticillium Symposium. Göttingen, Germany.
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INTRODUCTION
The fungus Verticillium dahliae is the causal agent of Verticillium wilt of
olive (Olea europaea), which is nowadays the main disease in most olive-producing
countries. Control of the disease is very difficult to achieve, especially when very
virulent isolates (defoliating pathotype) are present. Thus, the use of resistant
cultivars is currently the most efficient control measure (López-Escudero and
Mercado-Blanco, 2011). The colonization process of V. dahliae in olive plants has
been previously studied by molecular (Mercado-Blanco et al., 2003) and
microscopical (Prieto et al., 2009) analyses, but it is unknown in resistant cultivars
such as ‘Frantoio’. The objective of this work was to study the relationship between
disease symptoms showed by different olive cultivars (especially in the resistant one)
and their colonization carried out by the pathogen, as well as to provide some
insights in the mechanisms of resistance to this pathogen.

MATERIALS AND METHODS
Olive plants of cultivars ‘Picual’ (very susceptible), ‘Arbequina’ (moderately
susceptible) and ‘Frantoio’ (resistant), were inoculated with a highly virulent isolate
(defoliating) of V. dahliae. Amount of pathogen DNA in roots and stems of infected
plants were measured every 2 weeks after inoculation, starting one week after
inoculation and ending at 15 weeks after inoculation. Disease severity was weekly
assessed.
Inoculation of plants
On Figure 1, the process of inoculation is shown. Firstly, a water suspension
of inoculum is prepared and then the roots of the plants are immersed into it.

Figure 1. Inoculation of olive plants with Verticillium dahliae.
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Disease severity assessment
The disease severity was weekly assessed, starting one week after inoculation
and ending at 15 weeks after inoculation. As shown on Figure 2, the range of disease
severity varies between 0 and 4: 0 means that there are no disease symptoms and 4
means dead plant.

Figure 2. Disease severity rating scale (0 – 4).

Root and stem sampling
Samples from root and stems were taken every two weeks, starting one week
after inoculation and ending at 15 weeks after inoculation. They were grounded and
freeze dried before their storage at -80 °C.

Figure 3. Three inoculated and three control plants were used per cultivar.
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Quantitative determination of pathogen DNA in samples
Quantitative PCR was used to determine the amount of pathogen DNA on
samples, as reported in olive by (Mercado-Blanco et al., 2003; Markakis et al.,
2009).

Figure 4. qPCR detection system.

RESULTS AND DISCUSSION
Disease severity was very high in susceptible cultivars and most of the plants
were killed 90 days after inoculation; while almost no symptoms were scored in the
resistant one (‘Frantoio’). The amount of pathogen DNA in the roots decreased over
time from the first week after inoculation, and there were only slight differences
between susceptible and resistant cultivars. The amount of pathogen DNA in stems
increased over time, especially in susceptible cultivars. The amount was significantly
lower in stems of the resistant cultivar compared with stems of the susceptible
cultivars (Figure 5 and Table 1).
Disease severity and the amount of pathogen DNA in stems were significantly
correlated, although the value of the correlation coefficient was low (r < 0.6) for all
cultivars. Based on these results, it appears that V. dahliae is able to colonize the
roots of all cultivars during the first weeks after the inoculation, but not to
extensively colonize the stem xylem of resistant cultivars, as reported before
(Mercado-Blanco et al., 2003).

167

Chapter 7.2

‘Picual’ (susceptible)

‘Arbequina’ (mod.susceptible)

‘Frantoio’ (mod. resistant)

Figure 5. Amount of Verticillium dahliae DNA (ng per g of plant tissue) and disease severity
in the three evaluated cultivars.
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Table 1. Correlation between disease severity and amount of pathogen DNA in stems.
Cultivar

Correlation Coefficient

P value

‘Picual’

0.46

0.037

‘Arbequina’

0.38

0.094

‘Frantoio

0.59

0.05

CONCLUSIONS
Verticillium dahliae is able to colonize the roots of all cultivars during the first
weeks after the inoculation, but not to extensively colonize the stem xylem of the
resistant cultivar ‘Frantoio’. Histological changes related with pathogen resistance
are being studied.
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7.3
Colonization of olive inflorescences by Verticillium dahliae
and its significance on pathogen spread

ABSTRACT
Verticillium wilt of olive, caused by Verticillium dahliae Kleb., is the most
severe disease affecting this crop in most olive growing countries. In this study, the
presence of viable structures of V. dahliae in dried inflorescences from wilted olive
shoots was investigated. The pathogen was found inside peduncles and flowers, by
assessing the number of typical star-shaped microsclerotial colonies formed onto the
Modified Sodium Polipectate Agar (MSPA) medium. Microsclerotia of V. dahliae
were observed inside the peduncles under the stereoscopic microscope. The presence
of microsclerotia in these easily decomposable olive tissues remarks the importance
of infected inflorescences as a source of inoculum for Verticillium wilt epidemics.

This chapter has been published in:
Trapero C, Roca LF, Alcántara E, López-Escudero FJ. 2011. Colonization of
olive inflorescences by Verticillium dahliae and its significance for pathogen spread.
Journal of Phytopathology 159: 638–640.
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INTRODUCTION
Verticillium wilt of olive, caused by Verticillium dahliae Kleb., is a
devastating disease widespread in all olive growing countries, including the
Guadalquivir Valley in Andalucía (southern Spain) (Hiemstra and Harris, 1998;
López-Escudero and Mercado-Blanco, 2011). Recent disease surveys in affected
orchards reveal a mean disease incidence of nearly 20% of trees (López-Escudero
and Mercado-Blanco, 2011). One of the main epidemic factors involved in the
rapidity and extent of the disease is probably the effective spread of the pathogen,
due to several methods: 1) infected planting material; 2) infested soil or plant debris;
3) irrigation water; or 4) cultural practices, such as the use of infested animal manure
as amendment in olive plantations (López-Escudero and Mercado-Blanco, 2011).
Microsclerotia, the survival and infective vegetative structure of the pathogen, are
produced in the senescent or died plant tissues, before being incorporated back into
the soil (Hiemstra, 1998).
Leaf wilting, defoliation and necrosis of immature inflorescences are
characteristic Verticillium wilt of olive symptoms (Blanco-López et al., 1984). While
infected leaves have been probed to be an important inoculum source of the pathogen
(Tjamos and Tsougriani, 1990; Navas-Cortés et al., 2008; López-Escudero and
Mercado-Blanco, 2011), the presence of V. dahliae in olive inflorescences has not
been studied before.
The objective of this research was to determine the presence of Verticillium
dahliae in dried inflorescences of wilted olive trees and its potential as an inoculum
source for pathogen dispersal and infection.

MATERIALS AND METHODS
Fourteen affected olive trees of the susceptible cultivar ‘Picual’ were selected
in five olive orchards in the Guadalquivir Valley (Figure 1A, Table 1). Samples
consisted of several symptomatic shoots bearing dried inflorescences, which were
collected from early summer to fall 2010 (Figure 1B). Infection of trees was
confirmed by isolation of V. dahliae from affected twigs.
From collected necrotic inflorescences, desiccated peduncles and flowers were
separated, weighted and stored in 20 ml flask tubes. The amount of collected tissues
per sample ranged from 0.77 to 3.09 g for peduncles, and from 1.39 to 6.98 g for
flowers (Table 1).
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The potential of both tissues as inoculum source of the pathogen was assessed
using the Modified Sodium Polipectate Agar (MSPA) medium (Butterfield and
Devay, 1977). This medium is currently used for determining the inoculum density of
V. dahliae in soil samples (López-Escudero and Mercado-Blanco, 2011).
Water suspensions of flower and peduncle tissues were prepared in 100 ml
Erlenmeyer flasks, by grinding tissues using a homogenizer (Polytron PT 10/35,
Kinematica, Lucerne, Switzerland). The amount of 70 mg of peduncle or flower
tissue per ml of water was previously estimated as the optimum density for grinding.
One ml aliquots of the suspensions were sown onto the MSPA medium plates, using
10 replicated plates per sample. After 14 days of incubation at 23±2ºC in the dark,
plates were washed to remove residues and the number of typical star-shaped
microsclerotial colonies of V. dahliae formed were counted under a stereoscopic
microscope (Nikon SMZ-2T, Tokyo, Japan) (Figure 1C). The inoculum density in
each sample was estimated by the number of colonies of V. dahliae and expressed as
propagules (microsclerotia) per gram (ppg) of peduncles or flowers.
Microscope slides were prepared from samples of ground tissues from the
peduncle and flower suspensions, and from colonies produced onto MSPA medium.
Images of microsclerotia were taken by the analytical program AnalySIS (Olympus
Soft Imaging Solutions, Münster, Germany), connected to a microscope Nikon
Optiphot-200 trough a video camera Kappa (CF 20/4 DX, K-Vision BV, Huizen, The
Netherlands).

RESULTS AND DISCUSSION
Verticillium dahliae was found in 43% (six of fourteen) of the wilted olive
trees. The pathogen was easily isolated from inflorescences in wilted branches even
170 days after flowering (Table 1). This means that such inflorescences remained
dried at high temperature (> 35ºC) and low moisture (< 40% RH) in the summer.
According to Green (1980), the survival of mycelium and/or conidia in a dried
necrotic plant tissue is expected to be very limited because of these severe weather
conditions. Indeed, presence of V. dahliae microsclerotia was subsequently
demonstrated by the direct microscopic observation of ground tissues of some of the
peduncle samples, which were photographed (Figure 1D). Therefore, V. dahliae is
able to colonize olive peduncles and flowers, and to form microsclerotia in these
tissues.
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Each MSPA (Modified Sodium Polipectate Agar) plate was sown with 1 ml aliquot of a suspension obtained by diluting plant tissue
samples (peduncles or flowers) in sterilized water at a concentration of 70 mg of the tissue per ml. Ten replications (plates) of the MSPA
media were used per sample.
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Inoculum density (ppg of sample)
(Nº) c

Only positive analyses are shown in the table; other additional analyses from eight affected trees did not yield the pathogen.

b

a

Palenciana, Córdoba

Montilla, Córdoba

Arjona, Jaén

Higuera de Arjona, Jaén 1

Orchard
location

Sample weight (g)

Table 1. Inoculum density of Verticillium dahliae in tissues of dried inflorescences of olive trees affected by Verticillium wilt. a
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Figure 1. (a) Desiccation and death of inflorescences in an olive tree affected by Verticillium
dahliae. (b) Detail of necrotic inflorescences in a wilted tree. (c) Microsclerotial colony of V.
dahliae formed onto Modified Sodium Polipectate Agar medium. (d) Microsclerotium of V.
dahliae formed inside a peduncle and observed under the stereoscopic microscope.

Epidemiological consequences of the presence of the pathogen in affected
inflorescences may be similar to those attributed to defoliated leaves (Tjamos and
Tsougriani, 1990). The presence of the pathogen in defoliated leaves from wilted
olive trees has been demonstrated in several studies, as well as the dispersal and
infective potential of this inoculum source (López-Escudero and Mercado-Blanco,
2011). In the present study, V. dahliae microsclerotia was found inside the colonized
inflorescences, with inoculum densities that ranged from 1.4 to 73.5 ppg and from
0.9 to 7.2 ppg, for ground peduncles and flowers, respectively. A single olive tree
can produce more than 20,000 inflorescences with about 500,000 single flowers
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(Lavee, 1986), which would mean a production of 25,000 microsclerotia per severely
wilted olive tree. Although the amount of microsclerotia produced is not negligible,
the most important fact is that wilted inflorescences become a dry and fragile
material, which can be easily powdered and distributed to a short or medium distance
by wind or rain. Thereafter, these residues are likely to decompose rapidly, acting as
a source of inoculum in other areas of the plantation or in nearby plots.
These evidences strengthen the importance of quickly removing infected plant
debris from olive trees affected by Verticillium wilt as a control measure to reduce
incoming inoculum into the soil and to prevent its spread.
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7.4
Occurrence and variability of sexual polyembryony in
olive cultivars
ABSTRACT
The occurrence of spontaneous sexual polyembryony is described and
characterized for cultivated olive. Polyembryonic seeds consisted of two and
eventually, three embryos with a normal endosperm. We screened seeds from 24
olive cultivars and found significant differences in the percentage of polyembryonic
seeds among them. Cultivar ‘Cornicabra’ and, especially, ‘Meski’ yielded the highest
ratio of polyembryonic seeds (1.6 % and 3.0 %, respectively), indicating that
polyembryony is a low-frequent (0.95% of 5287 observed seeds) but cultivardependent feature in olive. Simple sequence repeat markers (SSR) were used to
characterize the nature of the polyembryonic seedlings. DNA profiles indicated that
polyembryonic seedlings in olive have sexual origin because they were identical
between them and distinguishable from the mother genitor. Therefore, polyembryony
in olive is of sexual kind and due to monozygotic cleavage after a regular
fertilization. To our knowledge, this is the first evidence of polyembryony in olive
and its occurrence characterized in a representative number of cultivars.

This chapter has been submitted to the journal “Plant Reproduction”.
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INTRODUCTION
Polyembryony is defined as the development of multiple embryos within the
same seedcoat (Webber, 1940). This phenomenon was discovered by Leeuwenhoek
in 1719 and can be divided into two main types based on the cellular origin of the
embryogenesis: gametophytic and sporophytic. Gametophytic polyembryony includes
apogamety and apospory. Sporophytic polyembryony includes monozygotic cleavage
and nucellar, integumental and endospermal polyembryony. All these forms of
polyembryony except monozygotic cleavage and endospermal polyembryony are
asexual reproduction mechanisms through seeds (apomixis) (Webber, 1940; Batygina
and Vinogradova, 2007).
Polyembryony is a relevant phenomenon in the breeding of some species,
where its occurrence has been reported as relatively frequent. This is the case of
citrus species where most apomictic embryos arise from nucellar tissue and therefore
bear the same genotype as their female genitor. Polyembryony facilitates the
rootstock breeding process (Koltunow et al., 1996; García et al., 1999) and the
generation of disease-free citrus plants (Bruno, 1962; Koltunow, 1996). This
phenomenon is useful for breeding other fruit crop species, such as mango (Knight,
1970; Aron et al., 1998; Sauco et al., 2001). Conversely, polyembryony might also
be a serious drawback for breeding. For instance, apomictic embryos in citrus
seriously hinder the identification of true hybrids, which are the product of crossing
between different cultivars in a breeding program (Oliveira et al., 2002).
To date, polyembryony has not been described in olive (Olea europaea L.).
Olive breeding has been developed over the last several decades (Lavee, 1990;
Bellini et al., 2002; Rallo et al., 2007; Ozdemir et al., 2013). The germination of vast
numbers of seedlings within the olive-breeding program carried out by the University
of Cordoba, Spain, allowed us to observe for first time cases of polyembryony in
olive. This phenomenon might be a possible source of new lines that might be
particularly interesting for breeding and understanding the genetic mechanism ruling
important agronomical characters (Kimber and Riley, 1963).
The goal of this study was to describe and characterize polyembryony in olive
as well as its variability in a representative group of olive cultivars.
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MATERIALS AND METHODS
Plant material and frequency of polyembryony events
Olive seeds were collected from trees grown under homogeneous conditions in
the World Olive Germplasm Bank of Cordoba (WOGBC), located in the IFAPA
research center in Cordoba, Spain. We first screened 100–200 open-pollinated seeds
from 24 different olive cultivars to assess the occurrence of polyembryony and
whether this phenomenon might have a variable frequency among cultivars (Table 1).
Seeds were dissected and individually observed under a stereoscopic microscope
(Nikon SMZ-2T, Nikon Corporation, Tokyo, Japan) to determine the existence of
polyembryonic seeds. In a second experiment, 2313 open-pollinated seeds from the
cultivars in which polyembryony was observed in the previous step were collected
and sown (Table 1). The seeds were stratified in a mixture of peat, coir and perlite
(55:30:15) at 14 ˚C for 30 days and then grown in a greenhouse at 22 ± 5ºC and
continuous light. Polyembryonic seedlings were identified just after germination,
transplanted to 1.5-l pots and grown under the conditions described above.
To compare differences in the frequency of polyembryony events between the
24 evaluated cultivars (Table 1), these events were analyzed by Pearson's Chisquared nonparametric test at P = 0.05, considering the observed and expected
frequencies of polyembryonic seeds in each cultivar. Statistical analyses were
performed using the program Statistix 10.0 (Analytical Software, Tallahassee, USA)
and taking into account the total number of seeds evaluated in the first and second
experiment (5287 seeds in total).
Genotyping the polyembryonic seedlings
With the main goal of determining the sexual or asexual nature of the
polyembryonic seedlings, we analyzed 35 olive seedlings from 17 polyembryonic
seeds with six outstanding SSR markers previously used in the characterization of
olive germplasm (Haouane et al., 2011; Díez et al., 2012; Trujillo et al., 2013). SSR
markers have been successfully used to distinguish apomictic and sexual embryos in
other fruit species, such as citrus (Oliveira et al., 2002; Aleza et al., 2010) and
almond (Martínez-Gómez and Gradziel, 2003).
Total genomic DNA was extracted from completely developed leaves using
the CTAB method proposed by (Murray and Thompson, 1980) with the modifications
described by de la Rosa et al. (2002). DNA quality and quantification were assessed
by electrophoresis on 0.8% (w/v) agarose gels. Subsequently, the samples were
genotyped using six SSR markers: ssrOeUA-DCA03, ssrOeUA-DCA09, ssrOeUADCA11, ssrOeUA-DCA16 and ssrOeUA-DCA18 (Sefc et al., 2000), and UDO99-043
(Cipriani et al., 2002). The SSR amplification was performed in a total volume of
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20µl, containing 2ng of genomic DNA, 1X supplied PCR buffer (Biotools, Spain),
200µM of each dNTP (Roche), 0.25 units of Taq DNA polymerase (Biotools, Spain)
and 0.2 µM of forward (fluorescently labeled) and reverse primers. The PCR
reactions were carried out on a thermal cycler (Perkin-Elmer-9600) using the
following program: denaturation at 94ºC for 5 min, 35 cycles of 94ºC for 20 s, 50ºC
for 30 s and 72ºC for 30 s, and a final extension at 72ºC for 7 min. Detection of
amplification products was carried out with an automated sequencer ABI 3130
Genetic Analyzer (Applied 181 Biosystems/HITACHI) using the internal standard
GeneScan 400 HD-Rox. Two cultivars, ‘Arbequina’ and ‘Frantoio’, were used as
controls in all runs.

RESULTS AND DISCUSSION
Polyembryony was observed for first time in olive when germinating a large
number of progenies within the framework of an olive-breeding program. This
phenomenon was described in eight out of the 24 screened olive cultivars. The
polyembryony frequency was low but highly dependent on the cultivar. This cultivar
specificity is in agreement with other fruit species in which polyembryony is also a
genetically regulated character (Aron et al., 1998; Batygina and Vinogradova, 2007;
Kishore et al., 2012). The percentages of polyembryonic seeds ranged between 3.0%
observed for the cultivar ‘Meski’ and 0.5% shown by ‘Empeltre’ and ‘Lechin de
Sevilla’ (Table 1). Given the general low frequency of polyembryonic events and
despite the dissection of 100-200 seeds per cultivar, we cannot discard the
occurrence of polyembryony in the cultivars in which it was not found. Cultivars
‘Meski’ and ‘Cornicabra’ yielded significantly more polyembryonic seeds than the
other cultivars according to the Chi-square test at P = 0.05 (Table 1). Thus, we
highlight these cultivars as the most interesting for future studies about
polyembryony in olive.
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Table 1. Number of dissected and polyembryonic seeds (%) for the olive cultivars in which
polyembryony was detected. Polyembryony was observed only in eight out of 24-screened
olive cultivars. a
Polyembryonic seeds (%) b

Cultivar

Dissected seeds

‘Meski’

644

3.0*

1343

1.6*

‘Cornicabra’
‘Zaity’

200

1.0

‘Changlot Real’

629

0.6

‘Gordal Sevillana’

172

0.6

‘Manzanilla de Almería’

181

0.6

‘Empeltre’

206

0.5

‘Lechín de Sevilla’

200

0.5

a

Cultivars in which polyembryony was not found (in between 100 and 200 seeds observed per
cultivar): ‘Arbequina’, ‘Blanqueta’, ‘Carolea’, ‘Cornezuelo de Jaén’, ‘Frantoio’, ‘Gemlik’,
‘Hojiblanca’, ‘Jabaluna’, ‘Koroneiki’, ‘Lechín de Sevilla’, ‘Manzanilla de Sevilla’,
‘Memecik’, ‘Morisca’, ‘Picual’, ‘Racimal’, ‘Sevillenca’, ‘Villalonga’.
b

Values followed by an asterisk correspond to cultivars whose % of polyembryonic seeds was
significantly higher than the mean of all cultivars, according to Chi-Square test at P = 0.05.

The majority of the polyembryonic seeds consisted of two embryos (duplet),
with one of them typically surrounding the other (Figure 1). The seeds had a regular
endosperm covered by a common seedcoat. Only one polyembryonic seed had three
embryos (triplet). The biomass partitioning was similar among the embryos in most
of the polyembryonic seeds, but occasionally a great proportion of the embryo
biomass was exhibited by one of them (Figure 1). This partition of biomass is similar
to what occurs in almond (Martínez-Gómez and Gradziel, 2003). In contrast, in
Citrus species, an unequal biomass distribution of the embryos is the most usual
situation (Kishore et al., 2012).
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Figure 1. Olive embryos from polyembryonic seeds. The distribution of size between the outer
(1) and the inner (2) embryo was found to be similar (a) and different (b).

When both embryos showed equivalent biomass their germination and
development were generally similar to those of a regular monoembryonic seedling
(Figure 2a). Conversely, when the embryos showed an unequal size, one of them
exhibited abnormal development and a low growth rate (Figure 2b). Despite their
abnormal size, some of these seedlings were viable, achieving a regular size after the
first weeks after germination.

Figure 2. Polyembryonic olive seedlings emerging from the same seed. Seedlings germinated
from similar (a) and different (b) embryo sizes.
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We applied SSR markers to determine the sexual or asexual origin of the
polyembryonic seedlings in olive. To do so, we genotyped 35 polyembryonic
seedlings (16 duplets and 1 triplet) using six SSR markers, achieving a robust result:
seedlings from polyembryonic seeds were genetically identical and distinguishable
from their mother genotype. The six SSR markers were amplified correctly using all
the seedlings, with most of them heterozygous for all the markers. This pervasive
heterozygosity discards the possibility of having haploid genotypes among our
polyembryonic seedlings; however, the possibility of aneuploidy cannot be
completely ruled out. Aneuploidy was reported in almond, being particularly frequent
in polyembryonic seedlings with unequal biomass (Martínez-Gómez and Gradziel,
2003). Flow cytometry or karyotype analyses would be required to assess this
possibility in olive because our six SSR markers do not cover the 46 olive
chromosomes. Aneuploid genotypes might be especially interesting to determine the
location, effects and interactions of the genes present on the absent chromosome.
However, aneuploidy usually has harmful consequences that make the survival of the
seedlings impossible.
According to our findings, the polyembryony observed in olive is sexual,
resulting from monozygotic cleavage after a normal fertilization. This type of
polyembryony, which leads to what often is called “twin embryos”, occurs when the
original zygote splits into multiple genetically identical embryos (Batygina and
Vinogradova, 2007). This phenomenon has been reported in other tree species, such
as almond (Martínez-Gómez and Gradziel, 2003), Citrus (Aleza et al., 2010) or
Araucaria species (Agapito-Tenfen et al., 2012).
The occurrence of “twin embryos” and the possibility of finding aneuploidy in
olive can be useful for genetic and breeding studies. However, the low frequency of
polyembryony events imposes the screening of a large number of progenies even in
cultivars particularly prone to exhibit this phenomenon, such as ‘Meski’ or
‘Cornicabra’.
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Verticillium wilt is the main disease affecting olive nowadays in southern
Spain and many other regions where this crop is grown. In this work, it has been
demonstrated that Verticillium wilt is a serious threat in olive orchards established on
soils moderately or heavily infested with the V. dahliae defoliating pathotype. In
Spain and especially in the southern region, the widespread distribution of
defoliating isolates (Bejarano-Alcazar et al., 1996; López-Escudero et al., 2010;
Jiménez-Díaz et al., 2011) and the extensive growing of the susceptible cultivars
‘Picual’ for oil and ‘Manzanilla de Sevilla’ for table olives (Barranco, 2010), are
probably the main reasons explaining why Verticillium wilt of olive is nowadays
such a serious problem. Results of the present research strongly support these factors.
The evaluation in two different soils infested by V. dahliae allowed
establishing the resistance level of the most commercially important cultivars which
are grown in Spain. The levels of resistance/susceptibility generally confirmed the
results previously obtained via artificial inoculation under controlled conditions
(López-Escudero et al., 2004, 2007; Martos-Moreno et al., 2006; Markakis et al.,
2009), although they also showed some differences. The most noticeable example of
these differences is the higher resistance level of ‘Arbequina’ in field conditions
compared with artificial inoculations, as had been previously reported (JiménezCórdoba and Pastor-Muñoz-Cobo, 1992). The high inoculum density typically used
in artificial inoculations probably overcomes the resistance level that this cultivar
shows in the field.
The more severe and faster development of the disease observed in the highly
infested field by Microsclerotia (MS) of the pathogen (21 MS/g of soil) than in the
moderately infested one (5 MS/g of soil) agrees with previous research conducted in
olive in the field (López-Escudero and Blanco-López, 2007), and also in other
species (Bejarano-Alcazar et al., 1995; Xiao and Subbarao, 1998). In the heavily
infested Utrera orchard, every affected tree belonging to a susceptible cultivar was
killed or severely damaged by the pathogen in less than two years after planting.
Thus, the evaluation of olive germplasm (cultivars, rootstocks or genotypes from
breeding programs) in fields highly infested with V. dahliae sounds as a more
accurate -but slower- alternative to the evaluation under controlled conditions.
Cultivar ‘Picual’ has demonstrated its suitability as a susceptible check for this
purpose. ‘Cornicabra’, which was even more susceptible than ‘Picual’, would be a
more suitable susceptible check in soils low or moderately infested by the pathogen.
Although ‘Changlot Real’, ‘Empeltre’ and ‘Frantoio’ were the most resistant
cultivars and can be useful in areas with low or moderate pathogen levels in the soil,
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they did not exhibit completely resistance reaction, especially in the highly infested
soil. Thus, their use in heavily infested soils should be carefully considered. Because
‘Changlot Real’ in particular but also ‘Empeltre’ and ‘Frantoio’ have acceptable
agronomic characteristics (Rallo et al., 2005; Barranco, 2010), they are currently the
best choice for new olive plantings in V. dahliae-infested soils. Cultivars
‘Arbequina’, ‘Koroneiki’ and ‘Sevillenca’ are also suitable for soils with a low
inoculum density. The results obtained in this chapter were crucial to design the
genitors and crosses between them to implement in the olive breeding program for
Verticillium wilt resistance.
The highly virulence observed in Utrera field was also supported by the
molecular characterization (Mercado-Blanco et al., 2003b) of affected plants and soil
samples, which demonstrated that 95% of soil isolates corresponded to the
defoliating pathotype. The prevalence of a single pathotype in a given orchard has
been reported as the most usual situation in olive orchards infested by V. dahliae
(Jiménez-Díaz et al., 2011). Besides, 100% of the isolates detected in the plant were
corresponded to the defoliating isolates, which indicate that there is a positive
selection pressure towards highly virulent (defoliating) isolates of the fungus.
In the same way, the infection and colonization of olive inflorescences by V.
dahliae, particularly in susceptible cultivars is likely contributing to the selection and
spread of the defoliating isolates. The consequences of the presence of the pathogen
in affected inflorescences may be similar to those attributed to defoliated leaves
(Tjamos and Botseas, 1987). Conversely, wilted inflorescences become a dry and
fragile material, which can be easily decomposed and rapidly act as a source of
inoculum in short distances.
Prior to this study, the evaluation of olive material for resistance to V. dahliae
has always involved the evaluation of large plants (López-Escudero et al., 2004;
Martos-Moreno et al., 2006; Antoniou et al., 2008; Cirulli et al., 2008; Erten and
Yildiz, 2011), and particularly more than one year old plants in the few cases where
olive seedlings from sexual reproduction were evaluated (Wilhelm and Taylor, 1965;
Colella et al., 2008). In the present study, it was demonstrated that both root dipping
and stem injection are effective inoculation methods to evaluate a great number of
young olive seedlings for resistance to Verticillium wilt under controlled conditions.
Additionally these methods save labor, space and economic resources. The fact none
of the inoculated seedlings grew for several weeks after the inoculation in the
different experiments carried out supports the efficacy of this method. It is therefore
likely that no inoculated plant escaped from systemic infection, which is consistent
with previous studies in self-rooted olive plants (López-Escudero et al., 2004; Cirulli
et al., 2008; Markakis et al., 2009).
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The root-dip inoculation was shown to be the most reliable and effective
method to screen for V. dahliae resistance. The stem injection of seedlings was
quicker than root dipping and it may also be suitable in experiments particularly
requiring quickness or low cost, but disease severity was less than that obtained with
the root-dipping method, as reported for self-rooted olive plants (López-Escudero et
al., 2007; Cirulli et al., 2008).
Both evaluation environment and plant age are important factors in evaluating
olive seedlings for resistance to V. dahliae. The growth chamber provided the
optimum temperature for Verticillium wilt development, as reported for the in vitro
growth of V. dahliae defoliating isolates (Soesanto and Termorshuizen, 2001; Xu et
al., 2012). It is the best environment for selecting highly resistant genotypes, but the
selection pressure applied may be too high for selecting moderately resistant
genotypes within susceptible progenies.
Disease developed faster also in seedlings, particularly when they were very
young, than in self-rooted older plants (López-Escudero et al., 2004; Cirulli et al.,
2008). It may be due to several sources of variation such as genetic or morphological
differences. The size of the plant may play a particularly important role since the
process in which the pathogen reaches the upper portion of the plant and induce
foliar symptoms likely occurs faster in very small plants than in 6-month-old ones
(Mercado-Blanco et al., 2003a; Prieto et al., 2009).
According to many authors, the success of a breeding program for disease
resistance falls on the methods employed for the inoculation, evaluation and selection
of genotypes within the host population (Johnson and Jellis, 1992; Robinson, 1996).
The inoculation of young seedlings has been successfully used for finding resistance
to Verticillium wilt in other woody crops, such as Acer platanoides (Chambers and
Harris, 1997; Hiemstra and Van Holsteijn, 2000), apricot (Taylor and Flentje, 1968),
avocado (Pinkas and Kariv, 1981), cocoa (Resende et al., 1995) and pistachio (Raabe
and Wilhelm, 1978; Ashworth, 1984; Morgan et al., 1992). Thus, inoculation of
young seedlings by stem injection, but specially by root dipping, may also have a
great potential to breed for Verticillium wilt resistance in olive.
The effectiveness of these methods was confirmed when olive genotypes
selected for their resistance after the screening procedure in the seedling stage were
planted and evaluated in a highly infested soil. Genotypes selected by either root dip
or stem injection performed in a more resistant way than did genotypes which were
not selected for resistance to the disease. However, a longer evaluation period will be
necessary in order to ascertain that the observed effect is not due to a resistance
induced by the inoculation treatment in the seedling stage (Martos-Moreno, 2003;
Durrant and Dong, 2004). It is clear that genotypes have to be evaluated for
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resistance in field conditions in order to check and accurately establish its resistance
level.
Disease incidence is often used as an accurate parameter to assess the
resistance to Verticillium wilt and to identify resistant genotypes in annual crops
(Eynck et al., 2009; Hayes et al., 2011). Conversely, tree crops such as olive need
much more space and time to be evaluated and thus a lower number of replications is
used per cultivar. Besides, only one replication per genotype is available in the first
steps of fruit tree breeding programs. Because of these reasons, disease incidence
(and subsequently, mortality) does not seem to be an accurate parameter for assessing
Verticillium wilt resistance both in field and controlled screening studies. On the
other hand, final severity and RAUDPC were usually correlated and were the best
parameters to differentiate the reactions of olive genotypes to the disease. While final
severity is much faster to calculate because it requires only one symptom assessment,
RAUDPC is more accurate and allows detecting more differences, despite it is more
time-consuming as it is requires a weekly evaluation of symptoms.
The resistance in olive progenies was studied firstly in a preliminary work and
afterwards in a wider research. During all the experiments which compose this work,
6497 genotypes belonging to 56 progenies have been individually evaluated for their
Verticillium wilt resistance. As a main result, 1006 genotypes were selected due to
their remarkable resistance.
Both environmental and genetic variability explains the different responses to
the disease observed in experiments carried out in different years. Genetic variability
is particularly important in open pollinated progenies because every year there is
variability in the pollination and therefore in the identity and proportions of the male
genitors (Mookerjee et al., 2005; Diaz et al., 2006). Resistant genotypes were
selected even from the most susceptible progenies and parents. Moreover, the
resistance level of these genotypes was confirmed after a two-year assessment in a
soil highly infested with Verticillium dahliae, as discussed above. Transgressive
segregation (Robinson, 1996) may explain this presence of genotypes with more
resistance than both of their genitors. The inheritance of the resistance to
Verticillium wilt has also reported to perform in a transgressive way in other crops
such as alfalfa (Vandemark et al., 2006), cotton (Bolek et al., 2005), pepper (Palloix
et al., 1990) or spinach (Villarroel-Zeballos et al., 2012). This phenomenon might
allows obtaining resistant genotypes from virtually any genetic source available,
which eases the combination of resistance to V. dahliae with other desirable
agronomical traits.
However, trying to get a highly resistant genotype which also has positive
agronomic traits (e.g. high yield and oil content) from a susceptible progeny might be
a difficult task, as a huge amount of genotypes should be screened for resistance in
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the seedling stage in order to obtain a considerable number of resistant genotypes to
test in the field. Besides, susceptible progenies will likely provide genotypes with a
moderate resistance to V. dahliae, but not exceptionally resistant ones, which are
more likely to be obtained from progenies with a higher mean resistance. The need to
screen large amounts of genotypes have been also reported in Acer platanoides
(Hiemstra and Van Holsteijn, 2000) and pistachio (Ashworth, 1984) breeding
programs for Verticillium wilt resistance.
‘Changlot Real’, ‘Empeltre’ and ‘Frantoio’ are currently the most resistant
olive cultivars to V. dahliae (López-Escudero et al., 2004; Martos-Moreno et al.,
2006), but they transmitted the resistance to their progeny in a different way.
Regardless to their level of resistance, ‘Changlot Real’, ‘Empeltre’ and the rest of
cultivars, with the exception of ‘Frantoio’ and ‘Koroneiki’, yielded progenies in
which the mean susceptibility level to the disease was high. On the other hand,
‘Frantoio’ transmitted in all the trials a high level of resistance to its seedlings
working either as female or male genitor, which was also observed by Wilhelm and
Taylor (1965) under field conditions. ‘Koroneiki’ is a moderately resistant cultivar
(Markakis et al., 2009) and also transmitted some disease resistance, but in a lower
level than ‘Frantoio’. The inter-incompatibility between the four indicated cultivars
(Rodríguez-Castillo et al., 2009) difficulties finding an explanation for the
differential transmission of the resistance, although it is discussed below.
Open pollination therefore arises as a suitable way to breed for V. dahliae
resistance in olive when crosses between the desired cultivars are not available,
although the paternal genitor is unknown (Diaz et al., 2007). However, the
development of new procedures to rapidly and effectively cross genotypes, as well as
the understanding of the nature of olive incompatibility mechanisms and
combinations seems necessary for an effective breeding of resistant genotypes in the
future.
According to the apparent transgressive patterns of inheritance and to the lack
of complete resistance; resistance to Verticillium wilt in olive is likely to be under
polygenic control. Conversely, the differential inheritance of the resistance
performed by the three most resistant olive cultivars might indicate that it is not such
a simple question and there could be present several situations: a) there are different
allelic or even gene configurations that might lead to resistant genotypes; b) some
genes might have major role in the resistance; c) these two non-exclusive options
might lead to genotype-specific resistant configurations. New experiments which
deep in the resistance to V. dahliae of additional genitors and combinations between
them will probably yield more insights about the next steps to take to breed new
olive genotypes resistant to Verticillium wilt. Therefore, while a totally resistant
olive genotype might never be obtained, genotypes performing a resistant level
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similar o higher than ‘Frantoio’, but having improved agronomic traits, are likely to
be bred in the next years.
Many of the experiments in this work have arisen to a common question: are
the resistant genotypes suitable to use them as rootstocks? In Chapter 5, the finding
of resistant genotypes among the wild olives and wild Olea species reinforces their
value for the breeding of resistant rootstocks (Colella et al., 2008; Bubici and Cirulli,
2012; Klepo et al., 2013). On the other hand, the fact that probably no seedling
inoculated by root dip was free of the infection supports the efficacy of this method
as discussed above, but it also has two important breeding implications: 1) it suggests
that complete resistance to Verticillium wilt in olive might be difficult to achieve
since all the inoculated plants were somehow affected by the pathogen; and 2) it also
emphasizes the need of further research before using these putative resistant
seedlings as rootstocks since little is known about the possible transmission of the
fungi to the grafted cultivar.
The use of resistant rootstocks to control Verticillium wilt disease has been
successfully adopted in avocado (Barchilon et al., 1986) and pistachio (Schnathorst,
1988; Epstein et al., 2004). In olive, it has been demonstrated that a susceptible scion
grafted on the resistant ‘Frantoio’ perform the same resistant as the self-rooted
‘Frantoio’ in controlled (Porras Soriano et al., 2003; Bubici and Cirulli, 2012) and
field conditions (Hartmann et al., 1971; Barranco and Trujillo, 2000). However, in
the present study ‘Frantoio’ did not exhibit complete resistance when it was planted
in a soil that was heavily infested with V. dahliae. Additionally, this cultivar together
with ‘Changlot Real’ and ‘Empeltre’ were colonized by V. dahliae despite not
showing disease symptoms. When ‘Picual’ was grafted on ‘Frantoio’, the latter one
was not able to prevent the fungus reaching to the scion and therefore both rootstock
and scion were infected by the fungus (C. Trapero, data not shown). Thus, currently
and until additional information is known, the use of resistant genotypes as
rootstocks to control the disease should be taken carefully.
Differences in susceptibility to V. dahliae of olive cultivars have been
previously related to pathogen colonization of infected plants (Mercado-Blanco et
al., 2003; Prieto et al., 2009). In this study, both the susceptible and the most
resistant cultivar, ‘Frantoio’, were infected and colonized by V. dahliae in artificial
inoculations. However, the intensity of the colonization by measuring the amount of
pathogen DNA in plant tissues directly depended on cultivar susceptibility; so that
the pathogen was not able to extensively colonize the stem of ‘Frantoio’, as occurred
for a resistant wild olive genotype evaluated by Mercado-Blanco et al. (2003).
Interestingly, the amount of pathogen in root and stem tissues greatly varied over
time, decreasing in roots and increasing in stems for all cultivars. These results also

200

General discussion

pose a warning on the potential use of olive rootstocks resistant to control
Verticillium wilt.
Polyembryony was observed in olive seeds and seedlings during the
development of the breeding program. The frequency and nature of this phenomenon
was studied due to its possible source of new genotypes (e.g. haploids) interesting for
breeding programs. As in the case of Citrus sp. (Kishore et al., 2012) or mango
(Aron et al., 1998), polyembryony in olive is cultivar specific. It is of sexual kind
and generated by monozygotic cleavage after a regular fertilization, and therefore has
no immediate application in olive breeding.
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Conclusions
‐

Field experiments have confirmed that currently there are not olive cultivars
having a complete resistance to Verticillium wilt caused by Verticillium
dahliae. However, ‘Changlot Real’, ‘Empeltre’ and ‘Frantoio’ are up to date
the most resistant ones and their use can greatly help to control the disease.
‘Arbequina’, ‘Koroneiki’ and ‘Sevillenca’ also have some resistance which
is for interest to soils with a low or moderate level of infestation by the
pathogen. (Chapter 2)

‐

Field evaluation in soils with known inoculum densities of Verticillium
dahliae is necessary to accurately assign a resistance level to a given olive
genotype. (Chapter 2)

‐

Planting cultivars susceptible to Verticillium wilt must be avoided in soils
highly infested with the pathogen, as they can be wiped out by the pathogen
in less than two years after the plantation. (Chapter 2)

‐

The inoculation of young seedlings (40 days old) by root dipping is a fast,
effective and reliable method to screen a large number of olive genotypes for
Verticillium dahliae resistance. It also saves labor, space and economic
resources in comparison to the assessment of larger plants. (Chapter 3)

‐

Stem injection inoculation is also suitable to screen for Verticillium dahliae
resistance, particularly in experiments requiring speed or low cost.
According to the field performance of the genotypes selected by this method,
its effectiveness is very similar to root dipping of seedlings. Genotypes
selected by both methods require several years of evaluation in the field in
order to confirm their resistance (Chapters 3 and 6)

‐

Final severity, and especially the Relative Area Under the Disease Progress
Curve (RAUDPC), are the best parameters to accurately assess the resistance
of olive genotypes to Verticillium wilt, either under controlled or field
conditions. (Chapters 2, 3, 4, 5 and 6)

‐

The resistant cultivar ‘Frantoio’ transmitted a high level of resistance to its
seedlings working either as female or male genitor. Cultivars ‘Changlot
Real’ and ‘Empeltre’, despite having the same level of resistance as
‘Frantoio’, transmitted a low resistance level to their progenies, as the rest of

Conclusions

olive cultivars evaluated did. Progenies from ‘Koroneiki’ showed an
intermediate response. (Chapters 4 and 5)
‐

Verticillium wilt of olive is likely to be under polygenic control, although
some evidences suggest that major genes may also be involved. Resistant
genotypes could be selected from susceptible cultivars and from progenies in
which most of the genotypes were highly susceptible. Due to this polygenic
control, a fully resistant olive genotype might be difficult to obtain.
However, genotypes performing a resistant level similar or higher than
‘Frantoio’, but having improved agronomic traits, are likely to be bred in the
next years. (Chapter 5)

‐

Resistant genotypes were selected from some wild olive and Olea spp.
progenies, especially from Olea exasperata. Additional screening of wild
accessions is convenient in order to find possible resistant rootstocks.
However, the use of resistant genotypes as rootstocks to control the disease
is still under study and therefore must be considered carefully. (Chapter 5)

(Conclusions from additional studies):
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‐

The prevalence of the defoliating pathotype of Verticillium dahliae in soils
located in the lower Guadalquivir valley. Selection for defoliating isolates
likely exists in the soil of olive orchards, probably due to their ability for
infecting and colonizing the plants. (Chapter 7.1)

‐

Susceptibility to Verticillium wilt in olive cultivars ‘Arbequina’, ‘Frantoio’
and ‘Picual’ was correlated to the internal colonization of plant tissues.
However, the amount of pathogen in root and stem tissues greatly varied
over time, decreasing in roots and increasing in stems. (Chapter 7.2)

‐

Olive inflorescences can be infected and colonized by Verticillium dahliae,
especially in susceptible cultivars. Wilted inflorescences become a dry and
fragile material which decomposes rapidly and consequently can contribute
to the spread of the pathogen to short distances. (Chapter 7.3)

‐

Polyembryony in olive occurs in a very low frequency which depends on the
cultivar. It is of sexual kind and due to monozygotic cleavage after a regular
fertilization. Therefore, although it does not have direct applications, the
possibility of funding aneuploidy in olive can be useful for genetic and
breeding studies. (Chapter 7.4)
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