Chapter 13
Olive

Luciana Baldoni and Angjelina Belaj

13.1 Introduction
13.1.1 Overall Importance of the Crop and Production Areas

The olive (Olea europaea L.), grown on over 8 million hectares, is the second
most important oil fruit tree crop worldwide after oil palm and its cultivation is
traditionally concentrated in the Mediterranean area. The total olive oil pro-
duction for the 2006-2007 season was 2,859,500 tons (International Olive Oil
Council (IOOC) data). Southern European countries account for about 74.9%
of the world production, with Spain being the main producer (38.7%), followed
by Italy (21%) and Greece (12.9%). Other important olive oil producers are
Turkey, Tunisia and Syria (17.1%) as well as Jordan, Morocco and Algeria.

Seventy percent of the olive oil produced globally is consumed in the Med-
iterranean area, but its demand is rapidly increasing in other countries. For
example, the consumption of olive oil in the USA grew from 88,000 tons in 1990
to 251,000 tons in 2007, in Japan from 4,000 to 31,000, and in Australia from
13,500 to 40,000 tons (I0OC data).

13.1.2 Major Problems of Olive Cultivation

The income from olive production is quite low due to the low mean production
per unit area of about 2 t/ha of olives, the low content of oil rarely exceeding
24% of fresh weight (depending on variety, agro-climatic conditions and
extraction method) and the high costs of cultivation. Fruit production starts
3-5 years after planting, and olive orchards can survive almost indefinitely due
to the longevity of the species. However, alternate bearing and the costs of
cultivating old trees generally force the reduction of the lifetime of olive orch-
ards to no more than 50-60 years. In order to minimize the costs of production,
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new models of cultivation have been developed based on the complete mechan-
ization of harvesting and pruning, the most time-consuming steps in oil
production.

The olive is a long-living evergreen tree that grows up to 15 m at maturity. Its
life span is typically longer than 500 years, and trees older than 2,000 years are
still under cultivation in numerous regions (Fig. 13.1). Flowers are generally
hermaphroditic and wind pollinated, and most cultivars are self-incompatible.

The olive fruit is a drupe (Fig. 13.2) and, in contrast to other oil crops,
the oil accumulates in the mesocarp, and only 3-4% of the oil is derived

Fig. 13.1 Ancient olive still under cultivation in Apulia (Italy). Olive trees may survive
for thousands of years and many of them can be found along the entire Mediterranean
area of cultivation. Plants like this represent the most ancient cultivated living plants of the
world
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Fig. 13.2 Green olive drupes; at ripening the colour will turn to reddish or black

from the seed. The best olive oils are extracted from olives harvested at the
green-turning-to-black stage of ripeness; they have to be immediately milled to
minimize oxidation and enzymatic reactions.

13.1.3 Types of Olive Oil and Characteristics

Virgin olive oil is mechanically extracted by pressing or centrifuging crushed
fruits without any chemical treatment. Main component of olive oil triglycer-
ides is the mono-unsaturated oleic acid (18:1), which represents 57-80% of total
fatty acids, followed by linoleic (18:2) (7-19%), linolenic (18:3) (0.6-0.8%),
palmitic (16:0) and stearic (18:0) acids (Salas et al. 2000).

Due to the mechanical processing, virgin olive oil represents a fresh-squeezed
fruit juice containing, other than triglycerides, a vast range of microconstituents
(more than 230 compounds) including phenolics, tocopherols, aliphatic and
triterpenic alcohols, sterols (and their precursor squalene), hydrocarbons and
volatile compounds, representing up to 20% of the fresh olives and about 2% of
virgin olive oil (Obied et al. 2008). The phenolic compounds of olive and virgin
olive oil show a peculiar composition that can not be found in any other
vegetable oil. They include different types of hydrophilic phenols, such as
secoiridoids, lignans, flavonoids, phenolic alcohols, and phenolic acids. Secoir-
idoids are the most important class of phenolics and they arise from simple
structures, like tyrosol and hydroxytyrosol, to quantitatively more important,
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conjugated forms, like oleuropein and ligstroside (Servili et al. 2004). The pro-
tective activity of olive oil on the prevention of a variety of tumors and important
chronic and degenerative diseases may be credited to these minor constituents
unique to virgin olive oil. There is extensive background demonstrating the
effectiveness of olive oil and some of its compounds on human health.

Oleuropein, exclusively present in olive and in a few other related taxa, is a
non-toxic secoiridoid known to exhibit several biological properties, many of
which may result from their antioxidant and free radical scavenger activity. A
number of observations elevate oleuropein from a non-toxic antioxidant into a
potent anti-tumor agent with direct effects against tumor cells (Hamdi and
Castellon 2005; Giamarellos-Bourboulis et al. 2006). Beauchamp et al. (2005)
have recently identified oleocanthal (deacetoxy ligstroside aglycon), a com-
pound present in newly pressed extra-virgin olive oils that was shown to be a
3—4 times more potent inhibitor of Cox-1 and Cox-2 than ibuprofen, a potent
modulator of inflammation and analgesia (Galli 2006). Squalene is a triterpene
containing six isoprene units and representing a key intermediate in the biosyn-
thetic pathway to steroids in plants and animals. It has been demonstrated to
protect against skin cancer (Newmark 1999). Minor compounds are also respon-
sible for the organoleptic qualities, taste and flavor of extra virgin olive oils,
which may distinguish oils originating from different regions.

As defined by the European Union Council Reg. (EC) 1513/2001, there are
additional categories of olive oils: Refined oil is obtained from low quality virgin
olive oil after chemical and physical refining treatments, which lead to removal
of contaminants or degraded compounds. Olive oil consists of a blend of refined
and virgin olive oil. Finally, olive-pomace oil is obtained by treating olive
pomace with solvents.

Within the category of virgin olive oil the extra virgin is far more valuable than
most other vegetable oils, due to the low percentage of free fatty acidity (<0.8%)
and the superior taste, but its production is costly and time consuming. For this
reason adulteration is very common, mainly represented by blending premium
extra virgin olive oil with seed oils or cheap olive oil. In order to reduce frauds,
valorize excellence and defend the origin of best products, a number of regula-
tions and standards have been defined by the International Olive Oil Council and
by the Codex Alimentarius Commission. Moreover, the European Union has
established the option of a protected designation of origin (EU Commission Reg.
(EC) 1898/2006) for olive oils of important regional and traditional origins.

The quality of extra virgin olive oils strongly depends on the cultivar of
origin, which affects the content of specific polyphenols and aromatic com-
pounds controlling taste and flavour of the oil. Agro-climatic factors, harvest-
ing time and oil extraction technologies may have a negative effect on the olive
oil quality, altering the fatty acid and phenolic composition.

DNA fingerprinting is a powerful aid for the identification of olive oil
provenance, and fingerprinting methods have been applied to trace the varietal
origin of batches of olive oil (Muzzalupo et al. 2007; Busconi et al. 2003; Breton
et al. 2004; Pasqualone et al. 2004; Testolin and Lain 2005).
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13.1.4 Ancient and Recent History of Olive Cultivation

Olives have been extensively cultivated along the Mediterranean basin since
3000 BC and have had an enormous impact on the economy, history, culture,
and environment of the area. Ancient Greeks and Romans considered olive oil a
sacred substance and used it as food, medicine, soap, fuel for lamps and as base
for perfumes. There are a great number of archaeological remains showing the
cultivation, extraction, commerce, and consumption of olive oil from the main
civilizations along the Mediterranean region.

The first evidence for olive cultivation is seen during the Minoan age, when
olives were cultivated on the island of Crete (3000—1500 BC). They were then
cultivated by the Egyptians (2000 BC) and grown in an almost specialized form.
In 1000 BC olive started to be cultivated in Palestine and, between the ninth and
eighth centuries BC, olive growing was seen in Greece and in North African
coasts surrounding the Mediterranean Sea, where it was introduced by the
Phoenicians. Thanks to the Phoenician and Greek shipping routes, olive trees
reached the coasts of Sicily and Spain, where they were widely diffused in the
fifth century BC. Between the sixth and fourth century BC their cultivation was
established in many regions of Italy and Spain by the Romans. By the first
century AD, olives were a cash crop for the Romans, who imported oil from the
most remote colonies of the empire, mainly Spain and North Africa. Olive
cultivation declined during the Medieval age but increased again after the 15th
century, up to the present extension of cultivated area in the Mediterranean
(Mastrangelo 1982).

After several unsuccessful attempts to introduce olive cultivation in Central
and North America during the 18th century, olive production has recently
started in new countries such as Argentina, Chile, Mexico, USA (California),
New Zealand, Australia, and South Africa, that now represent 1.4% of world
olive production.

13.2 Origin and Domestication

The poor historical documentation on cultivar pedigrees and the fragmented
information available on olive paleobotany have failed to provide definitive
conclusions on the origin of the cultivated olive, but numerous hypotheses are
currently under evaluation. Palynological, anthropological, and archeological
evidence (Watts et al. 1996; Carrion and Dupré 1996) have demonstrated the
presence of sporadic forms of olive during the last glaciation (18000 BC) in the
western and eastern Mediterranean regions.

Oleasters have been directly exploited for oil extraction since 4500—4300 BC as
evidenced by archaeological and paleobotanical findings from Spain (Terral et al.
2004; Rodriguez-Ariza and Montes Moya 2005). Some studies on olive domes-
tication have asserted that cultivars moved westward with human migrations
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(Besnard et al. 2001a; Belaj et al. 2002). Other recent evidence has pointed out
that the domestication process started simultaneously at both ends of the
Mediterranean (Lumaret et al. 2004; Breton et al. 2006). Analyses of archae-
ological charcoal and olive stones have effectively dated domestication to the
end of the Bronze Age in the north-western Mediterranean area (Terral 2000;
Terral et al. 2004; Rodriguez-Ariza and Montes Moya 2005).

The first cultivars were probably selected from trees bearing large fruits and/or
high oil content and were vegetatively propagated, either via cutting or grafting
onto indigenous oleasters. However, considering the long life of olive plants, there
has been relatively little selection and probably only a few generations separate the
presently cultivated forms from their progenitors (Liphschitz et al. 1991).

Taking into account recent results obtained by molecular analysis of sets of
wild olives and cultivars from different Mediterranean regions, it has been
assumed that olive trees have undergone different selection/domestication pro-
cesses in different regions. The contribution of local wild plants to the develop-
ment of varieties has been demonstrated only in restricted arcas where wild
olives, very ancient cultivated trees, and local varieties shared a large portion of
variability. In other areas of the western Mediterranean, in contrast, the clear
distinction between oleasters and cultivars has confirmed that local cultivars
did not develop from local oleasters but were introduced from abroad and
propagated by grafting onto local oleasters (Baldoni et al. 2006).

13.3 Varietal Groups
13.3.1 Cultivated Olive Germplasm

Olive germplasm has not suffered significant genetic erosion, maintaining
almost intact its entire variability, given that turnover with new genotypes has
not occurred, and that the species has great longevity and a good capacity to
survive without cultivation. Thus, more then 1,200 varieties are still under
cultivation, 79 national and international collections hold about 4,200 geno-
types and more than 5,300 cultivar names are recognized (Bartolini et al. 1998).
Over two thirds of cultivars are present in the southern European countries (538
in Italy, 183 in Spain, 88 in France, 52 in Greece and 45 in Turkey) (Bartolini
et al. 1998), and many other local varieties and ecotypes contribute to the
richness of the olive germplasm. Olive represents, therefore, an unusual case
among horticultural crops and its germplasm could constitute a particularly
rich source of variability to be used directly or for future breeding.

Olive cultivars can be considered as varieties of unknown origin, most of
them originating from empirical selections made by growers from naturally
cross-bred genotypes over many centuries and propagated by cutting or graft-
ing. Evidence for multilocal selection of most cultivars has been repeatedly
demonstrated (Besnard et al. 2001b; Rotondi et al. 2003).
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The genetic diversity of cultivated populations shows a complex patchy
pattern (Baldoni et al. 2006; Owen et al. 2005). Few cultivars are dispersed
over widespread areas, whereas the majority of varicties are highly localized.
Cultivars may either have a non-autochthonous origin or have been derived by
selection from local oleasters (Lumaret et al. 2004; Breton et al. 20006).

Up to now, identification of each variety has been delayed by confusion
about the names given to each genotype, the low intervarietal genetic distances,
the intra-cultivar variability and the putative presence of asymptomatic viruses
that may affect the plant phenotype.

13.3.2 Cultivar Classification

The geographical distribution of olive cultivars and their economical importance
are considered the main criteria for their classification. According to this system,
Barranco and Rallo (2000) divided olive cultivars into four categories: main,
secondary, dispersed and local. Main cultivars are those which account for either
a large portion of the acreage or predominate in one or more olive districts.
Secondary cultivars are not predominant in any district but form the basic cultivars
of some orchards. Dispersed and local cultivars are isolated trees in various or
single districts, respectively. The agronomical performance of main cultivars has
been widely evaluated, while for most of the others information is unavailable.

13.3.3 Identification of Olive Cultivars

Until recently, the variability of O. europaea germplasm has been reported with
respect to morphological descriptors. Understanding the amount and distribu-
tion of genetic variability among cultivars by means of molecular markers has
been the main goal for most of research on olive trees.

Various types of molecular markers have been widely applied over the last
decade, particularly in investigations aiming at studying the variability of olive
cultivars and at developing tools to determine their origin and detecting frauds on
olive oil varietal composition (Hess et al. 2000; Rallo et al. 2000; Sefc et al. 2000;
Guerin et al. 2002; Owen et al. 2005; Montemurro et al. 2005; Vargas and Kadereit
2001; Carriero et al. 2002; Cipriani et al. 2002; Bandelj et al. 2002; Sarri et al. 2006).

Isozymes were the first molecular markers used (Trujillo et al. 1995). Since
then, cultivar identification has been based on DNA markers such as RAPDs
using different protocols (Mekuria et al. 1999; Belaj et al. 2002; Gemas et al.
2000; Sanz-Cortés et al. 2001; Gonzalo-Claros et al. 2000). AFLP data are
available on a wide number of cultivars (Angiolillo et al. 1999; Baldoni et al.
2000; Sanz-Cortés et al. 2003; Sensi et al. 2003; Owen et al. 2005), ISSRs
(Pasqualone et al. 2001; Vargas and Kadereit 2001) have also been used and
SCAR markers have been developed from RAPDs (Hernandez et al. 2001).
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To date, very few SNP markers have been identified in olive. Based on the
sequence of candidate genes and their frequency along coding sequences, it has
been estimated that there is one SNP in every 190 base pairs (Reale et al. 2006;
Consolandi et al. 2007).

For cultivar characterization simple sequence repeats (SSRs) have become
the most popular kind of marker (Sefc et al. 2000; Rallo et al. 2000; Carriero
et al. 2002; Cipriani et al. 2002; De la Rosa et al. 2002; Diaz et al. 2006a; Sabino
Gil et al. 2006), and it has been demonstrated that only three SSR markers are
able to distinguish more than a hundred olive genotypes (Sarri et al. 2006). In a
recent paper a set of the most effective SSR markers has been selected and
proposed for varietal characterization (Baldoni et al. 2009).

DNA markers used to identify olive cultivars have also been applied for
DNA tracking of olive oils to test their varietal composition (Breton et al. 2004;
Pasqualone et al. 2004; Pafundo et al. 2005; Testolin and Lain 2005; Doveri
et al. 2006; Muzzalupo et al. 2007; Consolandi et al. 2008).

13.4 Genetic Resources
13.4.1 Taxonomy and Distribution of Olea europaea

The genus Olea belongs to the Oleaceae family, sub-family Oleideae. The genus
includes two sub-genera: Olea and Paniculatae, the former is divided into
sections Olea and Ligustroides. According to recent revisions of Olea europaea
taxonomy, the species includes six sub-species based on morphology and geo-
graphical distribution (Green and Wickens 1989; Green 2002):

— subsp. europaea, represented by two botanical varieties: cultivated olive
(var. europaea) and wild olive (var. sylvestris), both present throughout
the whole Mediterranean basin;

— subsp. cuspidata, distributed along south Asia, on the Arabian peninsula,
and throughout east and south Africa;

— subsp. laperrinei, restricted to the Sahara region;

— subsp. maroccana, present in Morocco;

— subsp. cerasiformis, typical of Madeira island;

— subsp. guanchica, restricted to the Canary Islands.

Wild and cultivated olives are diploid (2n = 2x = 46), predominantly allo-
gamous and their genome size is about 1,800 Mb (Loureiro et al. 2007; Besnard
et al. 2008).

13.4.2 Natural Diversity of Olive

The geographic distribution of variability within the Olea genus and the
genetic relationships among the wild (oleasters) and cultivated olives have
been studied using various molecular methods (Angiolillo et al. 1999;
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Besnard et al. 2002a,b; Lumaret et al. 2004; Baldoni et al. 2006; Breton
et al. 2006; Belaj et al. 2007; Rubio de Casas et al. 2006).

The wild relatives of cultivated species exhibit traits such as biotic stress
resistances, adaptation to extreme environmental conditions, plant vigour and
architecture, which could be utilized in olive breeding. Model plant genetic
systems and the molecular genetic resources that are currently available are
greatly enhancing our ability to identify adaptive or stress-responsive genetic
determinants. But natural diversity is still an underexploited sustainable
resource for olive that could enrich the genetic basis of cultivated plants with
novel alleles to improve both productivity and adaptation.

The potential value of wild olive trees and related species as a source of
agronomically interesting traits has never been evaluated, thus severely
restricting the ability of breeders to develop new genotypes by introgres-
sion of superior alleles into cultivated varieties. Oleasters growing under
the drought-salt-heat complex conditions and ultra-millennially aged olive
trees surviving in adverse environments have only occasionally been sub-
mitted to phenotypic evaluation, and there is a lack of serious prospecting
surveys to characterize wild olive populations (Mulas et al. 2004; Belaj
et al. 2007).

Up to now, most work has concentrated on evaluating the distribution of
variability between cultivated and wild olives and on establishing the genetic
relationships among the different O. europaea subspecies that are distributed
beyond the Mediterranean area.

13.4.3 Wild Olives

Wild olive (Olea europaea subsp. europaea var. sylvestris), also known as
oleaster, has colonized diverse environments along the Mediterranean basin,
characterised by semi-arid climatic conditions with different altitudes, vegeta-
tive communities and soils, including those with extreme levels of drought, low
temperatures and salinity (Baldoni et al. 2006). Wild plants occur in the same
areas as domesticated olive, in the maquis and in uncultivated sites, and show
some morphological differences from cultivars, such as a bushy plant shape and
small fruit size (Terral and Arnold-Simard 1996).

The contribution of oleasters to the evolution of cultivated olive is still ques-
tionable, and a widely debated problem relates to the distinction between real
oleasters and feral plants derived from the natural dissemination of cultivars. In
fact, both forms occur in the same ecological sites and their appearance is very
similar. Different criteria have been proposed to clearly distinguish the two forms
based on geo-ecological parameters (Lumaret et al. 2004) or on molecular
markers (Baldoni et al. 2006; Breton et al. 20006). It is believed that oleasters
have originated in the eastern Mediterranean, and that wild olives present in the
western Mediterranean basin could be feral (Besnard et al. 2002b).
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In previous studies performed through the analysis of chloroplast, mito-
chondrial, and nuclear DNA polymorphisms, it has been shown that eastern
and western Mediterranean oleaster populations are strongly differentiated
from one another (Besnard et al. 2001b, 2002b; Lumaret et al. 2004).

It has been hypothesized that humans could have brought eastern-specific
chlorotypes to the west, probably bringing plant material (or olive fruits) from
the eastern to western Mediterranean (Besnard et al. 2002b). The linkage
disequilibrium between widely-spread chlorotypes and nuclear markers char-
acteristic to eastern oleasters can be explained by the common origin of these
polymorphisms in a wild population from the east. These results support the
hypothesis that western oleasters could be feral forms as a result of an eastern
introduction and a gene flow from olive groves towards wild populations.

Studies carried out by the use of allozyme markers (Lumaret et al. 2004) have
pointed out the genetic evidence that genuine oleasters still survive locally in the
west Mediterranean, as shown by west-specific alleles found in wild olives
collected in forests potentially containing genuinely wild forms according
to environmental, historical, and demographic criteria. Western popula-
tions are more closely related to the wild populations of the Canary
Islands. Populations of wild olive seem to be restricted to a few isolated
areas of the native Mediterranean forests, where pollen and stones may be
wind/bird-distributed.

Other studies, performed on oleaster populations of restricted areas on both
sides of the Mediterranean pointed out significant differences between east and
west areas (Rubio de Casas et al. 2006). The highest genetic diversity was found
at the extreme western side of Mediterranean and in the Balearic islands.
Additionally, long-lasting isolation of the northern populations of the Iberian
Peninsula appears to be responsible for a significant divergence. Gene flow
estimates demonstrated that genetic material seems to be exchanged frequently
among populations in accordance with the predominant outcrossing between
wild and cultivated individuals. Birds eating olives (Rey and Alcantara 2000)
may enable long distance dispersal and make exchange of migrants common
even between distant regions. Pollen circulation can also occur over long dis-
tances, enhancing lineage admixture.

The cline of genetic diversity revealed by chloroplast and SSR markers was
explained by oleaster re-colonization of the Mediterranean basin from refugees
after the last glacial event, located in both eastern and western regions (Breton
et al. 2006). Based on different population analysis methods, it has been shown
that oleasters are equally present in the eastern and the western Mediterranean,
and that they are native and not derived from cultivars. It is also likely that gene
flow has occurred in oleasters mediated by cultivars spread by human migration
or through trade and animals.

The evaluation of olive differentiation at a microscale regional level has
shown more complex results (Baldoni et al. 2006). Levels of interpopulation
genetic variance between wild olive populations present in distant islands and
highly differentiated from mainland oleasters, which only partially represent
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real wild olives, were very low, even if the populations were clearly distinguish-
able from those of other areas. Other wild olives represent feral plants, spread in
the same uncultivated areas where real oleasters still survive. The low level of
differentiation among wild plants of distant isolated regions is difficult to
explain for natural populations. Factors that may be considered include a
common ancestral genetic pool, a lack of differential selective pressure and a
reduced number of divergent generations between the different populations,
likely representing refugial relics of the same population.

13.4.4 Related Subspecies

Analyses performed on rDNA, cpDNA, and mtDNA polymorphisms have
characterized three distinct main clades: O. europaea — O. laperrinei —
0. maroccana — O. cerasiformis (= europaea phylum) of the Mediterranean
region, Sahara and northwest Africa, O. cuspidata — O. chrysophylla (= cuspi-
data phylum) of Asia, and O. africana (= africana phylum) for east and south
Africa (Besnard and Bervillé 2002; Besnard et al. 2002a,b).

AFLP analyses showed that subsp. laperrinei and maroccana, from north-
west Africa, showed a high similarity with the Mediterranean cultivated and
wild olive and a clear distinction of the Australian taxa from those of east Africa
and Asia, which clustered together (Angiolillo et al. 1999).

The phylogenetic relationships between the Olea europaea subspecies and
other related taxa were assessed by nucleotide variation in non-coding cpDNA
regions and by cpDNA RFLPs, distinguishing four groups: the taxa of north-
west Africa and Mediterranean region (including the cultivated olive), the
0. europaea forms from southeast Africa, those from Asia, and finally Olea
capensis and O. lancea, both belonging to a distinct subgenus Ligustroides
(Baldoni et al. 2002; Lumaret et al. 2000).

Two tandemly repeated sequences isolated by Katsiotis et al. (1998) localized
on the chromosomes by in situ hybridization are present in oleasters and in subsp.
chrysophylla and africana, but are absent in other genera of the Oleaceae family.

13.5 Major Breeding Achievements

Despite the pressure to improve productivity and agronomic performance of
olive cultivars and in spite of the economic importance of the crop, there have
been few efforts to produce new olive cultivars.

Exploration of phenotypic variability in agronomic characters has led to the
identification of valuable clones within numerous olive cultivars of various
Mediterranean countries (Suarez et al. 1990; Lavee et al. 1995; Bartolini et al.
2002; Grati-Kammoun et al. 2002). However, in spite of the significant efforts
made towards clonal selection, very few clones have shown outstanding per-
formance (Loussert and Berrichi 1995; Tous et al. 1998).
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Very few studies have addressed the selection of clonal rootstocks. Prelimin-
ary work addressed the influence of rootstocks on scion performance. Clonal
rootstocks have been selected with high rooting ability and the capacity to
control scion vigour (Baldoni and Fontanazza 1990). Other selected rootstocks
can control scion vigour and resistance to frost injury (Pannelli et al. 2002). The
use of cvs. Souri, Muhasan and Barnea as rootstocks under dry conditions did
not show any significant effect on tree vigour, shape and fruit production after
ten years from planting (Lavee and Schachtel 1999).

Similarly to clonal selection, the use of induced mutagenesis has not been
encouraging, and so far has succeeded in producing of only a compact mutant
of the cv. Ascolana Tenera (Roselli and Donini 1982).

The evaluation of minor local cultivars has recently been exploited to iden-
tify individuals highly adapted to extreme environmental conditions (Pannelli
et al. 2003; Rotondi et al. 2003).

The long generation time of olives has severely hindered both classical
breeding and genetic studies (Leon et al. 2004a; Santos-Antunes et al. 2005).
But now the development of new protocols to force seedling growth has made it
possible to greatly reduce the length of the juvenile phase, even if the evaluation
of the agronomic performance of mature plants still requires at least five years
of experimentation (Santos-Antunes et al. 2005). Furthermore, the genetic
control of major traits under selection is still unknown (De la Rosa et al.
2003). Tree vigour, leaf size, and fruit shape seem to be controlled by major
genes showing dominance (Bellini et al. 2002a), while the inheritance of other
characters such as fruit size, flowering intensity, fruit set, ripening time, and
yield remains uncertain (Bellini et al. 2002a; Parlati et al. 1994).

In spite of these drawbacks, various classical breeding programs, performed
by intervarietal crossing have been reported from different countries such as
Turkey (Arsel and Cirik 1994), Morocco, Spain (Rallo 1995; Ledn et al. 2004a,
2007), Tunisia (Trigui 1996), Israel (Lavee et al. 1999, 2003), Greece (Pritsa
et al. 2003), Italy (Fontanazza et al. 1998; Bellini et al. 2002b) and Iran. In
Australia, the University of Adelaide has recently established a breeding pro-
gram to select for quality oil production in feral olive populations derived from
natural dissemination of cultivars previously introduced in Australia and well
adapted to that environment (Sedgley 2004). In any case, at present, the
procedures of selection are still in progress and very few new genotypes have
arisen from these breeding programmes.

Maalot, a new cultivar resistant to Spilocaea oleagina, has been selected from a
selfed F; progeny of a semi resistant seedling probably of cv. Chemlali (Lavee
etal. 1999). From seedling populations obtained by unknown parents, two other
cultivars were selected, ‘Barnea’ with vigorous and upright growth and ‘Kadesh’
as a table olive (Lavee 1978; Lavee et al. 1986). The new cultivar ‘Askal’, a hybrid
from the cross ‘Barnea’ x ‘Manzanillo’, was selected for its adaptation and good
performance in high-density olive orchards (Lavee et al. 2003).

Three new olive cultivars (‘Arno’, “Tevere’ and ‘Basento’) were released from
the progeny of the cross ‘Picholine x Manzanillo’ (Bellini et al. 2002b) and their
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performance is still under evaluation. The new cultivar ‘Fs 17" was selected
among seedlings obtained from free pollination of the Italian olive cultivar
‘Frantoio’ (Fontanazza et al. 1998).

Very recently, the new cultivar ‘Chiquitita’, derived from a cross between
‘Picual’ and ‘Arbequina’, was obtained in a Spanish cross-breeding program.
This new cultivar is characterized by early bearing, high oil content and high
yield efficiency, while its low vigour, compact canopy and pendulous branches
make it very suitable for high density orchards (Rallo et al. 2008).

In the same olive breeding program, preliminary results obtained from a com-
parative trial of the first 15 selections (Leon et al. 2007) indicated that some early
bearing genotypes could be released as new cultivars. Additionally, some selections
have shown a low vigour and could be kept for high-density hedgerow orchards.

13.6 Current Goals of Breeding

The primary goals in olive breeding are directed towards overcoming current
limiting factors for production. These include: shortening the unproductive
period, increasing fruit number and size, increasing oil content and quality
(fatty acid composition, phenol content, etc.), reduction of alternate bearing,
dwarfing or modifying tree architecture to facilitate mechanical pruning and
harvesting, improving resistance to pests, in particular olive fruit fly, Bactrocera
oleae, and diseases such as leaf peacock spot, caused by Spilocaea oleagina,
Verticillium wilt, Verticillium dahliae and olive knot, Pseudomonas savastanoi.
Other important objectives are to improve cold tolerance to allow cultivation in
colder areas and to promote self-fertility in order to reduce reliance on
pollinators.

Tree architecture and vigour are particularly important because the height of
the trees prevents mechanical harvesting and pruning, thereby increasing the
costs of cultivation.

Although olive is considered a species adapted to semi-arid climates, its
productivity is strongly reduced under dry conditions, and thus there is great
interest in developing new drought-tolerant cultivars as well as those that can
thrive on saline and heavy soils.

Rootstock selection is focused on the ability to control scion vigour, to
improve the resistance to pathogens, mainly Verticillium, and to abiotic stresses,
namely water stress.

13.7 Breeding Methods and Techniques
13.7.1 Classical Breeding

Main steps for olive breeding are: (i) establishing the inventory of the existent
varieties and determining their agronomic value, and (ii) breeding by hybridi-
sation and selection. The first point has received particular attention and is
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under way in various Mediterranean countries. The second step has been
initiated in Spain and in a few other countries.

13.7.2 Clonal Selection

Clonal selection aims at uncovering valuable genotypes within a variety. Most
selection programs in olive have so far relied on clonal selection and are based
on the assumption that natural mutations generating any positive alteration in
traits of agronomic interest may occur in long-living plants, in which they may
be maintained by vegetative propagation (Rallo 1995; Belaj et al. 2004). Pro-
specting surveys to identify outstanding trees within a variety, either for agro-
nomical or technological characters, are the first steps for clonal selection.
Vegetatively propagated progenies of these individuals are then tested in com-
parative trials. Individuals performing better than standard samples of the
corresponding cultivar for specific characteristics are selected and their vegeta-
tively propagated clones represent the new clonal selections. The selected
individuals most commonly retain the original cultivar name and acquire an
identifying clone code. Most of the reported works on clonal selection in olive
have followed this methodology, but most of them have stopped at the first step.
This method of selection has demonstrated a low efficiency, and only a few
selected clones have gained commercial relevance and have been propagated by
the nursery industry (Loussert and Berrichi 1995; Tous et al. 1998).

13.7.3 Sanitary Selection

Systemic pathogens, such as viruses and phytoplasms, are sources of variation in
vegetatively propagated plants. The application of molecular diagnostic techni-
ques (such as RT-PCR) has allowed to detect the presence of different viruses
(Faggioli et al. 2005) which may be symptomless but affecting plant morphology.
Little information on the incidence of these diseases on agronomic characteristics
is available and has given contradictory results (Clara et al. 1997; Martelli 1998;
Bartolini et al. 1998). For that reason in the last years the sanitary selection, i.e.
original plant material free from systemic pathogens, has become a technique of
olive selection (Bottalico et al. 2004).

13.7.4 Breeding by Intervarietal Crossing

The adequate choice of parents is of great importance for the achievement of the
objectives of a breeding program. Thus, a detailed knowledge of cultivars’
identity and of their agronomic performance as well as the amount and dis-
tribution of their genetic variability is crucial to broaden the genetic base of new
cultivars (Belaj et al. 2004; Leon et al. 2004a).

In olive breeding, the length of the juvenile period has traditionally been one
of the main drawbacks. Under normal conditions olive seedlings begin to set
fruits 15-20 years after germination (Santos-Antunes et al. 2005). This may
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explain the various attempts by olive breeders to study the juvenile period and
to develop protocols to shorten it (Lavee et al. 1996; Santos-Antunes et al. 2005;
De la Rosa et al. 2006).

The protocols under use to perform intervarietal crosses in the olive consist of
adding pollen of the paternal variety to bagged branches of the maternal parent,
chosen among self-sterile cultivars (Lavee 1990; Fontanazza and Baldoni 1990;
De la Rosa et al. 2004). Fruits are collected at ripening and, after removing the
endocarp, seeds are germinated under controlled temperature and humidity.
Plantlets are grown in a greenhouse under continuous light until they reach a
minimum height, then they are moved to the field where they undergo the
procedures of agronomic evaluation and selection of outstanding genotypes.
After the pre-selection phase, plants are vegetatively propagated and compared
in experimental trials for the final selection (Lavee et al. 1999; Le6n et al. 2004b;
Santos-Antunes et al. 2005; Leon et al. 2007).

An alternative way to overcome the problems of the long juvenile period is the
selection of early bearing genotypes (Pritsa et al. 2003; De la Rosa et al. 2006).
The relationships between seedling phenotypes and their agronomic behaviour at
the mature phase are also very important. The initial results of a comparative trial
of some genotypes under selection indicate that seedlings with a short juvenile
period also show a short unproductive period when vegetatively propagated
(Leon et al. 2007). It has also been demonstrated that there is a strong correlation
between the resistance to Spilocaea oleagina of seedlings and that of adult plants
(De la Rosa et al. 2006; Lavee et al. 1999; Leon et al. 2007).

The first evaluations of olive progenies have shown wide ranges of variation
for all evaluated characteristics (Lavee et al. 1999; Leon et al. 2004a,b). Sig-
nificant correlations have been observed among many traits. The most relevant
correlations were found between oil content and oleic acid concentration, which
was negatively correlated with palmitic, palmitoleic and linoleic acid percen-
tages (Leon et al. 2004b).

Up to now, crossing programs have been performed only between cultivars,
but the use of wild olives in future crosses should introduce useful variability, as
wild genotypes may contain characteristics rare or absent in cultivated olive
germplasm. So far, only one case of an interspecific cross has been reported
using Olea chrysophylla Lam (Lavee 1990).

At the moment, olive breeding programs using intervarietal or interspecific
crosses are mainly carried out in Spain, Israel and Australia.

13.7.5 Marker Assisted Breeding

The very preliminary works performed on olive genomics are far from producing
effective results toward the selection of new cultivars by the use of molecular
tools. For that reason and considering the lack of knowledge on the real useful
variability already present in the cultivated and wild olive germplasm, attention
has been focused in the last ten years on the evaluation of such germplasm.



412 L. Baldoni and A. Belaj

As far as the use of molecular markers in olive breeding programs, a SCAR
marker was proved to be linked to leaf peacock spot tolerance, as reported by
Mekuria et al. (2001). Recently SSR markers have proved to be useful for
paternity testing in olive progenies (De la Rosa et al. 2004; Diaz et al. 2006a;
Mookerjee et al. 2005) as well as for the study of parental cross compatibility
(Diaz et al. 2006b). These studies have evidenced the high frequency of con-
tamination with undesirable pollen in seedlings (Santos-Antunes et al. 2005;
Ledn et al. 2004b). SSR markers have also proved to be useful for unequivocally
identifying selections from a breeding program (Diaz et al. 2007).

One of the major contributions of molecular markers in breeding is the con-
struction of genetic maps and the detection of QTLs. The first mapping population
in olive consisted of a progeny derived from the cross between two highly hetero-
zygous cultivars, Leccino and Dolce Agogia. Dolce Agogia is resistant to the most
important olive pathogens such as Spilocaca oleagina and Verticillium dahliae
(Bartolini et al. 1998; Gonzales-Lamothe et al. 2002), whereas Leccino is suscep-
tible or medium tolerant to these biotic stresses. The linkage map was based on
dominant (RAPDs and AFLPs) along with a small number of codominant
markers (RFLPs and SSRs, De la Rosa et al. 2003). The Leccino map covered
2,765 cM and included 249 markers, falling into 22 major and 17 minor linkage
groups (the latter each involving less than four markers). The Dolce Agogia map
was of similar length (2,445 cM) and included 236 markers arranged in 27 major
and three minor linkage groups. Besides, a candidate gene for stearoyl-ACP
desaturase, which is a key enzyme for the conversion of 18:0 stearic acid to 18:1
oleic acid, the main component of olive oil was mapped on a linkage group of cv.
Leccino (De la Rosa et al. 2003). At present, with the aim to construct a reference
linkage map, this first map is being completed by a wider use of codominant
markers such as SSRs and SNPs.

A second linkage map was constructed by Wu et al. (2004) based on RAPDs,
SCARs and SSRs, exploiting the progeny of a cross between the cultivars
Frantoio and Kalamata. The greater use of codominant markers allowed the
integration of the two parental maps to generate 15 linkage groups covering
101 loci and 879 ¢cM with a mean inter-marker distance of 10.2 cM.

At present, no further olive genetic mapping data is available, no QTLs have
been detected, and neither is there any detailed analysis known on genome
organization.

13.8 Integration of New Biotechnologies in Breeding Programmes

The very long generation time of olive has delayed the recovery of superior olive
cultivars through conventional breeding. Genetic transformation represents a
powerful alternative technique for accelerating the development of superior
cultivars. For the introduction of genes controlling specific traits via transge-
netics, many studies have been performed in the 1980s through 2000 in order to
develop the biotechnological tools necessary to transform and regenerate olive
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plants. But the restrictions from the European legislation and the public con-
cern about the use of genetically modified plants, especially for traditional
products such as olive oil, have dramatically decreased investigation on such
topic during the recent years.

Here, the goals and main achievements obtained on the different aspects of
olive genetic transformation will be summarized. Most importantly, olive
transformation research has to address the identification and evaluation of
genes and specific promoters for useful traits and the development of efficient
protocols for regeneration from cell and tissue cultures of elite cultivars. Many
potentially useful genes have been isolated from different species which could be
introduced into olive separately or in combination. However, genetic transfor-
mation also requires the development of genotype-independent procedures
based on the transformation of meristematic cells with high regeneration
potential and/or the use of regeneration-promoting genes.

13.8.1 Organogenesis and Regeneration

Organogenesis represents a first step to somatic embryogenesis, as adventitious
buds developing from explants of micropropagated plantlets may generate
embryogenic cultures.

Shoot organogenesis and complete plants from mature phase explants of
important cultivars have been achieved by Mencuccini and Rugini (1993), and
thereafter applied routinely with minor modifications on the media and regen-
eration conditions. New rooting has been induced by inoculating the basal part
of in vitro microcuttings with Agrobacterium rhizogenes. The application of
putrescine increased rooting rate and basal callus formation (Rugini 1992).

Significant progress has also been achieved on the improvement of regeneration
systems, in particular by somatic embryogenesis. Somatic embryos have been induced
from immature zygotic embryos of various cultivars (Leva et al. 1995), from cotyle-
dons of mature zygotic embryos (Pritsa and Voyiatzis 1999) and from seeds using
radicle segments as explants. Somatic embryogenesis from tissues of elite olive
cultivars has been difficult to achieve and has been reported only for two cultivars,
‘Canino’ and ‘Moraiolo’ (Rugini and Caricato 1995). Secondary somatic embryos
originate from the epidermis or from the first sub-epidermal layer of embryos, mainly
from their basal part. A limited number of cells of the primary explant seems to be
involved in the formation of embryo’s primordia (Benelli et al. 2001).

13.8.2 Genetic Manipulation

Olive explants have been transformed by the use of Agrobacterium rhizogenes
through microprojectile-mediated DNA delivery on sporophytic explants or
zygotic embryos (Mencuccini and Rugini 1993). Even if transgenic callus has
been produced from leaf petioles of in vitro growing shoots, somatic embryos
represent the most suitable tissue for transformation, because they may con-
tinuously develop secondary embryos (Rugini et al. 2000).
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Genes used for transformation of olive were mainly ro/ genes of A4. rhizogenes T-
DNA cloned in 4. tumefaciens LBA4404. Transformation with the entire T-DNA
of A. rhizogenes may increase rooting efficiency, but only chimeric plants have been
obtained (Rugini 1992). The ro/ABC genes allow morphological plant character-
istics to be modified, but somatic embryos and plants have been obtained only
from cv. Canino (Rugini et al. 1999), whereas in all other cases no regeneration has
been obtained. Transformation with the osmotin gene increases defence against
fungal pathogens, and olive transgenes have been regenerated and evaluated in
field trials (Rugini et al. 1999). Olive plants expressing the osmotin gene under the
35S promoter have shown reduced growth. Experiments are in progress to trans-
form 3 genes from tobacco (osmotin + chitinase + PRI) in one construct.

Neomycin phosphotransferase 11 (npt I1), which encodes resistance to kanamy-
cin, has been most widely used as a selective marker. To increase public acceptance
of transgenic olives, the procedures of selection should be improved, possibly by
replacing traditional selection markers. The development of methods avoiding
the use of antibiotic-dependent selection or allowing elimination of marker genes
from transformed plants is a research priority in coming years.

Other methods of genetic modification include induced mutations. By irra-
diating rooted cuttings of cv. Ascolana Tenera with gamma rays, dwarf plants
have been obtained (Roselli and Donini 1982). Irradiation of ‘Frantoio’ and
‘Leccino’ plantlets has produced mixoploid mutants showing dwarf habit, self-
sterility and late blooming (Rugini et al. 1996).

13.8.3 Other In Vitro Technologies

Haploid recovery. Unlike the great interest in obtaining homozygous plants to
isolate mutants, identify recessive alleles and facilitating whole genome sequen-
cing, little work has been devoted to generating haploid plants (to be used for
self-fertilization) from in vitro cultured anthers, and no regeneration has been
obtained (Perri et al. 1994).

Polyploids. Tetraploid plants have been produced by irradiation of ‘Leccino’
and ‘Frantoio’ plantlets. Triploid plants have been obtained by pollinating
mixoploid or tetraploid plants with regular haploid pollen.

Protoplast culture. Viable protoplasts have been isolated from hypocotyls,
cotyledons, and leaves of micropropagated shoots, but it has been impossible to
obtain regeneration (Canas et al. 1987).

Somaclonal variation. Somaclonal variation has been observed in mature
olive plants regenerated through somatic embryogenesis of the ‘Frangivento’
cultivar obtained from embryogenic tissue induced on immature cotyledon
portions. Plants have shown two types of variation: BOS (bushy olive soma-
clone), characterized by reduced plant height, leaf, inflorescence and fruit size,
and COS (columnar olive somaclone), characterized by increased plant height,
canopy volume and fruit size. The causes of this variation remain unknown
(Leva and Petruccelli 2007).
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Cryopreservation. With respect to medium- and long-term conservation, pro-
mising results have been obtained by slow growth storage and cryopreservation. In
‘Arbequina’ 30% survival of shoot tips has been obtained following their desicca-
tion to 30% moisture content and direct immersion into liquid nitrogen (Martinez
et al. 1999). Utilizing vitrification and one-step freezing in liquid nitrogen for shoot
tips excised from in vitro ‘Frantoio’ shoot cultures, Lambardi et al. (2000) have
achieved 15% survival, following re-warming to 40°C and plating on re-growth
medium. A higher percentage (38%) of cryopreserved embryogenic cultures was
obtained when using embryogenic cultures such as proembryonal masses and
somatic embryos, and recovered embryogenic tissues showed enhanced prolifera-
tive and morphogenic activity. The encapsulation-dehydration procedure proved
ineffective for cryopreservation (Martinez et al. 1999) but has potential applica-
tions in olive propagation (Micheli et al. 1998). Generally, cryogenic methods can
be applied for long-term conservation of olive germplasm and the establishment of
in vitro repositories, which could safeguard olive biodiversity.

13.9 Concluding Remarks

Studies on olive genetic resources have been intensively carried out in recent
years, while a serious gap is envisaged for what concerns breeding activities and
genomic research. Efforts are currently put on by many research groups to
rapidly cover these areas.
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