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Abstract

The olive tree (Olea europaea, Oleaceae) is an iconic plant of Mediter-
ranean countries for cultural, historical and biological reasons. The olive
species comprises six subspecies (europaea, maroccana, cerasiformis, laperrinei,
guanchica, and cuspidata) that together form the so-called O. europaea com-
plex. Likewise, the subsp. europaea is divided into two taxonomic varieties:
var. europaea, that comprises all the cultivated forms, and var. sylvestris (also
called oleaster), that includes the wild forms. The olive tree has been inten-
sively cultivated since 6,000 years ago, coinciding with the emergence of
early Mediterranean civilizations. Because of the interest of the drupes both
as table olives and as raw material to produce olive oil, the olive tree is an es-
sential crop across the Mediterranean basin. This doctoral thesis aims to pro-
vide insights into the biology and the evolution of the cultivated olive and
relatives. To this end, we sequenced, assembled, and annotated a reference
genome obtained from a single individual (O. europaea L. var. europaea). Phy-
logenomic analysis and assessment of allelic relative coverage suggest up to
four polyploidization events in the evolutionary history of the olive. Two an-
cient allopolyploidization events at the base of the family Oleaceae (Eocene-
Late Cretaceous), and the tribe Oleeae (Oligocene-Miocene), followed by two
polyploidizations in the ancestor of O. europaea (Miocene-Pliocene) since its
divergence from Phillyrea angustifolia. In order to study the diversity and
phylogenetic relationships in the O. europaea complex, we additionally se-
quenced the genome of at least one individual per subspecies. Our results
show that cultivated olive trees exhibit less nucleotide diversity when com-
pared with wild relatives. Different sets of genes were found to be under
positive selection in each cultivar included in this study (‘Arbequina’, ‘Be-
ladi’, ‘Farga’, ‘Picual’, ‘Sorani’). In addition to hybridization involving poly-
ploidization (allopolyploidization), phylogenomic analysis revealed exten-
sive homoploid hybridization among lineages of the O. europaea complex,
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which results in a continuous gene flow from wild to domesticated olive
trees. In particular, cv. ‘Farga’ has a different origin than the other culti-
vars included in this study, and shows evidence for secondary domestica-
tion events in the Iberian Peninsula. In summary, this study helps unravel
the evolutionary history of O. europaea, and uncover a complex scenario of
polyploidization and hybridization that resulted in recurrent gene duplica-
tions.



Resumen

El olivo (Olea europaea, Oleaceae) es una planta icónica en el Mediterráneo
por razones culturales, históricas y biológicas. El olivo como especie está
formado por seis subespecies (europaea, maroccana, cerasiformis, laperrinei,
guanchica, y cuspidata) que juntas forman el llamado complejo O. europaea.
Del mismo modo, la subsp. europaea se divide en dos variedades: var.
europaea, que comprende las formas cultivadas, y var. sylvestris (también
llamado oleaster), que incluye las formas silvestres del Mediterráneo. El
olivo ha sido cultivado intensivamente desde hace aproximadamente 6,000
años, coincidiendo con la emergencia de civilizaciones tempranas en el
Mediterráneo. Debido al gran interés en sus frutos, como aceitunas
de mesa y como material para aceite de oliva, el olivo es considerado
un cultivo esencial en la cuenca Mediterránea. Esta tesis doctoral tiene
como objetivo aportar conocimientos sobre la biologı́a y la evolución de
los olivos cultivados y linajes cercanos. Con este fin, secuenciamos,
ensamblamos y anotamos un genoma de referencia correspondiente a un
único individuo (O. europaea L. var. europaea). Análisis filogenómicos y
evaluaciones del coverage relativo de alelos sugieren que en la historia
evolutiva del olivo ocurrieron un mı́nimo de cuatro poliploidizaciones.
Dos alopoliploidizaciones localizadas en la base de la familia Oleaceae
(Eoceno - Cretácico tardı́o) y en la base de la tribu Oleeae; seguidas de dos
poliploidizaciones en el ancestro de O. europaea (Mioceno-Plioceno) luego
de su divergencia de Phillyrea angustifolia. Con el objetivo de estudiar
la diversidad y las relaciones filogenéticas en el complejo O. europaea,
secuenciamos adicionalmente el genoma de al menos un individuo por
cada subespecie. Nuestros resultados muestran que los olivos cultivados
tienen menos diversidad nucleotı́dica cuando son comparados con los
linajes silvestres. Diferentes genes están bajo selección positiva en cada
cultivariedad incluida en este estudio (‘Arbequina’, ‘Beladi’, ‘Farga’, ‘Picual’,
‘Sorani’). Además de hibridación que involucra poliploidización, los análisis
filogenómicos revelaron extensivos procesos de hibridazación homoploide
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entre los lineajes del complejo O. europaea, que resulta en un continuo flujo
genético desde olivos silvestres hacia olivos domesticados. En particular, el
cv. ‘Farga’ tiene un origen diferente a las otras cultivariedades incluidas en
este estudio y aporta evidencia de domesticación secundaria en la penı́nsula
Ibérica. En resumen, este estudio permite entender la historia evolutiva
de O. europaea, y descubre un complejo escenario de poliploidizaciones e
hibridaciones que han resultado en duplicaciones génicas recurrentes.
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Introduction

Domestication and polyploidy (also known as whole genome duplication
- WGD) are key processes in plant evolution that are not completely
independent from each other. Polyploids can show many traits that are
absent in their diploid progenitors. Some of these traits, such as a higher
genetic diversity, mutational robustness, heterozygosity, and heterosis make
polyploids suitable material for domestication and breeding (Renny-Byfield
and Wendel, 2014). The advent of genome sequencing and comparative
mapping studies in plants has uncovered many polyploidization events in
the history of a growing number of crops (Jarvis et al., 2017; Montero-Pau
et al., 2017; Badouin et al., 2017; Zhang et al., 2015b). These include, among
many others, recent polyploidizations in maize, wheat, canola, or banana
(D’Hont et al., 2012; Chalhoub et al., 2014; International Wheat Genome
Sequencing Consortium, 2014; Messing, 2009). Whether ployploidization
in crops predates or follows domestication has been a matter of discussion
(Fang and Morrell, 2016; Salman-Minkov et al., 2016). Recently, it has been
proposed that polyploid plants are more likely to be domesticated than
their wild diploid relatives, implying that the most likely order of events
is that domestication follows polyploidy, rather than the other way around
(Salman-Minkov et al., 2016).

The Mediterranean olive tree, Olea europaea subsp. europaea var. europaea, is
one of the most ancient cultivated fruit trees in the Mediterranean basin. Its
domestication dates back to the Early Bronze Age (6,000 years ago), and the
breeding and dispersion of this crop has been tightly linked to the history of
Mediterranean civilizations (Zohary and Spiegel-Roy, 1975; Besnard et al.,
2013b; Kaniewski et al., 2012). The main plant part selected from wild
relatives of the Mediterranean olive tree is the fruit, either as directly edible
fruits or as a source for oil (Zohary and Spiegel-Roy, 1975; Kaniewski et al.,
2012). The specific place of initial domestication has been a matter of
discussions, and the question whether cultivated varieties originated from
a single domestication event or from several parallel events, is still debated
(Besnard and Rubio de Casas, 2016; Dı́ez and Gaut, 2016).

Olea europaea L. belongs to the order Lamiales and the family Oleaceae.
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It is further classified into six different subspecies (europaea, maroccana,
cerasiformis, laperrinei, guanchica, and cuspidata) which together form the O.
europaea complex. In the subsp. europaea, two varieties are recognized: var.
sylvestris, that comprises the wild forms of the olive trees; and var. europaea,
that comprises the cultivated forms (Green, 2002; Vargas et al., 2000). These
individuals have an allogamous mode of reproduction and some of them
are self-incompatible or male-sterile (Besnard et al., 2000; Breton et al., 2017).
This is one of the reasons why the cultivated olive trees have historically been
propagated vegetatively, either by cuttings or grafts (Zohary and Spiegel-
Roy, 1975).

Spain, is one of the major producers of olive with 2,515,800 ha destined to
its cultivation (FAOSTAT, 2014). Among the principal cultivars in Spain we
can mention ‘Arbequina’, ‘Picual’, ‘Manzanilla’, or ‘Cornicabra’. However,
other cultivars such as ‘Farga’ are also important for the production of high
quality olive oil and the maintenance of the cultural landscape. ‘Farga’ is
autochthonous from the Maestrazgo region, which constitutes a reserve of
millenary trees (Morelló et al., 2004; Belaj et al., 2004a,b).

The present thesis has been performed in the framework of the olive genome
project. This project was born as an initiative of three Spanish research
institutions: the Centre for Genomic Regulation (CRG), the Royal Botanical
Garden (RJB-CSIC) and The National Centre for Sequence Analysis (CNAG);
and received the generous support of a private bank (Banco Santander). The
main goal of this project was to produce the first reference genome sequence
for the Mediterranean olive tree, plus additional sequences from at least one
individual per each of the recognized subspecies in the O. europaea complex.

1.1 Systematics and evolution of the olive tree

Modern taxonomy aims to facilitate the interpretation of the evolutionary
history of organisms through an appropriate classification and naming
system. Delineating taxon boundaries correctly is crucial because it helps
determine whether different individual organisms are members of the same
lineage. ‘Integrative taxonomy’ is defined as the science that aims to delimit
the units of life’s diversity from multiple and complementary perspectives
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(phylogeography, comparative morphology, population genetics, genomics,
ecology, development, behaviour, etc.). This approach has been used
for taxon recognition across the dissertation. In particular, phylogenomic
relationships and systematics of the O. europaea complex is analysed in detail.
In this section I will describe the systematics of O. europaea in the context
of other plant species and then I will focus on the main studies about the
relationships among the different subspecies.

1.1.1 Order Lamiales and family Oleaceae

Olea europaea L. is an evergreen fruit tree that belongs to the order Lamiales,
family Oleaceae, tribe Oleeae, and subtribe Oleinae (Wallander and Albert,
2000; Green, 2004). The order Lamiales is one of the largest orders within
angiosperms. It is sister group of the order Boraginales (Refulio-Rodriguez
and Olmstead, 2014; Vargas and Zardoya, 2012) and together with other
five orders form the clade Lamiids (Figure 1.1). Currently 24 families are
recognized within the order Lamiales (Chase et al., 2016), in which the family
Oleaceae appears as sister to the family Carlemanniaceae, and is one of
the first families that diverged after the family Plocospermataceae (Refulio-
Rodriguez and Olmstead, 2014) (Figure 1.2a).
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Figure 1.1: Phylogenetic tree of the orders of Angiosperms, based on Chase
et al. (2016); Refulio-Rodriguez and Olmstead (2014). All the orders marked in
bold were included in this study.
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The family Oleaceae is composed by five tribes, which vary in their
chromosome number from 2n = 22 to 2n = 46 (Taylor, 1945) (Figure 1.2b).
The tribe Oleeae is one of the largest groups and its chromosome number
is 2n = 46. This tribe is further subdivided into four subtribes: Ligustrinae,
Schreberinae, Fraxininae, and Oleinae. This last subtribe comprises thirteen
genera, including the genus Olea. This genus includes 33 recognized species,
of which O. europaea is the only cultivated one (Green, 2002, 2004).

Figure 1.2: Phylogenetic tree of the order Lamiales and the family Oleaceae. a)
schematic phylogeny of all the families of the order Lamiales (based on Refulio-
Rodriguez and Olmstead (2014). b) phylogeny of all the tribes and subtribes
described in the family Oleaceae (based on Wallander and Albert (2000)),
numbers on the branches indicate the corresponding gametic chromosome
number (n). All the clades marked in bold were included in this study.
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1.1.2 The Olea europaea complex

Currently, six subspecies of O. europaea are recognised: europaea, maroccana
(Greut. & Burd.) P. Vargas et al., cerasiformis G. Kunkel & Sunding, guanchica
P. Vargas et al., laperrinei (Batt. & Trab.) Cif., and cuspidata (Wall ex G. Don)
Cif. The subsp. europaea has two botanical varieties: var. sylvestris (Mill.)
Lehr. (oleaster), which refers to the wild forms; and var. europaea which
corresponds to all the cultivated forms (Green, 2002; Vargas et al., 2000).
Together, these subspecies constitute the so-called O. europaea complex, and
each of them show a specific geographical distribution (Figure 1.3): the two
varieties of the subsp. europaea are distributed in the Mediterranean basin;
subsp. maroccana, in the Agadir Mountains (Morocco); subsp. cerasiformis,
in Madeira; subsp. guanchica, in the Canary Islands; subsp. laperrinei, in
Saharan massifs (Hoggar, Ar, Jebel Marra); and subsp. cuspidata, from South
Africa to southern Egypt and from Arabia to northern India and south-west
China (Green, 2002). Currently, O. europaea can also be found in Australia,
New Zealand, and the Pacific islands because of human-mediated dispersion
(Besnard et al., 2007a; Besnard and El Bakkali, 2014).
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Figure 1.3: Geographical distribution of the six O. europaea subspecies (taken
from Rubio de Casas et al. (2006)). a) Distribution of subsp. europaea, laperrinei
and cuspidata. b) Distribution of subsp. cerasiformis, guanchica, maroccana and
europaea (partial). c) Distribution of var. sylvestris in the Iberian Penninsula.

Many cultivated forms of olive trees (cultivars, O. europaea var. europaea)
have been described (Bartolini et al., 1994; Belaj et al., 2004a,b; Trujillo et al.,
2014). Olive has preferentially an allogamous mode of sexual reproduction,
being most of them self-incompatible, and some male-sterile (Besnard et al.,
2000; Breton et al., 2017; Mookerjee et al., 2005). However, because of the
long juvenile phase that characterizes the olive tree, these cultivated forms
are vegetatively propagated mainly by cutting or grafting (Bracci et al., 2011;
Zohary and Spiegel-Roy, 1975). In suitable environments planted clones can
persist hundreds or even thousands of years (Rhizopoulou, 2007; Cicatelli
et al., 2013)(Figure 1.4). All these characteristics, together with subspecies
inter-fertility that results in hybridization, makes the O. europaea complex a
challenging study group. The correct identification of cultivars and traits of
agronomic importance are nevertheless key steps in breeding programs. For
instance, an increasing number of studies are focused on the development
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of molecular markers (Claros et al., 2000; Wiesman et al., 1998; Bandelj
et al., 2004; Donini et al., 2006; González-Plaza et al., 2016; Baruca Arbeiter
et al., 2014). The development of these markers is also important for food
traceability in order to prevent deliberate or accidental mislabeling (Bracci
et al., 2011; Raieta et al., 2015).

Figure 1.4: Cultivated olive tree (O. europaea subsp. europaea var. europaea cv.
‘Farga’). This tree, named “Santander”, originates from Sierra del Maestrazgo
(Spain) and has been estimated to be around 1,200 years old. Leaf material from
this individual was used for the sequencing and assembly of the first reference
olive genome described in this thesis.

Understanding the taxonomy and diversification of the O. europaea complex
is important for the management of the genetic resources and for the
conservation of genetically differentiated individuals (Besnard et al., 2009).
For this purpose the taxonomic limits among the subspecies of the O.
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europaea complex has been long studied using morphological (Green and
Wickens, 1989; Médail et al., 2001; Vargas and Kadereit, 2001; Green, 2002)
and molecular markers (Besnard and Bervillé, 2002; Besnard et al., 2002a,b;
Rubio de Casas et al., 2006; Besnard et al., 2007b, 2009; Diez et al., 2015;
Besnard et al., 2011, 2013b).

In plants many phylogenetic and phylogeographic studies are based on
organellar genomes because they are abundant, easy to sequence, uni-
parentally inherited, and they exhibit levels of sequence variation that are
reliable for reconstruction of infraspecific relationships (Besnard et al., 2011;
Renner and Zhang, 2004; Zhang et al., 2017b; Bernhardt et al., 2017; Li et al.,
2016). However, the small amount of polymorphisms in organellar genomes
can also be a disadvantage when the purpose is to clarify relationships be-
tween closely related lineages (subspecies or even genera) (Diez et al., 2015;
Cronn et al., 2002; Small et al., 2004). The nuclear genome is more poly-
morphic, but the development of nuclear markers can be more challenging
(Small et al., 2004). In general the use of both types of markers can help to
unravel evolutionary events such as reticulation or incomplete lineage sort-
ing (Besnard et al., 2007b; Linder and Rieseberg, 2004; Petit et al., 2005).

In O. europaea both organelles, plastid and mitochondria, are maternally
inherited (Besnard et al., 2000). Many studies have been based on
organellar markers (Amane et al., 1999; Besnard and Bervillé, 2000; Besnard
and Bervillé, 2002; Besnard et al., 2002a,b, 2007b; Besnard, 2008; Mariotti
et al., 2010; Besnard et al., 2011; Bronzini de Caraffa et al., 2002) and
more recently nine complete plastid genomes have been published for the
O. europaea complex (Besnard et al., 2011; Mariotti et al., 2010) plus an
additional unpublished one has been deposited in the Genbank database
(NC 013707). All these studies have allowed the delimitation of seven
very differentiated chlorotypes in the O. europaea complex, which display
specific geographical distributions: E1 (Mediterranean basin and Saharan
Mountains), E2 and E3 (the western Mediterranean), M (Macaronesia and
southern Morocco), C1 (from eastern Africa to southern Asia), C2 (western
Arabia and eastern Africa), and A (tropical and southern Africa) (Besnard
et al., 2011, 2007b). Also they show that the most common chlorotype among
cultivars was the E1 (Besnard et al., 2011). Similar results were found when
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using mitochondrial markers (Bronzini de Caraffa et al., 2002; Besnard and
Bervillé, 2000; Besnard et al., 2002a).

Many nuclear markers have also been used to assess the genetic variation
and the phylogenetic relationships among the different lineages of the O.
europaea complex (Sebastiani and Busconi, 2017). The principal tools used
for these analysis are: ISSR (inter-simple sequence repeats), SSR (simple
sequence repeat), RAPD (random amplified polymorphic DNA), amplified
fragment length polymorphism (AFLP), ITS (internal transcribed spacer),
and SNPs (single nucleotide polymorphisms) (Angiolillo et al., 1999; Hess
et al., 2000; Besnard et al., 2001b; Vargas and Kadereit, 2001; Belaj et al., 2003;
Besnard et al., 2003, 2007b, 2009; Consolandi et al., 2007; Marchese et al.,
2016). Typically ITS has been widely employed in the study of phylogenies
in angiosperms (Li et al., 2011) and particularly for resolving phylogenetic
relationships in the family Oleaceae (Jeandroz et al., 1997; Wallander, 2008; Li
et al., 2002; Besnard et al., 2009). In this context, phylogenetic relationships in
the O. europaea complex were investigated using ITS (ITS1) of a pseudogene
(Besnard et al., 2007b) and functional ribosomal genes (Besnard et al., 2009).
The results of these analyses, together with the study of organellar markers,
helped to incorporate results of the evolutionary history of olive populations
into the current taxonomy of the O. europaea complex.

Determining the taxonomic limits among the individuals of the O. europaea
complex is challenging. One major complication is that genetic barriers
do not appear to be significant, neither between cultivated (var. europaea)
and wild forms (var. sylvestris), nor between subspecies (Contento et al.,
2002; Besnard et al., 2001b, 2009; Cáceres et al., 2015). Moreover, geographic
isolation appears to be the major factor responsible for the observed patterns
of differentiation in the O. europaea complex (Rubio de Casas et al., 2006).
With regards to the phylogeny of this group, it is generally accepted
that O. europaea is a monophyletic group and the subsp. cuspitada is
the earliest diverging lineage (Rubio de Casas et al., 2006; Besnard et al.,
2009). With respect to the relationships among the other subspecies the
picture is less clear, with different results obtained depending on the used
marker (Rubio de Casas et al., 2006; Angiolillo et al., 1999; Garcı́a-Verdugo
et al., 2009; Besnard et al., 2002b, 2007b). In this respect, incongruences
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between phylogenies derived from organellar and nuclear markers have
been reported. This incongruences were interpreted as the result of
hybridizations between the different subspecies (Rubio de Casas et al., 2006;
Besnard et al., 2007b). In this context, in order to better understand the
phylogenetic relationships among the individuals of the O. europaea complex,
we sequenced the whole nuclear genome of at least one individual per each
of the described subspecies.

1.2 Domestication of the olive tree

The development of agriculture started around 10,000 years ago in close
association with the domestication of cereals. Agriculture is considered
a milestone in the history of human civilization, and the major cultural
development in the last 10,000–13,000 years (Diamond, 2002; Smith, 2011).
Domestication is a prerequisite for agriculture (Zeder, 2015), and can be
described as a complex process of artificial selection and propagation of an
organism to serve as a source of food or other resources of interest (Darwin,
1859; Zohary and Spiegel-Roy, 1975). Cereals were the first plants to be
domesticated, and among them one can find the principal ‘founder crops’
that started food production in south-west Asia and Europe (Old World’s
civilization). Illustrative examples of such founder crops are wheat and
rice (Zohary et al., 2012; Badr et al., 2000; Purugganan and Fuller, 2009).
In the Old World, fruits also constituted an important element for food
consumption, where olive (O. europaea L.), grape (Vitis vinifera L.), and figs
(Ficus carica L.) were the major agricultural products of the Near East and
the Mediterranean Basin (Zohary and Spiegel-Roy, 1975; Kaniewski et al.,
2012). The domestication process of the olive tree, an emblematic species
of the Mediterranean basin, is a matter of current debate. Disentangling
the history of domestication of olive is challenging, due to the presence
of many factors including vegetative reproduction, gene flow from wild
relatives, and human displacements (Diez et al., 2015; Breton et al., 2009).
In this introductory section we want to discuss the current knowledge about
three main questions: when was the olive tree domesticated?, where did it
happen?, and did the domestication of this species occurr once or multiple
independent times?
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1.2.1 History

In order to understand the complex history of domestication of the olive
tree, we will shortly discuss the earliest evidence of olive cultivation, found
in the Chalcolithic Teleilat Ghassu (3700 to 3500 B.C.), north of the Dead
Sea, Jordan Valley. This area was considered located outside or marginal
to the natural distribution range of olive trees, and the finding of many
carbonized olive stones was interpreted as evidence for cultivation, as such
high amounts would be difficult to result from naturally occurring trees
(Zohary and Spiegel-Roy, 1975). Based on this and other lines of evidence,
about 40 years ago the Levant region was proposed as the place where
the olive tree was first cultivated (Zohary and Spiegel-Roy, 1975). From
this centre of domestication, it was proposed that the cultivated olive tree
gradually diffused from east to west, carried by Phoenicians, Etruscans,
Greeks and Romans (Terral et al., 2004).

More recently, several studies have focused on understanding this complex
history of domestication and further propagation and diversification of olive
cultivars. It is generally accepted that the cultivated olive trees (O. europaea
var. europaea) originate from the wild Mediterranean olive, also called
oleaster (O. europaea var. sylvestris), by artificial selection. Evidence shows
that the two varieties are similar in terms of distribution (i.e. sympatric
distribution) in the Mediterranean basin, ecological requirements, and
morphological characteristics (Besnard et al., 2001a; Besnard and Rubio de
Casas, 2016; Zohary and Spiegel-Roy, 1975). It is also assumed that other
wild individuals may have contributed to the diversification of the cultivated
olive trees (Breton et al., 2006). Finally, regarding the date of domestication,
based on both archaeological and genetic studies, it is widely accepted that
the olive tree domestication started roughly 6,000 years ago (Margaritis and
Jones, 2008; Meadows, 2005; Weiss, 2015; Zohary and Spiegel-Roy, 1975;
Kaniewski et al., 2012; Zohary et al., 2012; Besnard et al., 2013b).

The number of domestication events is, however, still debated (Besnard
and Rubio de Casas, 2016; Dı́ez and Gaut, 2016). Initially, archaeological
and genetic analyses using organellar and nuclear markers lead to the
proposition of at least two and up to nine distinct domestication events
in different areas of the Mediterranean basin (Besnard and Bervillé, 2000;
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Breton et al., 2009; Terral et al., 2004). A more recent research, based on the
analysis of complete plastid genomes, proposed that the first domestication
took place in the northern Levant, followed by human-mediated dispersal
across the Mediterranean basin (Besnard et al., 2013b). This study showed
that 90% of the cultivars across the Mediterranean basin share the same
chlorotype (E1), which originated in the east Mediterranean basin (Besnard
et al., 2013b, 2011). More support to this hypothesis is given by other
analyses, in which nuclear markers consistently show that the cultivars
were mainly assigned to the eastern oleaster genetic pool (Besnard et al.,
2013a). However, new studies argue for a second independent domestication
event in the central Mediterranean basin (Diez et al., 2015). Furthermore,
a recent archaeological study suggest that the domestication of the olive
tree was likely the result of a temporary and regional plantation process
(Dighton et al., 2017). In general, the olive domestication origin is much
more complex than it was assumed, and the question whether it is a single
event followed by secondary events of domestication or there are truly
independent domestication events, is still open (Besnard and Rubio de
Casas, 2016; Dı́ez and Gaut, 2016).

1.3 Hybridization

Hybridization plays an important role in plant evolution (Rieseberg, 1997;
Renaut et al., 2014). Typically, hybrids are considered the product of crosses
between different species. However, nowadays the word hybrids refers also
to the offspring of genetically differentiated populations (Rieseberg, 1997).
Hybridization can have many evolutionary effects such as heterosis, trans-
gressive segregation, adaptive introgression, reinforcement, and hybrid spe-
ciation (Goulet et al., 2017). Introgression, (or introgressive hybridization)
is defined as the transfer of genetic material (usually via hybridization and
subsequent backcrossing) between divergent species, lineages or popula-
tions (Anderson, 1949). Hybridization with introgression or gene flow af-
fects the genetic and phenotipic composition of populations (Goulet et al.,
2017). Excessive gene flow can lead to the extinction of rare taxa through
demographic swamping and genetic assimilation (Levin et al., 1996; Todesco
et al., 2016). However, introgression can also be positive by introducing new,
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possible adaptive genetic variation into a population (Goulet et al., 2017).
For instance, hybridization is employed in breeding programs of domesti-
cated plants to take advantage of heterosis (hybrid vigor), move desirable
variation among lineages, generate novel phenotypes, and increased adap-
tive potential (Goulet et al., 2017; Rius and Darling, 2014). Heterosis has
been extensively studied in rice (Oryza sativa) (Langevin et al., 1990; Olguin
et al., 2009; Anis et al., 2017), maize (Zea mays) (Meyer et al., 2007), and cotton
(Gossypium hirsutum) (Abro et al., 2009).

Hybrid speciation can occur more commonly via duplication of a hybrid
genome (allopolyploidy), but also without a change in ploidy (homoploid
hybrid speciation) (Soltis and Soltis, 2009; Rieseberg and Willis, 2007a;
Yakimowski and Rieseberg, 2014). Allopolyploidy tend to occur more
likely between more-diverged species than homoploid hybrid speciation
(Chapman and Burke, 2007; Rieseberg, 1997). In this section we will focus
on homoploid hybrid speciation while allopolyploidy will be discussed in
the next section (section 1.4).

Homoploid hybrid speciation is considered unusual for a combination of
factors such reduced fitness, hybrid sterility, hybrid breakdown, difficulty
to acquire reproductive isolation, and difficulty to be identified (Li et al.,
1996; Buerkle et al., 2000; Rieseberg and Willis, 2007a; Burton et al.,
2013). It has been proposed that reproductive isolation can be achieved by
sorting and fixing genetic incompatibilities (Müntzing, 1930), chromosome
rearrangements, segregation and recombination (Grant, 1958; Templeton,
1981). But also the possibility that reproductive isolation results from
geographical and/or ecological barriers has been argued (Nieto Feliner et al.,
2017; Rieseberg and Willis, 2007a).

Hybrids exhibit a large proportion of novel characteristics when compared to
their parents. These characteristics might allow hybrids to spread onto new
or extreme ecological niches (Rieseberg, 1997). For example, Pinus densata is
a hybrid that can live in high mountain environments which is inaccessible
to both of the parental species (P. tabuliformis and P. yunnanensis) (Wang
and Szmidt, 1990). Helianthus hybrids can live in salt marsh habitat (H.
paradoxus), xeric habitats (H. deserticola), and desert sand dunes (H. anomalus)
(Lexer et al., 2003; Rieseberg et al., 2003, 2007). Indeed hybridization
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may also serve as stimulus for the evolution of invasiveness (Ellstrand
and Schierenbeck, 2006). Some cases in which hybridization preceded
the emergence of successful invasive populations are described in Pyrus
calleryana (Culley and Hardiman, 2009), Ulmus pumila (Hirsch et al., 2017),
and even Olea europaea (Besnard et al., 2014).

1.3.1 Hybridization and O. europaea

Hybridization has been observed in the O. europaea complex. Earlier studies
based on AFLPs revealed that the phylogenetic relationships between these
taxa are not completely clear and extensive gene flow among these lineages
makes the reconstruction of phylogeographic patterns a difficult task (Rubio
de Casas et al., 2006). Other studies based on plastid (microsatellites,
restriction sites and indels) and nuclear (ITS-1) DNA polymorphisms
showed recurrent reticulation events in the O. europaea complex (Besnard
et al., 2007b). A more recent study based on nuclear microsatellite and
plastid DNA showed clear admixture between the subsp. europaea and
laperrinei (Besnard et al., 2013a). Furthermore, hybridization has been
put forward as an important factor during the invasion of two subspecies
(europaea and cuspidata) in Australia (Besnard et al., 2007a, 2014).

All the lineages of the O. europaea complex seem to be inter-fertile, and their
allogamous mode of reproduction might have contributed to the extensive
gene flow observed among these lineages (Besnard et al., 2007b; Breton et al.,
2006; Besnard et al., 2001b). For instance, it was proposed that geographical
isolation rather than genetic barriers appear to be more important for the
differentiation of the lineages of the O. europaea complex. (Rubio de Casas
et al., 2006).

1.3.2 Methods to identify hybrids

There are many molecular methods described to identify hybrids and to
estimate introgression. In this section, we will describe two widely adopted
approaches: molecular phylogenetic and population genetic.
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Phylogenetic approach

Phylogenies can be used to identify allo- and homopolyploid hybridization
or introgression (Hobolth et al., 2007; Nieto Feliner et al., 2017). However,
for recent hybridization processes, the interpretation of phylogenies can be
challenging due to the lack of phylogenetic signal. Moreover, introgression
involves reticulation, thereby making the reconstruction of evolutionary
histories more difficult (Rieseberg and Wendell, 1993). In this context the
phylogenetic relationship of hybrid lineages is better represented through
net-like trees, or networks (Willyard et al., 2009). There are two types of
phylogenetic networks: explicit and implicit. Explicit networks describe
explicit evolutionary reticulation events, e.g. hybridization network.
Implicit networks aim to capture incompatibilities in the data, e.g. split
network (Yang et al., 2014; Solı́s-Lemus et al., 2016). Unrooted and
rooted phylogenetic networks are currently inferred with different software.
SplitsTree 4 (Huson and Bryant, 2006) implements different methods for
computing implicit and explicit unrooted phylogenetic networks, such as
split decomposition (Bandelt and Dress, 1992), neighbor-net (Bryant and
Moulton, 2004), median network (Bandelt et al., 1995), and median-joining
(Bandelt et al., 1999). Other software, such as PhyloNet (Than et al., 2008),
PADRE (Lott et al., 2009), Perl package Bio:PhyloNetwork (Cardona et al.,
2008), Dendroscope 3 (Huson and Scornavacca, 2012) and Julia package
PhyloNetworks (Solı́s-Lemus et al., 2016) computes rooted phylogenetic
networks.

Incongruence between organellar and nuclear phylogenies can also be
indicative of hybridization (Linder and Rieseberg, 2004). This approach
has been used to detect hybridization in the clade Eupersicaria (Kim and
Donoghue, 2008), the tribe Senecioneae (Pelser et al., 2010), the genus
Pilosella (Fehrer et al., 2007) and Olea europaea (Besnard et al., 2007b), among
others. Incongruence among gene trees or between gene trees and species
phylogenies can also be indicative of hybridization and introgression events
(Rieseberg et al., 1996).
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Population genetic approach

Assessing the genetic variability in populations can lead to the discovery of
recent hybridizations by uncovering patterns that are differentially shared
across compared populations. In such cases the genomic contribution
of each of the parental lineages can be explored for each hybrid (hybrid
index or admixture proportion) (Twyford and Ennos, 2012). Many methods
have been developed to estimate hybrid index based on morphological
and genetic characters (Anderson, 1949; Rieseberg et al., 1999; Anderson
and Thompson, 2002; Buerkle, 2005). Among these, we highlight the
following software tools: HINDEX (Buerkle, 2005), INTROGRESS (Gompert
and Alex Buerkle, 2010), NEWHYBRIDS (Anderson and Thompson, 2002;
Anderson, 2008), EIGENSTRAT (Price et al., 2006), FRAPPE (Tang et al.,
2005), ADMIXTURE (Alexander et al., 2009; Alexander and Lange, 2011),
and STRUCTURE (Pritchard et al., 2000; Porras-Hurtado et al., 2013).

1.4 Polyploidization

Polyploidization, or whole genome duplication (WGD), is a key mechanism
of genome evolution in eukaryotes and probably also in prokaryotes
(Ramsey and Schemske, 1998; Wendel, 2000; Soppa, 2013, 2017). It is defined
as the doubling of the complete set of chromosomes of an individual and
frequently involves unreduced gametes or interspecific hybridization (Leitch
and Leitch, 2008; Ramsey and Schemske, 1998; Van de Peer et al., 2017). It
has been described in bacteria (Mendell et al., 2008; Pecoraro et al., 2011;
Griese et al., 2011), archaea (Breuert et al., 2006; Soppa, 2011), fungi (Marcet-
Houben and Gabaldón, 2015; Wolfe, 2015; Campbell et al., 2016), animals
(Luo et al., 2014; Shoemaker et al., 1996; Taylor et al., 2001; Session et al., 2016;
Logsdon et al., 2017), and frequently in plants (Ramı́rez-Madera et al., 2017;
Sollars et al., 2016; Vlasova et al., 2016; Yang et al., 2015; Cannon et al., 2006;
Schmutz et al., 2010; Gebhardt et al., 2003; Arabidopsis Genome Initiative,
2000; Marcussen et al., 2014; Guyot and Keller, 2004; Paterson et al., 2012;
Wang et al., 2016b; El Baidouri et al., 2017; Jarvis et al., 2017; Bomblies and
Madlung, 2014).

In plants, polyploidy is one of the major forces of adaptation, speciation, and
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biodiversification (Ramsey and Schemske, 1998; Soltis et al., 2004; Leitch and
Leitch, 2008; Zhan et al., 2016). It is particularly common in angiosperms
(flowering plants), where all the species share two ancestral polyploidiza-
tions (i.e. paleopolyploidizations), one thought to have occurred in the com-
mon ancestor of extant flowering plants, and the other shared with gym-
nosperms (Jiao et al., 2011; Renny-Byfield and Wendel, 2014; Dodsworth
et al., 2016). Also numerous flowering plants —an estimated 25–30% of ex-
tant flowering plants— have undergone more recent polyploidizations (i.e.
neopolyploidizations) (Soltis, 2005; Bomblies and Madlung, 2014; Ramı́rez-
Madera et al., 2017; Sollars et al., 2016; Jarvis et al., 2017; Van de Peer et al.,
2017). Therefore, polyploidy is not a rare event, but it is an ancient and on-
going process contributing to plant evolution (Ramsey and Schemske, 1998;
Wendel, 2000; Zhan et al., 2016).

Polyploidy leads to an instantaneous increase in genome size and the
complete gene set. In general, gene duplication generates two gene copies
and they can be retained (with silencing, sub- and/or neofunctionalization,)
or be lost (Leitch and Leitch, 2008; Wendel, 2000; Yu et al., 2017). The
most common phenomenon is that duplicated genes accumulate mutations
and thereby one of the copies is silenced and eventually pseudogenized
(Adams and Wendel, 2005; Lynch and Force, 2000; Sehrish et al., 2014).
Alternatively, mutations can lead to functional differentiation of the two
duplicates through sub- or neofunctionalization. Both processes can occur
at a regulatory level (i.e. paralogous genes change their expression
pattern with respect to each other) or at the protein function level (both
paralogous proteins diverge from each other in terms of their function).
Subfunctionalization generally occurs as a regulatory divergence, where the
ancestral gene expression becomes partitioned among the duplicated genes
in the relevant tissues and/or stages (Force et al., 1999; Lynch and Force,
2000; Gallagher et al., 2016), while neofunctionalization traditionally implies
that the protein encoded by one of the paralogous copies acquires a new
beneficial function and the other retains the ancestral function (Lynch and
Force, 2000; Walsh, 1995; Gallagher et al., 2016). Both processes have been
associated with the origin of the flower and the evolution of the MADS-box
genes (Dodsworth et al., 2016; Zahn et al., 2006), the appearance of C4 plants
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(Monson, 2003; Sage et al., 2012), the evolution of the KCS gene family (Guo
et al., 2016), and phytochromes (Rensing et al., 2016).

Polyploidization is a driving force for speciation and the emergence of
evolutionary novelties (Ramsey and Schemske, 1998; Eric Schranz et al.,
2012; Van de Peer et al., 2017; Zhan et al., 2016; Wood et al., 2009).
Polyploids often possess novel characteristics that are not present in
their diploid progenitors, and it is speculated that they hold a selective
advantage through their increased levels of genetic diversity (Ramsey and
Schemske, 1998; Dodsworth et al., 2016; Van de Peer et al., 2017). Some
of these new characteristics can allow polyploids to adapt and colonize
new ecological niches (Ramsey and Schemske, 1998). It is well known
that polyploids have higher tolerance for a broader range of ecological and
environmental conditions than diploids (Van de Peer et al., 2017). However,
polyploidy can also have detrimental effects on fertility and fitness owing to
genomic instability, mitotic and meiotic abnormalities, gene expression and
epigenetic changes, chromosomal rearrangements and (retro)transposition
(Van de Peer et al., 2017; McClintock, 1984). In this context, it has been
proposed that (neo)polyploids will often have a higher risk of extinction
than do diploids, leading to an evolutionary dead-end (Mayrose et al., 2009,
2015; Arrigo and Barker, 2012). On the other hand, for the survival and
long-term success of polyploids, the availability of new ecological niches or
an environmental change is necessary, where they may have an advantage
over their diploid progenitors (Van de Peer et al., 2017). The last hypothesis
has been supported by the observation that many polyploidization events
in plants are associated with mass extinction events (Figure 1.5) (for detail
check Van de Peer et al. (2017, 2009b); Fawcett et al. (2009); Lohaus and Van
de Peer (2016)).
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Figure 1.5: Phylogenetic tree based on whole-genome duplication (WGDs)
data of the plant clade (from algae to angiosperms) (taken from Van de Peer
et al. (2017)). Polyploidizations are indicated by rectangles. WGDs estimated to
have occurred between 55 and 75 million years ago (Mya) (shaded area around
the CretaceousPaleogene boundary) are indicated by light red rectangles. The
uncertainty of the date of the events is marked by bold black dashed lines. Mass
extinction events are indicated by shaded areas with boundaries 10 million years
either side of the predicted date of the event.
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1.4.1 Autopolyploidization and allopolyploidization

Polyploids can originate by one of two fundamentally different processes:
autopolyploidization and allopolyploidization, depending on whether the
genome duplicates within the same species or results from the merging
two distinct species genomes through hybridization (Ramsey and Schemske,
1998). As a result of these two mechanisms, autopolyploids possess
a genome with multiple sets of homologous chromosomes that share a
very high similarity, while allopolyploids possess a genome with multiple
sets of homoeologous chromosomes, each corresponding to a separate
parental genome. A major difference at the cytogenetic level between these
two types is the meiotic behavior of chromosomes. Autopolyploids can
have multivalent (where more than 2 chromosomes are fully or partially
aligned) and random bivalent (pairs) pairings because of the similarity
of their homologous chromosomes. Allopolyploids can have mostly
bivalent and preferential pairing depending on the divergence between
the parental genomes (Ramsey and Schemske, 1998; Chen, 2007; Madlung
and Wendel, 2013; Lloyd and Bomblies, 2016). Therefore, autopolyploids
exhibits polysomic inheritance, while disomic inheritance is expected to be
predominant in allopolyploids (Parisod et al., 2010; Spoelhof et al., 2017).
One more characteristic differing the two types of polyploids is the level
of morphological differentiation between them and their parentals, and
the magnitude of genomic, transcriptomic, and proteomic alterations after
polyploidization. In both cases autopolyploids seem to present smaller
phenotypic changes, and therefore they are often morphologically similar to
their progenitors and with low genomic alterations after polyploidization.
In contrast, allopolyploids tend to exhibit intermediate features at both
molecular and phenotypic characters as compared to their parents (Barker
et al., 2016; Spoelhof et al., 2017).

Multiple pathways (Figure 1.6) can lead to the formation of viable autopoly-
ploids or allopolyploids (Yang et al., 2011; Ramsey and Schemske, 1998). The
primary pathway of autopolyploids formation is via the union of unreduced
gametes, either through fusion of two unreduced gametes (bilateral poly-
ploidization) or the fusion of reduced and unreduced gametes producing
(fertile) triploids that can in turn generate tetraploid progeny through self-
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ing or backcrossing (unilateral polyploidization) (Ramsey and Schemske,
1998; Parisod et al., 2010). Other common pathway in autopolyploids is
somatic polyploidization followed by sexual reproduction (Spoelhof et al.,
2017). Allopolyploids are presumably formed spontaneously by crossing re-
lated species via unreduced gametes or via spontaneous chromosome dou-
bling of the resulting interspecific hybrids (Chen, 2010).

Figure 1.6: Main pathways of polyploidization (modified from Yang et al.
(2011)).

Both forms, auto- and allopolyploids, are not rare events and have
widespread and important evolutionary impacts in flowering plants (Spoel-
hof et al., 2017; Ramsey and Schemske, 1998; Barker et al., 2016; Parisod
et al., 2010; Soltis and Soltis, 2016). Many crop plants are described as al-
lopolyploids: wheat (Triticum aestivum) (International Wheat Genome Se-
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quencing Consortium, 2014), cotton (Gossypium hirsutum and G. barbadense)
(Wang et al., 2012; Li et al., 2015a, 2014; Wendel and Cronn, 2001), canola
(Brassica napus) (Chalhoub et al., 2014), soybean (Glycine max) (Gill et al.,
2009; Schmutz et al., 2010), sugarcane (Saccarum spp.) (Garsmeur et al., 2011).
Although the majority of studies have focused on allopolyploids (Spoelhof
et al., 2017), there are also many crops described as autopolyploids. Among
the cultivated autopolyploids we can mention sweet potato (Ipomoea batatas)
(Roullier et al., 2013), potato (Solanum tuberosum) (Spooner et al., 2008), al-
falfa (Medicago sativa) (Havananda et al., 2011), or watermelon (Citrullus lana-
tus) (Saminathan et al., 2015).

1.4.2 Polyploidy and domestication

A number of differential traits in polyploids are associated with increment in
organ’s size (the so-called “gigas” effect), buffering of deleterious mutations,
increased allelic diversity and heterozygosity, sub- or neofunctionalization
of duplicated genes, and heterosis (hybrid vigor) (Gallagher et al., 2016;
Sattler et al., 2016; Renny-Byfield and Wendel, 2014; Hias et al., 2017).
The presence of these traits and the ability of polyploids to adapt to new
niches may render them more suitable for agriculture than their diploid
relatives. In other words, increase of gene diversity of any plant genome
offers the opportunity of higher likelihood of survival, morphological
diversity and genetic modification. Polyploidy is commonly associated with
domestication, and both processes constitute key steps in plant evolution.
Recent studies have shown that polyploid species were more likely to be
domesticated than their diploid relatives (Salman-Minkov et al., 2016; Fang
and Morrell, 2016). Also many crop species are polyploids including banana,
canola, potato, wheat, soybean, sugarcane, and cotton (D’Hont et al., 2012;
Garsmeur et al., 2011; Li et al., 2015a; Spooner et al., 2008; International
Wheat Genome Sequencing Consortium, 2014; Gill et al., 2009; Chalhoub
et al., 2014).

Many key phenotypic traits in domesticated plants have a polyploid origin.
For instance, in wheat (Triticum aestivum) we can find a clear example of the
contribution of polyploidization to two important traits for domestication:
the grain texture and the free-threshing (Chantret et al., 2005; Wendel and
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Cronn, 2001). Domestication of wheat involved three genomes from three
divergent species (two genera). In particular, polyploid wheats are the result
of two different polyploidization events. In the first one, hybridization
between A-genome species (Triticum urartu) and B-genome species (close
to Aegilops speltoides) gives origin to the tetraploid wheat (T. turgidum),
and in the second one, hybridization between this tetraploid wheat and
a D-genome species (Aegilops tauschii) gives origin to the hexaploid wheat
(T. aestivum) (Matsuoka, 2011). The Hardness (Ha) locus represent a clear
example of variation after polyploidization. This locus consist of several
closely linked genes, and confers the soft grain phenotype in diploid
wheat. The deletion of some genes in the tetraploid wheat (T. turgidum)
resulted in the development of the hard grain phenotype, which is useful
for making pasta. After the most recent allopolyploidization, with the
incorparation of the D-genome followed by rearrangements in the Ha locus,
the allohexaploid wheat (T. aestivum) resulted in soft grained phenotype
(Chantret et al., 2005). The Q gene produces a free-threshing character in
allohexaploid T. aestivum as a result of the functional diversification and
interaction between Q/q homoeoalleles (from A-, B-, and D-subgenomes)
after allopolyploidization. Moreover the free-threshing character is absent
among the diploids (Zhang et al., 2011). In cotton, the fibers (single-celled,
epidermal, ovular trichomes) of allopolyploids (AD-genomes: Gossypium
hirsutum and G. barbadense) are considerably longer, stronger, and whiter
than their diploid relatives (A-genome cottons: G. herbaceum and G. arboreum,
and D-genome cottons: G. raimondii) (Wendel and Cronn, 2001; Renny-
Byfield and Wendel, 2014). In Brassicaceae, allopolyploids show an increase
in the diversity of glucosinolates, because of retention of genes after
duplication. These secondary metabolites are powerful weapons in defense
against herbivores, a valuable trait in crop species (Hofberger et al., 2013).
As compared to diploids, watermelon (Citrullus lanatus) autotriploids show
more desirable characteristics, such as a higher content of lycopene and
citrulline (Liu et al., 2010) and seedless fruits (Chopra and Swaminathan,
1960). In apple (Malus domestica) two autotetraploid cultivars perform better
in response of two fungal pathogens (Chen et al., 2017). These examples
serve to illustrate how polyploidization can provide novel opportunities for
selection of key agronomic traits.
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1.4.3 Diploidization

Despite most angiosperms underwent several ancient or recent WGDs, their
genomes are not uniformly large and can vary nearly 2,400-fold (Leitch
and Leitch, 2013). This variation results from the fact that the majority of
polyploids do not conserve the entire duplicated genome for a long time.
Instead, after polyploidization, genome downsizing is the most common
response, progressively returning the polyploid genome to a diploid-like
state, where chromosomes tend to present diploid behavior with bivalent
pairing during meiosis (Wendel, 2000; Leitch and Leitch, 2008; Chen and
Ni, 2006). This process is known as diploidization, and involves genomic
reorganization: chromosome fusion or loss, (retro)transposon mobility,
repetitive DNA loss, and gene loss (Figure 1.7) (Wendel, 2000; Dodsworth
et al., 2016; Soltis et al., 2016).

Figure 1.7: Depiction of some mechanism involved in diploidization processes.
In this schematic representation we can see chromosome losses (a), chromosome
fusions (b), chromosome rearrangements (b), gene loss (c) and retrotransposon
mobility (c).
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Diploidization may be a requisite for the stabilization of polyploid genomes,
and the long-term survival of polyploid lineages. Although it is unknown
how fast diploidization can proceed, it is estimated that it can take up to
tens of millions of years. This period of time is considered a lag phase
required for polyploids to radiate (Dodsworth et al., 2016). Indeed, many
studies have demonstrated that plant species with smaller genomes are
more likely to have higher diversification rates (Kraaijeveld, 2010). For
the genus Veronica (Plantaginaceae), it has been proposed that there is a
link between genome downsizing and increased diversification following
polyploidy (Meudt et al., 2015). Similarly, it has been observed in Avena
that most of the polyploid species have experienced genome downsizing
in relation to their diploid progenitors (Yan et al., 2016). Furthermore, it
is commonly observed that species with small number of chromosomes and
small genome size may have nevertheless undergone several WGDs in their
evolutionary history. For instance, Utricularia gibba has a genome size of
82-megabase and underwent three rounds of WGDs (Ibarra-Laclette et al.,
2013), Arabidopsis thaliana (Brassicaceae) has only 2n = 10 despite having
undergone at least two WGDs (Blanc et al., 2003; Bowers et al., 2003). Also
gene loss is a common process observed after polyploidization. In A. thaliana
since the most recent polyploidization event, only 30% of genes retained
the duplicate copy (Thomas et al., 2006). In the Brassica lineage 35% of the
genes inferred to be present when genome triplication occurred have been
lost (Town, 2006).

1.4.4 Olive tree and polyploidy

In principle, the Olea europaea complex involves diploid and polyploid
species as revealed by chromosome counting. The number of chromosomes
reported for Olea europaea is 2n = 46 (Taylor, 1945; Falistocco and Tosti, 1996).
Two subspecies are described as polyploids: cerasiformis (tetraploid) and
maroccana (hexaploid) (Besnard et al., 2008), while the other four subspecies
(europaea, guanchica, laperrinei, and cuspidata) are described as diploids (Baali-
Cherif and Besnard, 2005; Besnard et al., 2008). In the subsp. laperrinei it
was also shown the coexistence of two ploidy types (diploid and triploid
genotypes) (Besnard and Baali-Cherif, 2009).
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Furthermore, an earlier allopolyploidization event was proposed for the
clade of Olea and another genera (Taylor, 1945; Falistocco and Tosti, 1996).
Recent studies proposed a recent WGD shared between olive and Fraxinus
excelsior, suggesting an Oleaceae-specific WGD (Sollars et al., 2016). Other
studies suggested that a WGD could have taken place at the base of the
order Lamiales (Ibarra-Laclette et al., 2013). However these studies did not
include the olive genome, and therefore the question of which events really
happened in the evolutionary history of olive was still open. Disentangling
the complex history of past polyploidization events in the lineage leading to
the olive tree has been one of the main foci of this PhD thesis.

1.5 Methods to estimate polyploidy

With the advent of widespread genome sequencing, a growing number
of plants have been described as recent or ancient polyploids. Indeed,
many species traditionally considered as diploids are actually polyploids
(Vision et al., 2000; Bowers et al., 2003). The detection of polyploidy is
not an easy task. For instance, the signal of WGD can be blurred and
difficult to recognize because many genomic rearrangements set in following
polyploidy (see diploidization section 1.4.3). Moreover the difficulty
increases if the objective is to distinguish between auto- and allopolyploidy,
which turns increasingly difficult to discern as more time has passed since
the polyploidization event. Also incomplete genomic knowledge about the
parents makes it more difficult and sometimes impossible to differentiate. In
the following subsections we will summarize the main approaches that are
generally used to detect and/or date polyploidy.

1.5.1 Chromosome number and nuclear DNA content

In the XX century, inference of the number of current and ancestral chro-
mosome complements were performed based exclusively on chromosome
counting. Indeed, the terminology about polyploidization was provided by
former cytogeneticists based on chromosome counting in both mitosis and
meiosis, followed by inference of ancestral chromosome numbers (see Stace
(2010)). Seminal studies proposed the existence of abundant polyploidiza-
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tion processes and extensive variation in ploidy levels in angiosperms based
only on chromosome counting (Stebbins and Jr., 1938; Stebbins, 1971).

The somatic chromosome number is represented by “2n” and the gametic
chromosome number by “n”. On the other hand the base number of a
lineage is represented by “x” and represent the ancestral number of gametic
chromosomes. In this context, diploids are given as 2n = 2x, triploids as
2n = 3x, tetraploids as 2n = 4x, and so on (Gregory, 2011; Stace, 2010). In
more recent times, estimates of the number of WGDs have been based on
chromosome number and/or measurement of DNA content per cell (Leitch
and Bennett, 2004; Vargas et al., 1999). The logic behind this approach is
that polyploidy is the result of multiplications of entire chromosome sets.
Initially, it was proposed that genera or families with x = 12 or higher have a
polyploid origin (Stebbins, 1971), and species with number of chromosomes
larger than n = 9–14 are polyploids (Rieseberg and Willis, 2007b; Goldblatt,
1979). However this parameter by itself can be largely misleading because
of the many genome rearrangements that can follow polyploidy (Gregory,
2011).

Several databases are currently available that provide lists of chromosome
numbers for diverse plant species, such as the Chromosome Counts
Database (CCDB: http://ccdb.tau.ac.il/) (Rice et al., 2015), or the Index
to Plant Chromosome Numbers (IPCN: http://www.tropicos.org/Project/
IPCN) (Goldblatt and Lowry, 2011) among other databases that are more
specific to regions or taxonomic groups (Watanabe, 2002; Bedini et al., 2010;
Jara-Seguel and Urrutia, 2011; Hinsley, 2009). With the availability of this
information, some probabilistic models have been developed for the analysis
of chromosome number changes along a phylogeny, such as chromEvol
(Glick and Mayrose, 2014), ChromoSSE (Freyman and Höhna, 2017), and
BiChroM (Zenil-Ferguson et al., 2017).

The quantification of DNA is also used to detect polyploidy and the
prevailing method is flow cytometry, which is fast and reliable (Doležel
et al., 2007; Castelli et al., 2017). Flow cytometry alone or in combination
with other methods has been widely used for ploidy estimation in Medicago
sativa (Brummer et al., 1999; Şakİroğlu and Brummer, 2011), Crocus sativus
(Brandizzi and Grilli Caiola, 1998), Crataegus and Mespilus (Talent and

http://ccdb.tau.ac.il/
http://www.tropicos.org/Project/IPCN
http://www.tropicos.org/Project/IPCN
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Dickinson, 2005), Xanthosoma sagittifolium (Doungous Oumar et al., 2011)
and Arabidopsis lyrata, (Dart et al., 2004). Flow cytometry, together with
nuclear microsatellites, has been used for quantification of ploidy level in O.
europaea (Besnard and Baali-Cherif, 2009; Besnard et al., 2008). In particular,
diploids, triploids, tetraploids and hexaploids have been inferred for the
subspecies and some individuals of the O. europaea complex.

1.5.2 Synteny

Synteny was traditionally used in genetics to indicate the presence of
two or more genes (loci) on the same chromosome (McCouch, 2001). In
comparative genomics it is used as well in the form of “conserved synteny”
and “shared synteny” to refer to the conserved relative order of genes (or
genomic regions) in chromosomes of two or more species derived from
a common ancestor (Duran et al., 2009; Abrouk et al., 2010). Speciation
leads to the appearance of syntenic regions between different species, while
segmental duplications or WGD events (polyploidy) give rise to generalized
syntenic regions within the same species (Lyons and Freeling, 2008).
Although comparative analysis of synteny is a powerful tool to understand
the evolutionary history of genes and genomes, it requires high quality
genomes, which is a limiting factor. In addition, genome re-organization
breaks up synteny and the signal can get blurred over time being difficult
or even impossible to recognize. Several methods are currently available to
assess synteny such as SynMap (Lyons et al., 2008) from the CoGe platform
(https://genomevolution.org/coge/), SimpleSynteny (Veltri et al., 2016), or
PLAZA 3.0 (Proost et al., 2015). These methods are able to distinguish
between allo- and autopolyploidy in very recent events and often when
parent species are known. However, this information is not always available.

1.5.3 Phylogenomic methods

In order to better understand phylogenomic methods and thus evaluate
polyploidy, we can first classify them into two general categories, namely
age distribution methods, and least common ancestor (LCA) methods. Both
categories use the relationships of genes between closely related species to
identify and place polyploidization events on a species phylogeny (Gregg

https://genomevolution.org/coge/
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et al., 2017). They are powerful tools that not only can detect the WGD
event, but in many cases they can also tell apart auto- from allopolyploidy.
The advantage of these methods is that the information of the parent species
does not need to be available, as the detected patterns also emerge when
using data from relatives to the parental lineages.

Least common ancestor (LCA) methods

After a polyploidization events almost all genes and other genomic se-
quences are initially duplicated (Spoelhof et al., 2017). In allopolyploids,
these duplicated genes (paralogs) come from different species, whereby each
copy will be sister, in a gene phylogeny, to the respective orthologous gene
in the diploid parental species rather than to each other. In autopolyploids
each paralogous copy will be sister to each other in a gene phylogeny. A
common approach to uncover such relationships is to build gene trees and
map duplication events onto the species tree. Two methods can be used for
this purpose: (1) detection of the most recent common ancestor of the species
involved in the event on the gene tree plus posterior mapping on the species
tree (species overlap method) (Huerta-Cepas and Gabaldón, 2011), and (2)
gene tree-species tree reconciliation algorithms (Goodman et al., 1979; Doyon
et al., 2010; Akerborg et al., 2009; Jacox et al., 2016).

The species overlap method applied on an entire phylome (i.e. the complete
collection of evolutionary histories encoded in a given genome) estimates
a duplication ratio per branch in the species tree by dividing the number
of duplications that map in each node by all the number of gene trees that
contain that node (Figure 1.8). This ratio remains close to zero when few
duplications are present, but increases when one or multiple WGDs are
found (Huerta-Cepas and Gabaldón, 2011).
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Figure 1.8: Schematic representation of the species overlap method (taken from
Marcet-Houben and Gabaldón (2015)).

Among the gene tree-species tree reconciliation algorithms we will focus on
one recently developed for the analysis of polyploidy: Gene-tree Reconcilia-
tion Algorithm with MUL-trees for Polyploid Analysis (GRAMPA). A recent
implementation of this software uses the LCA algorithm with multi-labeled
(MUL) trees. These MUL-trees are trees in which the tip labels are not neces-
sarily unique, allowing the representation of all sub-genomes in an allopoly-
ploid as descendants of different parental lineages, or as descendants of the
same lineage for autopolyploids. This tool allows correct placement of poly-
ploidy events in the phylogeny and distinction between auto- and allopoly-
ploidyzations (Gregg et al., 2017).

In these methods the number of genes that are analysed is important in order
to avoid errors produced by an incorrect gene tree inference or incomplete
lineage sorting (Gregg et al., 2017). In this context phylomes, that are the
complete set of gene trees of a species (Huerta-Cepas et al., 2011), can be
used to overcome this problem. For instance, phylome plus the analysis of
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the ratio of duplications and the analysis of individual gene trees, can be
used to distinguish auto- and allopolyploidization. The analysis of phylomes
has been used to disentangle the allopolyploid history in Saccharomyces
cerevisiae, which was believed to be an autopolyploid in the past (Marcet-
Houben and Gabaldón, 2015). In this project we used this tool to analyse the
polyploidization history in O. europaea.

Age distribution methods

This method is based on the identification of pairs of duplicated genes
in the species of interest and the computation, for each duplicate pair, of
the number of synonymous substitutions per synonymous site (Ks) (Muse,
1996). These sites evolve in a putatively neutral manner and hence the
amount of divergence between any pair of genes is considered to be a
good proxy for the age of the duplication (Kimura, 1977; Udall and Wendel,
2006). In the species with duplicated genes and no polyploidization, we
will expect that the duplicated pairs are very recent and few will have high
Ks, while most of them will show low Ks (Lynch and Conery, 2000). In
species with polyploidy, the peaks observed in the distribution generally
will correspond to burst of duplications resulting from the WGD events.
If the peaks are observed in a single species, it means that the WGD
happened in the tip branch of the species tree. Alternatively if peaks of Ks
are shared among different species, they generally indicate that the WGD
occurred in a common ancestor of the affected species, e.g. (Kang et al.,
2014; Blanc et al., 2003; Myburg et al., 2014; Cannon et al., 2015; Barker
et al., 2008, 2009). However, there are cases in which such peaks do not
represent WGDs, or in which true WGDs cannot be recognized in this
manner, due to the stochastic nature of synonymous substitution, which
tends to blur the signal, as well as Ks saturation effects, which may lead
to artificial peaks (Blanc, 2004; Vanneste et al., 2013). A variation of this
method is the transversion rate at fourfold degenerate sites (4DTv). 4DTv
measures the fourfold synonymous third-codon transversions between pairs
of genes. This is a more conservative estimate of genetic divergence and
should be less susceptible to multiple substitution and more commonly
occurring synonymous substitutions (transitions) (Comeron, 1995; Muse,
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1996; Li, 1993). However as Ks, 4DTv can also be affected by saturation of
DNA substitutions (Tang et al., 2008).

Allele copy number

When polyploid organisms are analysed, it is difficult to deal with heterozy-
gous variations, i.e. those in which more than one alternative nucleotide
(allele) is present at the same genomic position. In this case, it is important
to measure allele copy number, or the relative representation (e.g. depth of
read coverage) of the different variants found at a given genomic position.
For example, when calling SNPs in one heterozygous position in a tetraploid,
the finding of an A/T polymorphism could represent AATT or ATTT, among
other combinations (Dufresne et al., 2014; Clark and Schreier, 2017). Measur-
ing the allele copy number, specifically the alternative allele (also called as
B-allele frequency), allows telling apart these possibilities. If we compute a
ratio of the alternative allele copy number, we can use it to determine the
ploidy level of an organism by plotting the distribution of these ratios. A
diploid sample should have one peak around 0.50, a triploid should have
two peaks near 0.33 and 0.66, a tetraploid should have three peaks close to
0.25, 0.50 and 0.75, and so on (Figure 1.9) (Zohren et al., 2016).

A general approach is the use of next-generation sequencing (NGS) data,
through counting the number of reads that map into a reference and
calculating the allele dosage. Some tools can be used for this purpose,
with some differences: HANDS2 (Homeolog-Specific Polymorphisms base
Assignment using NGS data through Diploid Similarity) (Khan et al., 2016),
Control-FREEC (Boeva et al., 2012), nQuire (Weiß et al., 2017), ConPADE
(Margarido and Heckerman, 2015), ploidyNGS (Corrêa dos Santos et al.,
2017).
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Figure 1.9: Density plot for the relative coverage of alternative alleles in
heterozygous sites (B-allele frequency) of a diploid (a), triploid (b), and
tetraploid (c). Each plot also shows on the left the proportions of heterozygous
SNPs per each ploidy.
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1.6 Final remarks

The olive tree is an emblematic plant of the Mediterranean basin. It consti-
tutes an important source for highly appreciated vegetable oil, an indicator
of Mediterranean climate, and a historically-important domesticated species
that has accompanied the extension of Mediterranean civilizations. Cur-
rently, the olive tree is largely propagated because of the olive oil, and con-
stitutes an economically important crop for many countries of the Mediter-
ranean basin. For this reason many studies have been focused on the applica-
tion of genetic markers for identification purposes, breeding programs, and
the reconstruction of its domestication history. However many questions
about its genome evolution, domestication and infraspecific phylogenetic re-
lationships are still debated. The present thesis aims to contribute to a better
understanding of these aspects, and to promote future research projects. Our
main results are disclosed in chapters 2, 3 and 4. In chapter 2 we present
the first reference genome of the olive tree, together with its annotation and
a preliminary comparative analysis with other plant species. In chapter 3
we used phylogenomics in order to do a deeper comparative analysis of O.
europaea with other eighteen plant species. Here we unraveled three poly-
ploidization events and we distinguished allo- form autopolyploidizations.
In chapter 4, we obtained the genome sequences of at least one individual
per each of the subspecies of the O. europaea complex, and analyse their ge-
netic diversity and phylogentic relationships. In this section another WGD
(or partial genome duplication) is unveiled which shortly predate the diver-
gence of the different subspecies of the O. europaea complex. Also multi pro-
cesses of hybridization among these lineages are highlighted in this chapter.
In chapter 5 we offer a summarizing discussion about the main implications
of our results and considering future perspectives in these topics. Finally
in the Appendix section I included the list of publications in which I have
contributed.





Hypothesis

Genomics elucidates plant genome evolution and infers gene duplication by
polyploidization and hybridization.

39





Objectives

The main objective of this thesis has been to reconstruct and analyze the olive
genome, using comparative genomics and phylogenomics methods, in order
to increase our understanding of the evolution of olive and pave the way to
investigate the genetic bases of traits of agricultural interest.

More specific objectives of my PhD project are:

1. To describe the first reference genome, assemblage and annotation for
the olive tree.

2. To investigate the evolution of the olive genome in the context of
other sequenced angiosperm species, with a special focus on the
characterization of past polyploidization events.

3. To reconstruct the phylogenetic relationships among the infraspecific
taxa of the Olea europaea complex and estimate evolutionary events
within the Olea europaea complex.

4. To analyse the genetic history of the domestication itself by comparing
genomic variability among cultivated olive tree and its closest wild
relatives.
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Genome sequence of the olive tree, Olea europaea

The results of this study have been recently published in the journal
GigaScience. We herein present the first reference genome of Olea europaea
L.

Olea europaea is an emblematic species of the Mediterranean basin because
it has historically been cultivated for food (olive oil, table olives), a
healthy component of the traditional Mediterranean diet. Despite its
economic, cultural, and historical importance, the olive tree has been poorly
characterized at the genetic and genomic levels. Three Spanish institutions
including the Centre for Genomic Regulation (CRG), the Royal Botanical
Garden of Madrid (RJB-CSIC), and the National Centre for Genomic
Analysis (CNAG) in collaboration, started the olive genome project in
2014. Initially this project aimed to obtain a high resolution sequencing,
assembly and annotation of a reference genome. This reference genome
will allow an easier and more reliable reconstruction of the evolutionary
and domestication history of the olive tree lineages by sequencing additional
subspecies and cultivars.

In this chapter we present the work leading towards the reconstruction of
the first reference genome of O. europaea L. The sequenced individual called
“Santander” (cv. ‘Farga’), which is a millenary tree, was originally planted
in Sierra del Maestrazgo, around the end of the eighth century (Antonio
Prieto-Rodrı́guez personal communication, estimate based on dendrometric
analyses). My main contribution to this part of the project was the functional
annotation, the analysis of the genomic variation, and the initial comparison
with other plant angiosperms.

One of the main achievements is that sequencing of the whole genome will
allow genetic improvement and plant manipulation. This will open up
numerous research avenues such as olive fruit modification, disease control,
breaking of masting, resistence to drought and salinity, among others.

Fernando Cruz*, Irene Julca*, Jèssica Gómez-Garrido, Damian Loska, Marina
Marcet-Houben, Emilio Cano, Beatriz Galán, Leonor Frias, Paolo Ribeca,
Sophia Derdak, Marta Gut, Manuel Sánchez-Fernández, Jose Luis Garcı́a,
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Ivo G. Gut, Pablo Vargas, Tyler S. Alioto and Toni Gabaldón. Genome
sequence of the olive tree, Olea europaea. Gigascience. 2016 Jun 27;5:29.
doi:10.1186/s13742-016-0134-5. PMID: 27346392. (*Contributed equally).

doi: 10.1186/s13742-016-0134-5
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Genome sequence of the olive tree, Olea europaea

2.1 Abstract

The Mediterranean olive tree (Olea europaea subsp. europaea) was one of
the first trees to be domesticated and is currently of major agricultural
importance in the Mediterranean region as the source of olive oil. The
molecular bases underlying the phenotypic differences among domesticated
cultivars, or between domesticated olive trees and their wild relatives,
remain poorly understood. Both wild and cultivated olive trees have 46
chromosomes (2n). A total of 543 Gb of raw DNA sequence from whole
genome shotgun sequencing, and a fosmid library containing 155,000 clones
from a 1,000+ year-old olive tree (cv. ‘Farga’) were generated by Illumina
sequencing using different combinations of mate-pair and pair-end libraries.
Assembly gave a final genome with a scaffold N50 of 443 kb, and a total
length of 1.31 Gb, which represents 95% of the estimated genome length
(1.38 Gb). In addition, the associated fungus Aureobasidium pullulans was
partially sequenced. Genome annotation, assisted by RNA sequencing from
leaf, root, and fruit tissues at various stages, resulted in 56,349 unique protein
coding genes, suggesting recent genomic expansion. Genome completeness,
as estimated using the CEGMA pipeline, reached 98.79%. The assembled
draft genome of O. europaea will provide a valuable resource for the study of
the evolution and domestication processes of this important tree, and allow
determination of the genetic bases of key phenotypic traits. Moreover, it will
enhance breeding programs and the formation of new varieties.

2.2 Data description

2.2.1 Sequencing

Genomic DNA was extracted from leaf tissue of a single Mediterranean
olive tree (Olea europaea L. subsp. europaea var. europaea cv. ‘Farga’; NCBI
Taxonomy ID: 158383). This tree, named ‘Santander’, was translocated from
the Maestrazgo region (Eastern Spain) to Boadilla del Monte (Madrid, Spain)
in 2005. O. europaea is a common tree in Spain and there are no legal
restrictions on its use for research, including cv. ‘Farga’. The tree age was
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estimated to be 1,200 years old based on dendrometric analyses (Antonio
Prieto-Rodrı́guez personal communication). A combination of fosmid and
whole genome shotgun (WGS) libraries were sequenced using Illumina
sequencing equipment.

The standard Illumina protocol was followed, with minor modifications to
create short-insert paired-end (PE) libraries (Illumina Inc., Cat. # PE-930-
1001), which were run on different types of Illumina sequencers (MiSeq 2250,
2300, 2500, 1600 and HiSeq2500 2150) according to standard procedures. The
MiSeq XL modes (2500 and 1600) were carried out according to the MiSeq
modifications reported in (Birol et al., 2013) and with the technical support of
Illumina. Primary data analysis was carried out using the standard Illumina
pipeline (HCS 2.0.12.0, RTA 1.17.21.3). Mate-pair (MP) libraries (3, 5, 7 and 10
kb fragment sizes) were constructed at the CRG sequencing unit according
to the Nextera Mate Pair Preparation protocol (Illumina Inc.), and sequenced
on the HiSeq2500 platform in 2x150bp read length runs. The number of lanes
and raw sequenced outputs for each library are summarized in Table 2.1.

Table 2.1: Sequencing libraries and respective yields used for whole genome
shotgun sequencing and fosmid pools.

Library Mode Name Yield (Gb)

PE400 2*262 837G B 8.3
PE400 2*312 837G B 68
PE400 2*255 837G B 8.2
PE560 2*312 846G D 33.9
PE560 2*151 846G D 99.2
PE560 2*500 846G E PCR 14.1
PE560 2*151 846G E PCR 46.8
PE725 2*151 837G E PCR 96.3
PE725 1*625 837G E PCR 2 15.2
MP3k 2*151 T587 33.9
MP5k 2*151 T586 40.3
MP7k 2*151 T585 37.6
MP10k 2*151 T584 42.7
FP PE350 2*151 1FP to 96FP 11.3*

*mean yield
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Preliminary kmer analysis of PE data (Figure 2.1) indicated a high level of
heterozygosity in this sample. To reduce the risk of separately assembling
two different haplotypes from the same locus and including them in the
final assembly, a fosmid pooling strategy was chosen similar to the one used
for the oyster genome project (Zhang et al., 2012a). A fosmid library of
155,000 clones was constructed in the pNGS vector (Lucigen Corp.). Ninety-
six pools of ∼1,600 clones each were made, and the purified DNA was
used to construct short-insert PE libraries using the TruSeqTM DNA Sample
Preparation Kit v2 (Illumina Inc.) and the KAPA Library Preparation kit
(Kapa Biosystems) according to manufacturer’s instructions. The pools were
sequenced using TruSeq SBS Kit v3-HS (Illumina Inc.), in PE mode, 2150 bp,
in a fraction of a sequencing lane of the HiSeq2000 flowcell v3 (Illumina Inc.)
according to standard Illumina operation procedures. The raw sequence
yield per pool was 11.3 Gb on average (SD: 2 Gb), corresponding to ∼150
depth. In addition a fosmid-end library was created from the same set of
clones using the Lucigen pNGS protocol and run in one lane of a HiSeq2000.
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Figure 2.1: Kmer spectrum. Using Jellyfish v1.1.10, 17-mers were counted in a
subset of whole genome shotgun paired-end reads corresponding to the PE560
2x150 sequencing run. The density plot of the number of unique kmer species
(y axis) for each kmer frequency (x axis) is plotted. The homozygous peak
is observed at a multiplicity (kmer coverage) of 52 x, while the heterozygous
peak is observed at 26 x. The tail extending to the right represents repetitive
sequences. The total number of kmers present in this subset was 71,902,584,399.
From these data, the Genome Character Estimator (gce) estimates the genome
size to be 1.32 Gb.

RNA was prepared from seven different tissues or developmental stages
(root, young leaf, mature leaf, flower, flower bud, immature fruit, and
green olives), using the Zymo ZR Plant RNA extraction kit (Zymo Research,
Irvine, CA). Then, RNA-Seq libraries were prepared using the TruSeqTM
RNA Sample Prep Kit v2 (Illumina Inc.) with minor modifications, and
libraries were sequenced using the TruSeq SBS Kit v3-HS in PE mode
with a read length of 275 bp. Over 50 million PE reads per sample were
generated in a fraction of a sequencing lane on a HiSeq2000 (Illumina Inc.),
following the manufacturer’s protocol. Image analysis, base calling and run
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quality scoring were processed using the manufacturer’s software Real Time
Analysis (RTA 1.13.48), followed by generation of FASTQ sequence files
using CASAVA software (Illumina Inc.).

2.2.2 Genome assembly

A kmer analysis was performed to estimate the genome size, level of
heterozygosity and repeat content of the sequenced genome. Using the
software Jellyfish v1.1.10 (Marçais and Kingsford, 2011), 17-mers were
extracted from the WGS PE reads (PE400), and unique kmers were counted
and plotted according to kmer depth (Figure 2.1). The homozygous or main
peak is found at a depth of ∼52x. The estimated genome size (found by
dividing the total number of kmers by the kmer depth of the main peak) is
1.38 Gb, which is at the low end of the range of empirical estimates. The
C-value ranges from 1.452.33 pg (1.42 Gb–2.28 Gb), with the median at 1.59
pg (1.56 Gb) (data from Kew et al. (2012), see Bitonti et al. (1999); Brito et al.
(2007); Loureiro et al. (2006, 2007); Ohri et al. (2004)), suggesting the existence
of variation in the repetitive fraction of the genome for the species. The left
peak at 26x kmer depth indicates many polymorphic sites in the genome.
In fact, using the Genomic Character Estimator program, gce v 1.0.0 (Liu
et al., 2013), the heterozygous ratio based in kmer individuals is 0.054, and
the corrected estimate of genome size is 1.32 Gb. Hereon the gce estimate is
referred to as the ‘assemblable’ portion of the genome.

A pilot WGS assembly using only PE data was performed in order to
generate enough contiguous sequences to gather library insert size statistics.
PE reads were first filtered for contaminating sequences (phiX, Escherischia
coli and other vector sequences, as well as O. europaea plastids) using GEM
(Marco-Sola et al., 2012) with m 0.02 (2% mismatches). Then, the reads
were assembled into scaffolds using AbySS v1.3.6 (Simpson et al., 2009) with
parameters: –s 600 –S 600-3000 –n 6 –N 10 –k 127 –l 75 –aligner map –q
10. This resulted in an assembly with a total length of 1.94 Gb, and contig
and scaffold N50s of 3.7 kb and 3.8 kb, respectively. Library insert sizes
were estimated by mapping against this draft assembly. For the WGS PE
libraries sequenced on Illumina HiSeq2000 using 2x151 bp reads, the insert
size distribution followed a bimodal distribution with a main peak at 725
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bp and a smaller peak at 300 bp. Before continuing with the assembly, read
pairs belonging to the smaller peak were filtered out, if connecting reads
were found overlapping both mates of the pair.

Figure 2.2: Comparison of fosmid insert and fosmid-pool scaffold size
distributions. Fosmid clone insert size estimates (black contiguous line) were
obtained by mapping fosmid end sequences to our merged fosmid pool (FP)
assembly. The fosmid end sequencing of only 155,000 unique clones resulted
in a very high sequencing depth, so we set a lower threshold of 100 x for the
number of times a given length was seen and counted each length only once.
While this procedure results in underestimating the amplitude of the density
peak, both the shape of the distribution and the mean insert size (36.7 kb)
should be unaffected, while the standard deviation is likely an overestimate.
The distribution of scaffold lengths from the 96 fosmid pool assemblies is given
by the blue dashed line (scaffolds smaller than 2.5 kb were discarded to avoid
noise).

The inflated length (47% of the assemblable part of the genome) and the
poor contiguity obtained for the draft assembly are symptomatic of the
expected difficulty in distinguishing divergent alleles of the same locus from
true repeats. To address this challenge, the 96 sequenced fosmid pools
(3.9x physical coverage of the genome, each pool covering ∼4% of the
genome) were assembled using the assembly pipeline shown in Figure 2.2 to
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obtain 96 largely haploid assemblies (simulations of 1,600-clone pools with
a genome size of 1.38 Gb show a mean of 2.5% of sequenced bases to derive
from separate overlapping clones, half of which would come from different
alleles). Optimal kmer size was 97 for most of the pools. For each pool
a base assembly was produced using ABySSv1.3.7 and parameters: s 300S
3005000n 9N 15k 97l 75aligner mapq 10. Afterwards, the base assemblies
went through several rounds of gapfilling (Boetzer and Pirovano, 2012),
decontamination, consistency checks, and rescaffolding with ABySSv1.3.7.
The decontamination step consists of detecting contaminant sequences
(phiX, vectors, UniVec, E. coli, plastids) in the intermediate assemblies
using blastn and masking any matches with Ns, thus producing gaps in
the assembly. As a result of the FP pipeline, 96 individual assemblies were
obtained with an average scaffold N50 of 33,7863,105 bp. The distribution of
scaffold sizes follows a bimodal distribution (Figure 2.3), suggesting that a
large fraction of fosmid clones are fully assembled. Mapping of fosmid ends
to the merged assembly (‘FP assembly’, see below) gives an estimate of the
clone insert size distribution (mean of 36.7 kbSD 4.97 kb) that corresponds
well with the right peak of the scaffold sizes.
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Figure 2.3: Fosmid pool assembly pipeline. For each fosmid pool, a single
paired-end (PE) library sequenced at 2 x 150 bp was first filtered and trimmed
of pNGS vector sequences, as well as those of Escherichia coli and other common
contaminants, including Olea europaea chloroplast sequences. Reads were
assembled with ABySS, gapfilled with GapFiller, and contaminants removed
using a BLAST homology search. A consistency check was performed, breaking
the assemblies at any point inconsistent with the proper insert size and
orientation of fosmid pool PE reads. The resulting contigs were scaffolded using
whole genome shotgun (WGS) data, followed by another round of gapfilling,
decontamination and consistency checking, this time including the new WGS
data. To repair the consistency broken assembly, a final round of scaffolding,
gapfilling and decontamination was performed.
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The 96 fosmid pool assemblies were then merged based on overlaps using
in-house OLC-like assembly-merging software called ASM (L. Frias and P.
Ribeca, manuscript in preparation; scripts are publicly available at Frias and
Ribeca (2016). Two rounds of merging were performed, with intermediate
scaffolding and gapfilling steps. In the first round, a minimum overlap
of 2,400 bp and high sequence similarity (maximum edit distance of 1.5%)
was used, while in the second round, longer overlaps (4,000 bp) and higher
sequence divergence (maximum edit distance of 10%) were used in order to
merge allelic regions. Each round of merging collapses repeats unless higher
order information supports a unique path for resolving a repetitive region;
this includes both the sequence of the input data (contigs) and scaffolding
information (i.e., the order of contigs in scaffolds in the original fosmid
pool assemblies). Merging produced an intermediate assembly (named ‘FP
assembly’ in Figure 2.4) with a scaffold N50 of ∼45 kb and a total length
of 1.38 Gb. Although this assembly was 4.54% larger than the assemblable
genome size (1.32 Gb), gene completeness according to CEGMA was only
95.97% complete and 97.58% partial, suggesting that 2.42-4.03% of the gene
space may have been missed.
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Figure 2.4: Overview of the complete assembly pipeline. The basic flow chart
starting with the 96 fosmid pool assemblies is shown. Assemblies are shown in
orange rounded rectangles. All computational steps are shown as octagons.
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To increase the overall completeness of the assembly, all WGS reads that
did not map to the FP assembly were selected and used to obtain a
complementary assembly using ABySSv1.5.2 with parameters: –s 300 –
S 300-5000 –n 10 –N 10 –k 95 –l 75 –aligner map –q 10. This assembly
accounts for 60.7 Mbp of sequence, and has an N50 of 1,506 bp for contigs
and 2,351 bp for scaffolds. This assembly was then broken into contigs,
50 bp was eroded from the ends of each contig, then contigs smaller than
200 bp were filtered out. Both assemblies were subsequently gathered
by joining the WGS contigs with the merged fosmid pool assembly, and
scaffolding them with SSPACE 2.0 (Boetzer et al., 2011). To account for read
pairs coming from two different alleles in the same genomic region, reads
were mapped to the SSPACE input assembly with gem-mapper (settings:
m = 0.05 and e = 0.1) and filters were applied to detect unique mappings
with no subdominant match. The resulting comprehensive assembly had
a scaffold N50 of 303.7 kb and a total length of 1.51 Gb, ∼190 Mb above
the expected genome length (1.32 Gb). The excess of assembled sequence
is likely to be caused by the presence of artificial duplications during the
assembly process (i.e., uncollapsed haplotypes that have been resolved in
two different contigs). Several strategies were used to refine the assembly
and obtain a haploid reference. First, consistency check was applied to
remove local misassemblies by mapping short and intermediate libraries
(PE720, MP3k and MP5k) to the input assembly: a positive score is assigned
to the assembly regions supported by read pairs separated by distances
falling within the limits (mean 3) of the empirical distribution, while a
negative score is assigned to regions where read pairs map i) outside of
these bounds, ii) in inconsistent orientation, or iii) to different scaffolds.
Regions where the sum of these two vectors is negative are removed from
the assembly. After applying this consistency check, the resulting assembly
had 46,893 consistent contig blocks (compared to 25,042 contigs before the
consistency check), giving a total of 1.46 Gb with an N50 of 101 kb. Second,
this assembly was collapsed using a minimum overlap of 4 kb and the
gem-mapper parameters e 0.03 and m 0.02, so only close matches were
merged (similar uncollapsed haplotypes, identical assembly artifacts, and
near identical repeats). Additionally, in order to avoid spurious joins, tip
merging was applied to the alignment graph down to overlaps of 250 bp.
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Finally, no repeat resolution was applied, but coherent links from input
scaffolds were reinserted. Consequently, the assembly length shrunk to
∼1.30 Gb, almost matching the assemblable fraction of the genome (1.32
Gb). An additional consistency check was run on the collapsed assembly
using the short and intermediate libraries (PE720, MP3k and MP5k), which
resulted in breaking the assembly from 64,814 into 72,593 scaffolds, giving
a total length of 1.30 Gb with a scaffold N50 of 50 kb. This assembly length
is what was expected based on the gce estimate. As a final assembly step,
PE reads with high divergence (gem-mapper parameters m = 0.05 and e =
0.08) were mapped to the assembly and rescaffolded with SSPACE 2.0 using
parameters k = 3 and a = 0.6. Then, scaffolds shorter than 500 bp were
discarded, and the GapFiller program (Boetzer and Pirovano, 2012) was used
to close about 40% of the assembly gaps. This assembly was labeled ‘Oe3’.

The Oe3 assembly was polished using a mapping-based strategy designed
to correct single nucleotide substitution and short insertiondeletion errors.
First, one library of paired-end reads (PE725) was aligned using BWA mem
(v0.7.7) (Li and Durbin, 2009) and variant calling was performed. Selecting
only homozygous alternative variants, an alternative FASTA sequence was
obtained using GATK (v3.5) FastaAlternateReferenceMaker (McKenna et al.,
2010). After discarding scaffolds shorter than 500 bp, the resulting assembly
(Oe5) had a scaffold N50 of 444 kb and a contig N50 of 51 kb. After
detecting putative contamination in some scaffolds of the Oe5 assembly, a
final decontamination step was performed against yeast, bacteria, arthropod
and mitochondrial sequences, combining homology search results obtained
by BLAST and, in the case of mitochondrial sequences, regions of high
depth (∼6000x). In total, 509 scaffolds were deleted from Oe5 and some
parts of another 27 scaffolds were removed. The assembly resulting from
this step, Oe6, has a scaffold N50 of 443 kb and a contig N50 of 52 kb
(Table 2.2). Oe6 contains 48,419 gaps comprising 53,969,601 sites. The gene
completeness of this assembly was estimated using CEGMA (Parra et al.,
2007) and BUSCO (Benchmarking Universal Single-Copy Orthologs) (Simão
et al., 2015). CEGMA analysis resulted in a gene completeness of 98.79%,
while BUSCO, using a plant-specific database of 956 genes, determined a
completeness of 95.6% of plant genes. A summary of the complete assembly
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strategy is shown in Figure 2.4.

Table 2.2: Summary statistics of the Oe6 assembly. Numbers of con-
tigs/scaffolds are shown in parentheses.

Oe6Assembly Length (bp) Contiguity (bp) Completeness (CEGMA)

N10 N50 N90 Complete Partial

Contigs
1,264,682,749 138,917 52,353 11,476

– –
(59,457) (695) (7,085) (25,802)

Scaffolds
1,318,652,350 1,088,680 443,100 110,965

98.8 % 98.8 %
(11,038) (94) (901) (3099)

2.2.3 Partial assembly of an olive tree associated fungus:
Aureobasisium pullulans

One of the putative sources of non-plant sequence present in the olive
samples was considered of interest; it was represented among the fosmid
pools and seemed to belong to the fungal genus Aureobasidium, which
has been previously associated with olive trees (Abdelfattah et al., 2015).
To assemble a partial sequence of this genome, four fully sequenced
Aureobasidium genomes were downloaded from JGI (Gostinčar et al., 2014).
Then, BWA v0.7.3a (Li and Durbin, 2009) was used to map all the reads
from the fosmid libraries to the four genomes. Once mapped, the reads
were filtered allowing only soft clipping for a maximum of one-third of the
read, and deleting read pairs when only one of the pairs passed the filters.
This resulted in a collection of 18,549,090 reads, which were assembled with
SPAdes v.3.1.1 (Bankevich et al., 2012). Scaffolding was done using the
assembled fosmids using SSPACE-LongRead (Boetzer and Pirovano, 2014),
and gaps were filled with gapcloser (Luo et al., 2012). These two steps were
repeated twice. The final alignment was then compared to the Aureobasidium
genomes using BLAST. Contigs longer than 200 nt, for which less than
20% of their sequence mapped against any of the Aureobasidium genomes,
were separated and compared against the NCBI non-redundant nucleotide
database (Camacho et al., 2009). Only those contigs with first hits to fungal
species were kept. The final assembly comprised 18 Mb, roughly two-
thirds of the typical size of Aureobasidium genomes (2529 Mb). To identify
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the species and strain, the most common fungal markers used for fungal
barcoding were identified (ITS, SSU, LSU, RPB1, RPB2 and EF1). Most of
the markers were missing in the assembly or were too short; based on a
769 nt fragment of the RPB1 gene, the most similar sequence was that of
Aureobasidium pullulans isolate AFTOL-ID 912 (DQ471148.1); a strain that
was isolated from the grape plant Vitis vinifera. The identity of this fragment
was 99.95% indicating that this was likely a different strain of the same
species. Augustus (Stanke et al., 2006) was used to perform gene annotation.
The training parameters were obtained using scaffold 1 of the published
A. pullulans genome, and then used to predict proteins in our strain of A.
pullulans. This resulted in 6,411 proteins.

2.2.4 Olive tree genome annotation

To annotate the olive tree genome, consensus gene models were obtained by
combining transcript alignments, protein alignments, and gene predictions.
A flowchart outlining these steps is shown in Figure 2.5. Transcripts for
assembly with Program to Assemble Spliced Alignments (PASA; r2014-
04-17) (Haas et al., 2003) were obtained as follows: first, RNA-Seq reads
generated from different tissues by our group (see above), plus publicly
available datasets in the Sequence Read Archive (SRA) (Table 2.3), were
aligned to the final assembly Oe6 with GEM v1.6.1 (Marco-Sola et al.,
2012). Transcript models were subsequently generated using the standard
Cufflinks v2.1.1 pipeline (Trapnell et al., 2010) starting with the BAM files,
resulting in 2,056,606 transcripts, which were then added to the PASA
database. In addition, 12,959 olive expressed sequence tags (ESTs) and
mRNAs present in Genbank (October 27, 2014) (Galla et al., 2009; Bazakos
et al., 2012; Schilirò et al., 2012) were also added to PASA using GMAP v2013-
10-28 (Wu and Watanabe, 2005) as the alignment engine. All of the above
transcript alignments were then assembled by PASA, resulting in 942,302
PASA assembled transcripts, which were scanned with PASA’s Transdecoder
program (Haas et al., 2003) to detect likely protein coding regions. This tool
predicted a total of 169,562 candidate genes. From these, a training set for ab
initio gene predictors was created from PASA models coding for complete
proteins, longer than 500 amino acids and with a BLAST hit to either the
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Lamiidae or Asteridae proteomes. A training set of 589 non-redundant genes
was obtained. In addition, the complete Lamiidae and Asteridae proteomes
present in Uniprot (February 10, 2015) were aligned to the olive genome
using SPALNv2.1.2 (Iwata and Gotoh, 2012), resulting in 625,980 coding
sequence (CDS) alignments.

Table 2.3: RNA-Seq samples used for annotation.

Accession Tissue Varietal

ERS1146989 Immature olives Farga
ERS1146988 Roots Farga
ERS1135096 Old leaves Farga
ERS1135095 Young leaves Farga
ERS1135094 Flowers Farga
ERS1135093 Flower buds Farga
ERS1135092 Green olives Farga
SRP000653 Fruits Coratina
SRP005630 Buds Picual, Arbequina
SRP044780 Leaves, Roots Picual
SRP016074 Fruits, leaves, stems and seeds Picula x Arbequina
SRP017846 Fruits Istrska belica
SRP024265 Leaves, Roots Kalamon
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Figure 2.5: Overview of the annotation pipeline. Input data for annotation are
shown at the top of the flow chart. Computational steps are shown in light blue
and intermediate data are shown in white.
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For ab initio gene prediction, transposable element repeats in the Oe6
assembly were first masked with RepeatMasker v4-0-5 (Smit et al., 2015)
using a custom repeat library constructed by running RepeatModeler v1-
0-7 and adding some olive-specific repeats (Barghini et al., 2014). A search
was also carried out for masked proteins encoded by transposable elements
(TEs) provided in the RepeatMasker Library of TE proteins. Low complexity
repeats were left unmasked for this purpose. In total, 63% of the assembly
was masked.

On this masked assembly four different ab initio gene predictors were run,
since combiners like EvidenceModeler work better when finding consensus
among the output of a diverse set of gene prediction algorithms, and
orthogonal evidence such as transcript and protein mapping. O. europaea
protein-coding gene predictions were obtained with GeneID v1.4.4 (Parra
et al., 2000) trained specifically for O. europaea with GeneidTrainer using the
training set of 589 genes; with Augustus v3.0.2 (Stanke et al., 2006) trained
with the etraining script that comes with Augustus using the same training
set; and with GlimmerHMM v3.0.1 (Majoros et al., 2004) trained with the
trainGlimmerHMM script that comes with the program using the same
training set. Finally, GeneMark-ES v2.3 (Borodovsky and Lomsadze, 2011)
gene predictions were obtained by running it in its self-trained mode. The
number of predicted gene models ranged from 48,237 with GeneMark-ES to
97,542 with GlimmerHMM. Geneid, Augustus and Genemark-ET v4.21 were
also used to generate predictions incorporating intron evidence, which was
extracted from the RNA-Seq data, by obtaining the junctions after mapping
it with GEM (see below). Junctions overlapping with ab initio GeneID
predictions, Augustus predictions, or with protein mappings were taken as
intron evidence. Running GeneID with hints resulted in a total set of 74,231
gene models; Augustus with hints resulted in 70,906; and Genemark-ET with
64,329 gene models.

Evidence Modeler r2012-06-25 (EVM) (Haas et al., 2008) was used to obtain
consensus CDS models using the three main sources of evidence described
above: gene predictions, aligned transcripts and aligned proteins. EVM
was run with three different sets of evidence weights, and the resulting
consensus models with the best specificity and sensitivity as determined by
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intersection (BEDTools v2.16.2 intersect (Quinlan and Hall, 2010)) with the
transcript mappings, were chosen for the final annotation (Table 2.4 shows
the best-performing weights). Consensus CDS models were then updated
with untranslated regions (UTRs) and alternative exons through two rounds
of PASA annotation updates. A final quality control was performed to fix
reading frames and intron phases, and remove some transcripts predicted
to be subject to nonsense-mediated decay. The resulting transcripts were
clustered into genes using shared splice sites or substantial sequence overlap
as criteria for designation as the same gene. This resulted in a preliminary
set of 56,349 protein-coding genes, whose 89,982 transcripts encode 79,910
unique protein products (∼1.59 transcripts per gene). Systematic identifiers
with the prefix ‘OE6A’ were assigned to the genes, transcripts and derived
protein products. Functional annotation was performed with InterProScan-
5.17-56.0 (Jones et al., 2014), 30,900 protein-coding genes were annotated
with gene ontology (GO) terms, and 41,257 were assigned a function.

Table 2.4: Weights given to each source of evidence when running Evidence
Modeler r2012-06-25.

Type of evidence Program Weight

ABINITIO PREDICTION GeneMark 1
ABINITIO PREDICTION Augustus 1
ABINITIO PREDICTION geneid v1.4 1
ABINITIO PREDICTION GlimmerHMM 1
ABINITIO PREDICTION geneid introns 2
ABINITIO PREDICTION Augustus introns 2
ABINITIO PREDICTION GeneMark-ET 2
OTHER PREDICTION transdecoder 2
TRANSCRIPT PASA 10
PROTEIN SPALN 10

The predicted O. europaea protein-coding set was then compared with those
in four other selected plant genomes (Arabidopsis thaliana, Erythranthe guttata,
Solanum lycopersicum, and Ricinus communis) downloaded from the NCBI
database. A BLASTP search of those proteomes was also performed against
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the olive proteome, and vice versa, using the BLASTALL 2.2.25+ software
suite (Camacho et al., 2009) with an e-value less than 0.01 and with at least
50% of identity (Table 2.5). General statistics for transcript, coding sequence
and exon lengths in O. europaea are similar to those in the other species,
but the number of genes is significantly larger. The number of exons per
transcript is slightly lower than in the four compared species. It is possible
that more false-positive single-exon genes have been annotated; however,
the number of single-exon CDS is not higher, although there is a slight shift
in the distribution toward fewer coding exons per transcript (Figure 2.6).

Table 2.5: Comparison of O. europaea with other plant species.

Species
Number of
proteins

Average Average coding Average Average Proteins with O. europaea proteins
transcript sequence exons per exon length homologs in with homologs in
length (bp) length (bp) transcript (bp) O. europaea the other species

Olea europaea 56,349 3,953 1,050 4.54 315 56,349 (100 %) 56,349 (100 %)
Arabidopsis thaliana 35,378 2,341 1,234 5.89 261 23,106 (65.3 %) 32,796 (58.2 %)
Erythranthe guttata 31,861 3,378 1,351 5.77 300 24,373 (76.5 %) 42,458 (75.3 %)
Solanum lycopersicum 36,148 5,626 1,389 6.48 288 27,778 (76.8 %) 38,448 (68.2 %)
Ricinus communis 27,998 4,323 1,390 6.53 287 21,990 (78.5 %) 37,264 (66.1 %)
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Figure 2.6: Distribution of exons per coding sequence in the analysed species.
The number of exons per CDS feature (UTRs were ignored) was counted and the
distribution plotted for the olive and each of the other four species for which we
compared annotations. Similar distributions were observed for all species.

The increased number of coding genes in O. europaea suggests the existence
of a large-scale genome duplication with respect to the other species.
Although this possibility deserves more detailed analysis, preliminary
analyses of gene comparisons identified 34,195 O. europaea genes with
O. europaea paralogs that are more similar to each other than to the
corresponding best hit in E. guttata (80.5% of the total proteins with hits in E.
guttata), the closest species in this analyses. Also, from the 14,437 paralogous
pairs found in O. europaea that represent each other’s reciprocal best hit,
10,711 pairs had the same best hit in E. guttata (which represents 74.2% of the
pairs). These results suggest that a high proportion of the O. europaea gene
repertoire has been duplicated since the separation of these two lamiales
species. To discard the possibility that these duplicates resulted from
uncollapsed heterozygous alleles, heterozygous single nucleotide variants
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(SNVs) identified by variant calling using samtools mpileup in pairs of
putatively recent duplicates were counted and compared with those in
singletons (genes without recent paralogs). The mean is significantly higher
in genes within recent duplicate pairs (Welch’s Two Sample t-test p-value
<2.2e-16). Finally, the 70% quantile of two-copy SNV counts is 42 and 8
for the one-copy genes. In the case where uncollapsed (duplicated) alleles
are frequent, one would expect to obtain the opposite pattern, as reads
coming from the same locus would independently map to one of the two
uncollapsed haplotypes in the assembly, thus dramatically reducing the
number of heterozygous SNVs called. Although further and more detailed
analyses are required, these results suggest extensive gene duplication in
the lineage leading to the olive tree. The possibility of a whole genome
duplication is consistent with the increased chromosomal number in O.
europaea (2n = 46), as compared to closely related lamiales such as Erythranthe
guttata (2n = 28) (Fishman et al., 2014) and Sesamum indicum (2n = 26) (Zhang
et al., 2013).

Non-coding RNAs (ncRNAs) were annotated by running the following
steps. First, the program cmsearch (v1.1) that comes with Infernal (Nawrocki
and Eddy, 2013) was run with the Rfam database of RNA families (v12.0)
(Nawrocki et al., 2015). Also, tRNAscan-SE (v1.23) (Schattner et al., 2005)
was run in order to detect the transfer RNA genes present in the genome
assembly. To detect long non-coding RNAs (lncRNAs), PASA assemblies
that had not been included in the annotation of protein-coding genes (i.e.,
expressed genes that were not translated to protein) were first selected.
Those longer than 200 bp and with a length not covered by a small ncRNA
at least 80% were incorporated into the ncRNA annotation as lncRNAs. The
resulting transcripts were clustered into genes using shared splice sites or
significant sequence overlap as criteria for designation as the same gene.
Systematic identifiers with the prefix ’OE6ncA’ were assigned to the genes
and their derived transcripts. In total, 25,199 non-coding genes have been
annotated, among which 20,082 are lncRNAs.

In summary, we report the first genome sequencing, assembly, and annota-
tion of the Mediterranean olive tree. This genome assembly will provide a
valuable resource for studying developmental and physiological processes,
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investigating the past history of domestication, and improving the molecular
breeding of this economically important tree.
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Phylogenomics of the olive tree (Olea europaea) disentangles
ancient allo- and autopolyploidizations in Lamiales

The results of this chapter has been submitted for publication to BMC
Biology, which are now under review. In any case, a preprint has been
deposited in the BioRxiv repository and is publicly available (http://www.
biorxiv.org/content/early/2017/07/13/163063).

Polyploidy, or whole genome duplication (WGD), is one of the major forces
of evolution in flowering plants and a key mechanism for speciation. It is
broadly classified in two main types: auto- and allopolyploidy. Autopoly-
ploids initially comprise two nearly identical sets of the same genome, while
allopolyploids, result from the merging of two fully differentiated genomes
(e.g. different species) followed by a WGD. Understanding the number and
type of polyploidization events that a species has experienced until its cur-
rent condition is not an easy task. In this work we used phylogenomic
tools in order to detect, date, and characterize polyploidization events in
the course of olive evolution. The olive is an iconic species of the Mediter-
ranean basin and it has been proposed that at least one recent WGD could be
involved in its origin. In order to detect and further investigate into this and
other putative WGDs, we reconstructed the phylome, i.e. a complete col-
lection of gene evolutionary histories, of the olive and five other Lamiales,
which have their genomes already sequenced (Fraxinus excelsior, Mimulus
guttatus, Sesamum indicum, Utricularia gibba and Salvia miltiorrhiza). In the
phylome of olive we also included the transcriptomic data of two closely
related species (Jasminum sambac and Phillyrea angustifolia) with the aim of
having higher temporal resolution and a more accurate understanding of
polyploid events. Our results show that the olive underwent at least three
polyploidization events since its divergence from Lamiales: two ancient al-
lopolyploidization events placed at the base of the family Oleaceae and the
tribe Oleeae, and a most recent WGD that seems to be specific to the olive
lineage. Remarkably, our results show the potential of phylogenomics as an
accurate tool to understand the history of polyploidy in plants.

Irene Julca*, Marina Marcet-Houben*, Pablo Vargas, and Toni Gabaldón.
Phylogenomics of the olive tree (Olea europaea) disentangles ancient allo- and

http://www.biorxiv.org/content/early/2017/07/13/163063
http://www.biorxiv.org/content/early/2017/07/13/163063
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autopolyploidizations in Lamiales. BMC Biology (submitted). (*Contributed
equally). Available as a preprint in: Irene Julca*, Marina Marcet-Houben*,
Pablo Vargas, and Toni Gabaldón. Phylogenomics of the olive tree (Olea
europaea) disentangles ancient allo-and autopolyploidizations in Lamiales.
bioRxiv. 2017 Jul 13. (http://www.biorxiv.org/content/early/2017/07/13/
163063).
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Phylogenomics of the olive tree (Olea europaea)
disentangles ancient allo- and autopolyploidizations
in Lamiales

3.1 Abstract

Polyploidization is one of the major evolutionary processes that shape eu-
karyotic genomes, being particularly common in plants. Polyploids can arise
through direct genome doubling within a species (autopolyploidization) or
through the merging of genomes from distinct species after hybridization (al-
lopolyploidization). The relative contribution of either mechanism in plant
evolution is debated. Here we used phylogenomics to dissect the tempo and
mode of duplications in the genome of the olive tree (Olea europaea), one of
the first domesticated Mediterranean fruit trees. Our results depict a com-
plex scenario involving at least three past polyploidization events, of which
two —at the bases of the family Oleaceae and the tribe Oleeae, respectively—
are likely to be the result of ancient allopolyploidization. A more recent poly-
ploidization involves specifically the olive tree and relatives. Our results
show the power of phylogenomics to distinguish between allo- and auto-
polyplodization events and clarify the conundrum of past duplications in
the olive tree lineage.

3.2 Introduction

The duplication of the entire genetic complement —a process known as
polyploidization or whole genome duplication (WGD)— is among the most
drastic events that can shape eukaryotic genomes (Vargas and Zardoya,
2014). Polyploidization can be a trigger for speciation (Rieseberg and Willis,
2007a), and can result in major phenotypic changes driving adaptation
(Soltis and Soltis, 2016). This phenomenon is particularly relevant in plants,
where it is considered a key speciation mechanism (Wood et al., 2009), and
where the list of described polyploidizations grows in parallel with the
sequencing of new genomes (Fawcett et al., 2009; Xu et al., 2011; Renny-
Byfield and Wendel, 2014; Vanneste et al., 2014; Mitsui et al., 2015; Iorizzo
et al., 2016). Polyploidization in plants has been a common source of genetic
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diversity and evolutionary novelty, and is in part responsible for variations
in gene content among species (Jiao et al., 2011; Soltis and Soltis, 2016).
Importantly, this process seems to have provided plants with traits that make
them prone to domestication (Salman-Minkov et al., 2016), and many major
crop species, including wheat, maize or potato are polyploids (Xu et al., 2011;
International Wheat Genome Sequencing Consortium, 2014; Renny-Byfield
and Wendel, 2014)

Polyploidization can take place through two main mechanisms: namely
autopolyploidization and allopolyploidization. Autopolyploidization is the
doubling of a genome within a species, and thus, resulting polyploids
initially carry nearly-identical copies of the same genome. Allopolyploids,
also known as polyploid hybrids, result from the fusion of the genomic
complements from two different species followed by genome doubling. This
genome duplication following hybridization enables proper pairing between
homologous chromosomes and restores fertility (Sémon and Wolfe, 2007;
Madlung, 2013; Glover et al., 2016). Such mechanism has been described
as the fastest (one generation) and most pervasive speciation process in
plants (Barker et al., 2016; Doyle and Sherman-Broyles, 2017). Hence,
allopolyploids harbor chimeric genomes from the start, with divergences
reflecting that of the crossed species.

Elucidating the exact number and type of past polyploidization events from
extant genomes is challenging. In part because following polyploidization a
process called diploidization sets in, during which the genome progressively
returns to a diploid state (Wolfe, 2001). This is attained through massive
loss of genes and even of whole chromosomes, resulting in a relatively
fast reduction of genome size. For instance, coffee and tomato belong
to the class Asteridae. Yet, since their divergence, the tomato lineage
underwent a whole genome triplication (Tomato Genome Consortium,
2012). Despite this, the tomato genome encodes only 36% more protein-
coding genes than coffee, and has just one additional chromosome. Hence,
chromosome number and gene content can serve to point to the existence
of past polyploidization events, but are not precise indicators of the
number or type of such events. Gene order (also known as synteny) is
often used to assess past polyploidizations, generally by comparing the
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purported polyploid genome to a non-duplicated relative. However, this
approach requires well-assembled genomes, and its power is limited for
ancient events, as the signal is blurred by the accumulation of genome
rearrangements. Finally, phylogenomics provides an alternative approach to
study past polyploidizations. In particular topological analysis of phylomes,
which are complete collections of gene evolutionary histories, has served
to uncover past polyploidization events (Huerta-Cepas et al., 2007; Jiao
et al., 2011; Schwartze et al., 2014; Corrochano et al., 2016). Recently,
phylome analysis was instrumental to distinguish between ancient auto- and
allopolyploidization in yeast (Marcet-Houben and Gabaldón, 2015).

The olive tree (Olea europaea L.) is one of the most important fruit trees
cultivated in the Mediterranean basin (Besnard et al., 2008). It belongs
to the family Oleaceae (order Lamiales), which comprises other flowering
plants such as the ash tree (Fraxinus excelsior) or jasmine (Jasminum sambac).
The genome of O. europaea has a diploid size of 1.32 Gb distributed in 46
chromosomes (2n). Up to date, polyploids have been described within
O. europaea as a recent polyploid series (2x, 4x, 6x) based on chromosome
counting, flow cytometry and molecular markers (Besnard et al., 2008).
However, little is known about ancient polyploidization in the olive tree
and relatives. The complete genome sequence has recently been published
(Cruz et al., 2016a), with analyses revealing an increased gene content as
compared to other Lamiales. This highly suggested the existence of at
least one past polyploidization event since the olive tree diverged from
other sequenced Lamiales (Cruz et al., 2016a). The recent sequencing of the
genome of F. excelsior which also presents signs of a past WGD (Sollars et al.,
2016), further supports this hypothesis. Still, the exact number and nature
of polyploidization events is yet to be resolved. To clarify this puzzle, we
performed a phylogenomic analysis of the O. europaea genome.
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3.3 Results and discussion

3.3.1 Gene order analysis indicates multiple polyploidizations in the
Lamiales

A standard approach to confirm polyploidization relies on the finding of
conserved syntenic paralogous blocks. Using COGE tools (Lyons et al.,
2008), we searched duplicated genomic regions in the olive genome. Our
results revealed numerous such regions, which supports the existence of
past polyploidization events (Figure S3.1a). We then calculated the syntenic
depth of the olive genome, which is a measure of the number of regions
in the genome of interest that are syntenic to a given region in a reference
non-duplicated genome (See Methods). As a reference we used Coffea
canephora. This species belongs to the order Gentianales and, given the
presence of duplications among sequenced Lamiales species, C. canephora
is the closest non-duplicated reference genome (Denoeud et al., 2014).
As a control, we performed a similar analysis between C. canephora and
Sesamum indicum, a Lamiales species known to have undergone a single
WGD (Wang et al., 2014). We also included F. excelsior (Oleaceae) in the
comparison as the closest sequenced relative to the olive. Our analyses
(Figure S3.1b) revealed contrasting patterns between the three species. The
Sesamum-Coffea comparsions showed a clear peak at depth 2, consistent
with the reported WGD. In contrast, there was no such clear peak in the
above mentioned Olea-Coffea or Fraxinus-Coffea comparisons, but rather a
similarly high number of regions of depth 1 to 6, and 1 to 4, respectively.
These results indicate the presence of multiple polyploidization events in
the lineages leading to these species, and suggest that O. europaea may have
undergone more such events than F. excelsior.

3.3.2 The olive phylome

To elucidate the evolutionary history of O. europaea genes and compare it to
that of related plants, we reconstructed the phylome (Huerta-Cepas et al.,
2011) of this species and those of five other Lamiales (F. excelsior, Mimulus
guttatus, S. indicum, Utricularia gibba and Salvia miltiorrhiza). These phylomes
are available in PhylomeDB database (Huerta-Cepas et al., 2014) (see
Table S3.1 for details). We reconstructed the evolutionary relationships of
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the considered species using a concatenated approach with 215 widespread,
single-copy orthologs (Figure 3.1a), which yielded congruent results with
previous analyses (Wortley et al., 2005; Schäferhoff et al., 2010). We
scanned the trees to infer orthologs and paralogs, and date duplication
events (see Methods). Using relative dating of gene duplications (Huerta-
Cepas et al., 2011) we mapped them to the corresponding clades in the
species tree. Functional analyses suggest that phosphatidylinositol activity,
recognition of pollen, terpene activity, gibberellin metabolism and stress
response are annotations enriched among genes duplicated in several of
such periods. We calculated the average duplication frequency for each
marked node in Figure 3.1b. Four internal branches showed increased
duplication frequencies (nodes 2 to 5). In addition all terminal branches had
high duplication frequencies and the two highest frequencies corresponded
to the lineages of U. gibba (0.53 duplications/gene), for which two recent
WGDs have been proposed (Ibarra-Laclette et al., 2013), and to O. europaea
(0.37). Altogether, these analyses indicate that the lineage leading to the
olive tree shows three differentiated waves of massive gene duplications, one
preceding the diversification of the sequenced Lamiales (node 4), another at
the base of the family Oleaceae (node 5), and another one specific to the olive
lineage.
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Figure 3.1: Species trees. a) Evolutionary relationships between nineteen plants
used in this study. All bootstrap values that are not shown in the graph, are
maximal (100). Red stars represent WGD events, and purple stars represent
whole genome triplication events, as described in the literature. b) Zoom in
to the Lamiales clade. Numbers in a circle on top of internal nodes represent
the node names as referred to in the text, numbers below each branch are
duplication frequencies calculated for each phylome. Each phylome and their
corresponding duplication frequencies is colored differently: O. europaea - green,
F. excelsior - light blue, U. gibba - brown, S. indicum - red, M. guttatus - orange,
and S. miltiorrhiza - yellow.
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3.3.3 Phylogenetic analysis reveals an ancient allopolyploidization
in Lamiales

We focused on the duplication peaks at the internal branches 2, 3 and 4 in
Lamiales (Figure 3.1b). A duplication event has been previously described
within Lamiales (Hellsten et al., 2013), which could correspond to node 3 or
node 4, depending on whether it is shared or not with Oleaceae. The peak
at node 2, which has not previously been described, can be explained by
the fact that the carnivorous plant U. gibba, despite the two recent WGDs,
has a reduced genome resulting from massive gene loss (Ibarra-Laclette
et al., 2013). Indeed for duplications that occurred at node 3, loss of all the
duplicated paralogs in U. gibba would lead to mapping to node 2. Supporting
such scenario is the finding that, when excluding orphan genes, only 51% of
S. indicum genes have orthologs in U. gibba (see Figure S3.2), as compared to
76% when comparing S. indicum to M. guttatus (see Figure S3.2). To further
test this scenario, we examined trees in the S. indicum phylome with node
2 duplications and counted how many of them included U. gibba homologs
within the Lamiales clade. Only 20.7% of such trees fulfilled that pattern,
further supporting that duplications mapped to node 2 mostly result from
duplications occurred at node 3 followed by gene loss in U. gibba.

A similar scenario could explain duplications at node 3, if massive loss
would have occurred in O. europaea and F. excelsior. Yet, these two species
do not have reduced genomes (Figure S3.2). In addition when scanning
S. indicum phylome trees with either a duplication in node 2 or in node
3, homologs of O. europaea or F. excelsior could be found in 83.0% of
them. Therefore, in this case, losses specific to Oleaceae cannot explain the
duplication peak at node 3. This leads to the conclusion that at least two
independent duplication events took place in the Lamiales: one corresponds
to the previously described event (Ibarra-Laclette et al., 2013; Denoeud et al.,
2014) preceding the divergence of M. guttatus and U. gibba (node 3), and
the other, congruent with a more ancestral event (node 4) preceding the
divergence between Oleaceae and the other Lamiales species. To further
confirm this newly discovered WGD (node 4), we performed a topological
analysis on the 10,670 trees in the olive phylome presenting duplications at
this node (see Methods), and assessed how many supported each of three
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possible topologies (see Figure 3.2a): TA.- both paralogous lineages maintain
gene copies in at least one species from both Oleaceae and the other Lamiales
(non-Oleaceae) species; TB.- One of the paralogous lineages was lost in all
non-Oleaceae Lamiales species; and TC.- One paralogous lineage was lost in
all Oleaceae species. Surprisingly, many gene trees (77% in the O. europaea
phylome) supported topology TB (see Figure 3.2b). Equivalent analysis in
the other Lamiales phylomes provided consistent results (Figure S3.3).

Figure 3.2: Topological analysis in olive and four other species. a) Possible
alternative topologies after the duplication concerning olive and the other
Lamiales. b) Percentage of trees that support each of the topologies shown
in Figure 3.2a in the olive phylome. c) Percentage of trees that support each
the different topologies for the phylomes of Phaseolus vulgaris (bean), Solanum
commersonii (wild potato), Scophthalmus maximus (fishes), and Rhizopus delemar
(Zygomycotina), taken from PhylomeDB. Like in Figure 3.2a, TB indicates the
loss of the paralogous side with the largest amount of species while TC indicates
the loss of the paralogous side with the smallest amount of species.
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We consider that a preponderance of topology TB is difficult to explain by a
simple duplication and loss model. The imbalance in the number of species
at the two sides of the node (two Oleaceae vs four non-Oleaceae Lamiales)
means that, in scenarios involving gene losses, we expect a greater chance
to observe topology TC than topology TB. This expected preponderance
of TC was supported in analysis of other phylomes comprising WGD
events at a node sub-tending imbalanced clades (see Figure 3.2c). An
alternative explanation for the preponderance of TB topology is the presence
of an allopolyploidization at the base of Oleaceae. Indeed hybridization
between an ancestor from a lineage that diverged before the Lamiales species
included in our set and another species more closely related to the non-
Oleaceae Lamiales would explain our observation (Wolfe, 2001; Marcet-
Houben and Gabaldón, 2015) (see Figure S3.4 for a detailed scenario).

3.3.4 Increased phylogenetic resolution provided by transcriptomes
uncovers allopolyploidization at the base of the tribe Oleeae

The ability to discern relative timing and type of past polyploidizations de-
pends on the taxonomic sampling of the compared genomes. Unfortunately,
at the time of starting this analysis the olive tree and F. excelsior were the
only fully sequenced genomes from within the family Oleaceae. To increase
the resolution of our analyses we included the transcriptomes of different
Oleaceae species, whose genomes are not available: Jasminum sambac (Li
et al., 2015b) and Phillyrea angustifolia (Sarah et al., 2017). The two species
plus F. excelsior represent three important divergence points in the olive lin-
eage. P. angustifolia belongs to the same subtribe (Oleinae), F. excelsior be-
longs to the same tribe (Oleeae) and J. sambac belongs to the same family
(Oleaceae). In addition J. sambac has only 26 (2n) chromosomes, whereas
the other three species have 46 chromosomes, which suggests that J. sambac
likely experienced a lower number of polyploidizations. We thus expanded
the olive phylome with these transcriptiomes (see Methods). We then se-
lected two sets of trees: namely those including at least one sequence of each
newly included species (set1: 20,705 trees) and those where a monophyletic
clade contained the olive protein used as a seed in the phylogenetic recon-
struction, and at least one sequence of each of the newly included species
(set2: 11,352). Using the same approach described above we reconstructed
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the phylogeny of the expanded set of species (Figure 3.3a), which was con-
gruent with previous analyses based on plastid DNA (Wallander and Albert,
2000). Additionally we estimated their divergence times (see Methods and
Figure S3.5). The nodes (branches) in the new phylogeny were named from
A to E (Figure 3.3a), where E matched node 4 in the initial species tree (Fig-
ure 3.1b). A new duplication profiling using set1 suggests three main dupli-
cation peaks in Oleaceae at nodes A, C, and D (see Figure S3.6). The node
at the base of the family Oleaceae (node D) is of similar density as the peak
found at the base of the Lamiales (node E), which we already described as an
allopolyploidization event that happened at the base of the Oleaceae family.
Another peak at the base of the Oleeae tribe (node C) is higher than the pre-
vious two peaks, as could be expected of a more recent event. A third peak
(node A) was still found specifically in O. europaea, indicating this duplica-
tion occurred after the divergence with P. angustifolia. Moreover, when du-
plication ratios are based on the more stringent set2 (see Figure S3.6), ratios
in nodes C and D are affected, while the rest remain with a similar density
as in set1. The increased presence of proteins of J. sambac sister to the olive
protein in gene trees in set2, can explain the increase in the ratio in node D,
but not the decrease of the ratio in node C.
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Figure 3.3: Species tree and 4DTv of the set1. a) Species tree of the group of
Lamiales including the additional two Oleaceae species, bars on the right show
the taxonomic classification. Nodes where the 4DTv of the paralogous pairs
were calculated are marked with letters (A to E) as referred to in the text and
colored according each evolutionary age. The species used to calculate the 4DTv
of orthologs pairs are shown in different colors. b) 4DTv of the orthologous pairs
between O. europaea with P. angustifolia, F. excelsior, J. sambac and S. indicum. c)
4DTv of the paralogous pairs of O. europaea at the marked nodes in the tree.
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To obtain an independent assessment of the relative age of duplications, we
plotted the ratio of transversions at fourfold degenerate sites (4DTv) for pairs
of paralogs mapped at each of the branches in Figure 3.3a, and compared
these ratios with those of orthologous pairs found between O. europaea
and the three other Oleaceae species plus S. indicum (see Figure 3.3 and
Figure S3.7). The resulting patterns (Figure 3.3) indicated overall congruence
between topological dating and sequence divergence. The youngest peak
comprised olive-specific duplications and followed the separation of olive
and P. angustifolia of ∼10 Mya (see Figure S3.5). The second wave of
duplications appeared after the divergence of J. sambac and before the
divergence of F. excelsior, at the base of the Oleeae tribe, which diverged
between 14–33 Mya. Interestingly, duplications whose topology maps to two
nodes appeared in this region of the 4DTv: those that map at node C after
the divergence of J. sambac and a fraction of the duplications that happened
before the divergence of J. sambac (node D). The most ancient duplication
wave corresponds to the allopolyploidization event that we have previously
described occurred between 33–72 Mya at the base of the Oleaceae family
(node D). Of note this time frame includes the Cretaceous-Tertiary (KT) mass
extinction event, around which many other plant polyploidization events
have been predicted (Fawcett et al., 2009). The fact that duplicatons whose
topology map at node E are found in this region of the 4DTv, placed after
the divergence of S. indicum, further supports the hybridization claim we
propose. We also note that part of the duplications mapping at node D
are found in this region. Altogether, these results confirm the presence of
duplication three waves of duplications but also show that the duplications
mapping at node D are divided in two peaks of sequence divergence as
indicated by 4DTv plots. Node D duplications with 4DTv values found
between the divergence of S. indicum and J. sambac can be explained as a
result of the proposed allopolyploidization at the base of Oleaceae, either by
the loss of non-Oleacae Lamiales species or by recombination where the non-
Oleaceae Lamiales copy was over-written (Figure S3.8). The other fraction
of node D duplications with 4DTvs that map after the speciation of J. sambac
are more difficult to explain, as in the trees they predate J. sambac divergence.
This scenario is similar to the one we observe at the base of Oleaceae where
topologically duplications are mapped at a different node than their age
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indicates. Therefore we propose that the Oleeae tribe was the result of a
hybridization event with an ancestor in the lineage of J. sambac as one of the
parents (Figure S3.8). In 1945 Taylor proposed that the Oleaceae group with
23 chromosomes (Oleoideae) had an allopolyploid origin whose ancestors
were two probably extinct lineages from a group related to Jasminum with
chromosome numbers of 11 and 12 (Taylor, 1945). This scenario is further
supported by the use of a more stringent filtering of the trees (set2). When
at least one sequence of J. sambac is in the clade, then the duplication density
at node D increases from 0.37 to 0.63 (Figure S3.6). The use of a complete
genome of J. sambac could confirm the allopolyploidization hypothesis at this
point.

In order to confirm the two newly discovered allopolyploidization events
with an alternative approach, we used GRAMPA (Gregg et al., 2017), which
relies on gene-tree species-tree reconciliation to discern between allo- or
auto-polyploidization. We performed two different analyses. In the first
we compared the allopolyploidization model versus the autopolyploidiza-
tion model at the base of Lamiales (node E) (see Figure S3.9a). We obtained
lower parsimony scores for the allopolyploidization hypothesis (Table S3.2),
indicating a better match with the gene trees as compared to an autopoly-
ploidization scenario. We performed the same analysis comparing the pro-
posed allopolyploidization at the base of the Oleeae lineage (node C) with
two different hypotheses that place an autopolyplodization at the base of
the family Oleaceae and at the base of the tribe Oleeae, respectively (see
Figure S3.9b). The results once again supported allopolyploidization over
each of the two autopolyplodization hypotheses. Finally, inspection of the
phylome identified examples of gene trees that retained the duplications of
the three polyploidization events, and whose topology is congruent with the
proposed scenario (see Figure S3.10 as an example). Re-analysis of the syn-
tenic depth results uncovered over 800 homologous syntenic regions with a
depth of 8 between coffee and olive (see Figure 3.4).
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Figure 3.4: Example of five syntenic regions with a 1:8 relation between coffee
and olive, as detected by GEvo.

3.4 Conclusions

Altogether our results underscore the power of phylogenomics to distin-
guish between allo- and auto-polyploidization. All our results indicate that
the evolutionary history of olive comprises not only a species specific WGD,
but also two older allopolyploidization events (Figure 3.5). The most ances-
tral event occurred at the base of the family Oleaceae, where a non-Oleaceae
Lamiales species could be involved as one of the parental species. Also
this event is independent of the one described before for the group of non-
Oleaceae Lamiales species. The second one at the base of the Oleeae tribe that
seems to involve a species related to Jasminum as one of the partners. The
third event is specific to O. europaea and, with the current set of sequenced
species, we do not find phylogenetic support for an allopolyploidization sce-
nario. However, increased taxonomic sampling may change this.
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Figure 3.5: Species tree of the Lamiales clade showing the polyploidization
events described in the literature (red stars) and in this analysis (green stars).
The light green stars mark allopolyploidization events. Bars on the right show
the taxonomic classification and the line in the bottom shows the divergence
time in Mya.

3.5 Methods

3.5.1 Gene order analysis

The comparative genomic tools in the CoGe software package (Lyons et al.,
2008) (https://genomevolution.org/coge/) were used to analyse gene order
in the genomes of olive and its relatives. First, synmap was used to compare
the olive genome against itself using the Syntenic Path Assembly option
(Lyons et al., 2011) and removing scaffolds without conserved synteny (see
Figure S3.1). Then, we used SynFind to obtain the syntenic depth, the
number of conserved syntenic regions between one query genome and a
reference. We obtained this value for comparisons of the olive, Fraxinus
excelsior and Sesamum indicum using Coffea canephora as reference (see

https://genomevolution.org/coge/
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Figure S3.1). SynFind was also used to find regions with a 1:8 relationship
between coffee and olive (see Figure 3.4).

3.5.2 Phylome reconstruction

Six phylomes were reconstructed. In all cases an appropriate set of species
was selected (see Table S3.1) and the PhylomeDB automated pipeline was
used to reconstruct a tree starting from each gene encoded in each one of the
seed genomes (Huerta-Cepas et al., 2011). This pipeline proceeds as follows:
First a smith-waterman search is performed (Smith and Waterman, 1981) and
the resulting hits are filtered based on the e-value and the overlap between
query and hit sequences (e-value threshold <1e-05 and overlap >0.5). The
filtered results are then aligned using three different methods (MUSCLE
v3.8, MAFFT v6.814b and KALIGN 2.04) used in forward and reverse
orientation (Edgar, 2004; Katoh et al., 2005; Lassmann and Sonnhammer,
2005; Landan and Graur, 2007). A consensus alignment is reconstructed
from these alignments using M-coffee (Wallace et al., 2006). This consensus
alignment is then trimmed twice, first using a consistency score (0.1667) and
then using a gap threshold (0.1) as implemented in trimAl v1.4 (Capella-
Gutiérrez et al., 2009). The resulting filtered alignment is subsequently used
to reconstruct phylogenetic trees. In order to choose the best evolutionary
model fitting each protein family, neighbor joining trees are reconstructed
using BIONJ and their likelihoods are calculated using seven evolutionary
models (JTT, WAG, MtREV, VT, LG, Blosum62, Dayhoff). The model best
fitting the data according to the AIC criterion is then used to reconstruct a
maximum likelihood tree with PhyML v3.1 (Guindon and Gascuel, 2003).
All trees and alignments are stored and can be downloaded or browsed
in phylomeDB (Huerta-Cepas et al., 2014) (http://phylomedb.org) with the
Phylome IDs 215, 216, 217, 218, 219, and 220.

3.5.3 Incorporation of transcriptomic data in the olive phylome

Transcriptome data was downloaded from the ources indicated in their
respective publications Jasminum sambac (Li et al., 2015b), and Phillyrea
angustifolia (Sarah et al., 2017). In the case of J. sambac, where no protein
prediction derived from the transcriptome was available, we obtained the
longest ORF for each transcript. Only ORFs with a length of 100 aa or longer

http://phylomedb.org
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were kept, resulting in 20,952 ORFs in J. sambac. Transcriptomic data was
introduced into each tree of the olive phylome using the following pipeline.
First a similarity search using blastP was performed from the seed protein
against a database that contained the two transcriptomes. Results were then
filtered based on three thresholds: e-value <1e-05, overlap between query
and hit had to be at least of 0.3, and a sequence identity threshold >40.0%.
Hits that passed these filters were incorporated into the raw alignment of the
phylome using MAFFT (v 7.222) ( - -add and - -reorder options) (Katoh and
Frith, 2012). Then trees were reconstructed using the resulting alignment
and following the same procedure as described above. Once all trees were
reconstructed, they were filtered to remove unreliably placed transcriptome
sequences. Phylomes tend to be highly redundant, specially when the seed
genome contains many duplications, as is the case for the olive genome.
Therefore, the same transcriptomic sequence is likely inserted in many trees.
For each inserted transcript, we checked whether the sister sequences of each
inserted transcript overlapped. If such overlap did not exist the transcript
was deemed unreliable and removed from the tree. This filtered set was
then filtered once more to select trees that contained at least one transcript
for each of the two new species (set1). Finally set1 was filtered again to keep
only trees that contained a monophyletic clade including the four Oleaceae
species (set2).

3.5.4 Species tree reconstruction

A species tree was reconstructed using data from the olive phylome. Each
tree reconstructed for this phylome was first pruned so that species specific
duplications were deleted from the tree, keeping only one sequence as
representative of the duplicated group. Once trees were pruned, only those
trees that contained one sequence for each of the 19 species included in the
phylome were selected. 215 such trees were found. The clean alignments
used to reconstruct these trees were concatenated and a species tree was
reconstructed using the model of amino acids substitution LG implemented
in PhyML v3.1 (Guindon and Gascuel, 2003) with 100 bootstrap replicates.
In addition, a second species tree was reconstructed using a super-tree
approach with the tool duptree (Wehe et al., 2008). In this case all trees in
the olive phylome were used for the tree reconstruction. A third species tree
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was reconstructed after the inclusion of the transcriptomic data into the olive
phylome. From the initial set of genes chosen to reconstruct the first species
tree, a subset was chosen to reconstruct the extended species tree. This subset
included only genes that incorporated at least one of the three species with a
transcriptome. This final tree was reconstructed using 112 gene alignments
using the same methodology as described above.

3.5.5 Detection and mapping of orthologs and paralogs

Orthologs and paralogs were detected using the species overlap method
(Huerta-Cepas et al., 2007) as implemented in ETE v3.0 (Huerta-Cepas
et al., 2016). Species specific duplications (expansions) are computed as
duplications that map only to one species, in our case always the species
from which the phylome was started. In order to reduce the redundancy
in the prediction of species specific expansions a clustering is performed
in which expansions that overlap in more than 50% of their sequences are
fused together. Predicted duplication nodes are then mapped to the species
tree under the assumption that the duplication happened at the common
ancestor of all the species included in the node, as described by Huerta-
Cepas and Gabaldón (Huerta-Cepas et al., 2011). Duplication frequencies
at each node in the species tree are calculated by dividing the number of
duplications mapped to a given node in the species tree by all the trees
that contain that node. In all cases duplication frequencies are calculated
excluding trees that contained large species specific expansions (expansions
that contained more than 5 members).

3.5.6 GO term enrichment

GO terms were assigned to the olive proteome using interproscan (Jones
et al., 2014) and the annotation of orthologs from the phylomeDB database
(Huerta-Cepas et al., 2014). Phylome annotations were transferred to the
olive proteome using one-to-one and one-to-many orthologs. GO term en-
richment of proteins duplicated at the different species-specific expansions
and duplication peaks was calculated using FatiGO (Al-Shahrour et al.,
2004).



Methods 91

3.5.7 Topological analysis

A topological analysis was performed using ETE v3.0 (Huerta-Cepas et al.,
2016) to test whether a duplication event happened at the base of Lamiales
and determine which species were involved. We searched how many trees
supported each of the following topologies: the complete topology where
at least one Oleaceae and at least one other non-Oleaceae Lamiales are
found at both sides of the duplication (topology TA), a partial topology
where all non-Oleaceae Lamiales species have been lost in one side of the
duplication (topology TB), or another partial topology where the Oleaceae
sequences have been lost at one side of the duplication (topology TC)
(see Figure 3.2a). The analysis was then repeated in different previously
reconstructed phylomes that contained ancient whole genome duplications
where there was an imbalance of species at either side of the duplication.
The phylomes selected were those of the plants Phaseolus vulgaris (Vlasova
et al., 2016) (Phylome ID 8) and Solanum commersonii (Aversano et al., 2015)
(Phylome ID 147), the fish Scophthalmus maximus (Figueras et al., 2016)
(Phylome ID 18), and the fungi Rhizopus delemar (Corrochano et al., 2016)
(Phylome ID 252). Each of those phylomes contains an old WGD where
at one side of the duplication there are less species than at the other one.
We checked the proportion of trees that supported each topology. Like
with the Oleaceae example, topology TA’ conserves at least one member
of each group, topology TB’ has lost all the species of the large group at
one side of the duplication while TC’ has lost all the species of the small
group at one side of the duplication (see Figure 3.2d). We used GRAMPA
(Gregg et al., 2017) (Spring 2016 version) to assess five different hypothesis
(see Figure S3.10) using the two sets of trees that contained transcriptomic
data. This tool uses reconciliation in order to compute the support between
a set of trees and a proposed allopolyploidization or autopolyploidization
event. Though it is limited to detecting one single event at a time. During
its calculation, GRAMPA discards single gene trees that have too many
possibilities when reconciling them to the species tree. The trees discarded
can vary depending on the species tree hypothesis. Therefore, in order
to fairly compare the parsimony scores obtained, we recalculated them
based on the trees used in all the hypotheses. We performed two different
analyses. In the first we compared the allopolyploidization model versus
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the autopolyploidization at the base of Lamiales (see Figure S3.10a). In
the second we compared the allopolyploidization that led to the Oleeae
lineage with two different hypotheses that place an autopolyploidization at
the base of Oleaceae family and at the base of Oleeae tribe respectively (see
Figure S3.10b). Results can be found in Table S3.2.

3.5.8 Transversion rate at fourfold degenerate sites (4DTv)

The 4DTv distribution was used to estimate speciation and polyploidization
events. In order to obtain the gene pairs we used the species tree that
included the transcriptomic data. We calculated the 4DTv values for the
orthologous gene pairs between O. europaea with J. sambac, F. excelsior, P.
angustifolia, and S. indicum. We also calculated the 4DTv for each paralogous
gene pair of olive that maps at each evolutionary age.

3.5.9 Divergence times

Divergence times were calculated using r8s-PL 1.81 (Sanderson, 2003). Four
nodes were taken as calibration points. The divergence time of these
nodes were obtained from the TimeTree database (Hedges et al., 2015):
Mimulus guttatus - Arabidopsis thaliana (117 Mya), Sesamum indicum - Solanum
lycopersicum (84 Mya), Glycine max - Arabidopsis thaliana (106 Mya), Zea mays
- Solanum lycopersicum (160 Mya). Cross-validation was performed to choose
the smoothing parameter.
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3.A Supplementary material

Table S3.1: List of species included in the reconstruction of the six phylomes
used in this study. Columns indicate, in this order, the species code for each
species, the species name, the source for the protein and the coding DNA
sequences, and the phylome in which the species was used (O. europaea-215,
F. excelsior-216, M. guttatus-217, S. indicum-218, U. gibba-219, S. miltiorrhiza-220).

Species code Species name
Source of protein

PhylomeId
coding sequences

OLEEU Olea europaea Olea europaea genome project 215, 216, 217, 218, 219, 220
FRAEX Fraxinus excelsior http://www.ashgenome.org 215, 216, 217, 218, 219, 220
UTRGI Utricularia gibba Utricularia gibba Genome 215, 216, 217, 218, 219, 220

Sequencing Project
SESIN Sesamum indicum ocri-genomics.org 215, 216, 217, 218, 219, 220
MIMGU Mimulus guttatus JGI 215, 216, 217, 218, 219, 220
SALMI Salvia miltiorrhiza Chinese Herbal Plant 215, 216, 217, 218, 219, 220

Genome Database
COFCA Coffea canephora coffee-genome.org 215, 216, 217, 218, 219, 220
HELAN Helianthus annuus biodiversity.ubc.ca 215, 216, 217, 218, 219, 220
SOLLC Solanum lycopersicum ENSEMBL 215, 216, 217, 218, 219, 220
ARATH Arabidopsis thaliana Ensembl Plants - Release 17 215, 216, 217, 218, 219, 220
AMBTC Amborella trichopoda Uniprot 215, 216, 217, 218, 219, 220
BETVU Beta vulgaris CRG Ultrasequencing Unit 215
VITVI Vitis vinifera Ensembl Plants release 25 215
POPTR Populus trichocarpa EnsemblPlants - Release 15 215
SOYBN Glycine max Ensembl Plants - Release 17 215
ORYSJ Oryza sativa subsp. japonica Ensembl Plants - Release 22 215
TOBAC Nicotiana tabacum Solgenomics 215
SOLTU Solanum tuberosum Ensembl Plants - Release 22 215
MAIZE Zea mays Ensembl Plants release 25 215
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Table S3.2: List of parsimony scores for each of the different hypothesis and
considering the two sets of trees with EST data. Nodes are named as shown in
Figure 3.3.

Event Hypothesis
Parsimony score
for set1

Parsimony score
for set2

Event Oleaceae Hybridization at node 5 663887 440499
WGD at node 5 669725 443697

Event Oleeae Hybridization at node 3 663379 428200
WGD at node 3 664593 440452
WGD at node 4 666795 437880

Figure S3.1: Results obtained with the GOGE package. a) Image of a mapping
of O. europaea against itself as shown by Synmap. b) Syntenic depth as calculated
by SynFind.
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Figure S3.2: Heatmap showing the percentage of orthologous proteins in
comparison to each Lamiales species included in this analysis.

Figure S3.3: Pie-charts representing the distribution of trees supporting each
of the topologies as shown in Figure 3.2



96 Phylogenomics of the olive tree

Figure S3.4: Exact topologies expected to find in a scenario of autopoly-
ploidization and one of allopolyploidization.
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Figure S3.5: Chronogram depicting the evolution of the plants included in the
phylome. Green dots represent selected calibration points in Mya.
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Figure S3.6: Species tree of the Lamiales order, including P. angustifolia, F.
excelsior and J. sambac. The duplication rates are shown in red for set1 and in
blue for set2. The grey circles show the node name and the bars on the right, the
taxonomic classification.
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Figure S3.7: Species tree and 4DTv of the set2. a) species tree of the group of
Lamiales including the three Oleaceae species. Nodes where the 4DTv of the
paralogous pairs were calculated are marked with letters (A to E) as referred to
in the text and coloured according each evolutionary age. The species used to
calculate the 4DTv of orthologous pairs are shown in different colours. The bars
on the right show the taxonomic classification. b) 4DTv of the orthologous pairs
between O. europaea with P. angustifolia, F. excelsior, J. sambac and S. indicum. c)
4DTv of the paralogous pairs of O. europaea at the marked nodes in the tree.
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Figure S3.8: Schematic explanation of the 4DTv density at node D in
Figure 3.3c. a) representation of the two allopolyploidization events and the
potential parentals.b) scheme of a gene tree where the protein of J. sambac map
after the divergence of this species. c) scheme of a gene tree where the non-
Oleaceae Lamiales proteins are lost. d) 4DTv of the paralogs at nodes C, D, and
E. The dotted lines mark the divergence time between olive - J. Sambac and olive
- S. indicum.
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Figure S3.9: Phylogenetic trees representing the comparisons done for
GRAMPA. In all cases branches painted in green and orange represent the
species that the polyploidy has affected. a) The trees represent the hypothesis of
an allopolyploidization versus an autopolyploidization at the base of Lamiales.
b) These trees represent the hypothesis of an allopolyploidization versus a two
models of autopolyploidization.
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Figure S3.10: Example gene tree that shows the three events we have described
in olive: the species specific duplication and the two allopolyploidizations. The
whole genome duplication previously described in non-Oleaceae Lamiales and
the species specific duplications in U. gibba can also be seen.
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Genome sequencing of wild and cultivated olive trees reveals
rampant hybridization in the Olea europaea complex

This chapter provides the first phylogenomic analysis of the O. europaea
complex.

The Olea europaea complex is composed by six subspecies: europaea, cerasi-
formis, maroccana, guanchica, laperrinei, and cuspidata. The Mediterranean
olives belong to the subsp. europaea, which is divided in two varieties: the
oleasters (var. sylvestris) and the cultivars (var. europaea). In this study,
we sequenced and annotated the plastid and the mitochondrial genomes
of the same individual (O. europaea cv. ‘Farga’) used for the sequencing of
the nuclear genome (chapter 2). In addition, we sequenced the genomes
of twelve additional individuals covering morphological diversity, taxon-
omy and geographical distribution: five of subsp. europaea (four cultivars,
one oleaster), three of subsp. cuspidata, one of cerasiformis, one of maroccana,
one of guanchica and one of laperrinei. Despite the consideration of a diploid
status for the cultivated olive (subsp. europaea), the analysis of allele depth
frequency showed that all the individuals of the O. europaea complex under-
went a more recent polyploidization, ancestral to the divergence of all the
subspecies. This analysis complement the results of the chapter 3.

Comparative analysis of all the individuals of the O. europaea complex
showed a high nucleotide diversity (nuclear, plastid, and mitochondrial) of
the wild individuals (oleaster plus the other five subspecies) in comparison
with cultivars. A selection test showed that some proteins associated
with stress response and developmental processes are positively selected in
cultivars.

In addition, many studies have tried to understand the phylogenetic
relationships between these individuals using genetic markers. In this
project we decided to perform a comprehensive analysis using whole
nuclear and organellar genome data. The prediction of SNPs for all available
genomes was used in order to reconstruct phylogenetic relationships among
the O. europaea complex. Our results showed that the history of the O.
europaea complex has experienced rampant admixture of genetic material
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between all the subspecies thru gene flow. Moreover, our results support
a former hypothesis point that var. sylvestris is not monophyletic. On the
contrary, it shows evidence of a continuous hybridization process between
wild and cultivated olive trees. Finally, the evolutionary history of the cv.
‘Farga’ reveals that it may be different from the other studied cultivars.
An ancestral hybridization event is suggested in the formation of this
cultivar, involving an individual already domesticated in the east of the
Mediterranean basin and an individual of var. sylvestris from the west. All
these results are further supported by the inconsistencies observed between
the nuclear and the plastid phylogenetic trees.

Irene Julca, Marina Marcet-Houben, Fernando Cruz, Ivo G. Gut, Tyler S.
Alioto, Pablo Vargas, and Toni Gabaldón. Genome sequencing of wild
and cultivated olive trees reveals rampant hybridization in the Olea europaea
complex. In preparation.
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Genome sequencing of wild and cultivated olive
trees reveals rampant hybridization in the Olea eu-
ropaea complex

4.1 Abstract

The olive tree (Olea europaea L.) is an iconic species of the Mediterranean
basin. It is subdivided into six subspecies (europaea, laperrinei, guanchica,
maroccana, cerasiformis, and cuspidata), and two botanical varieties are
considered within the subsp. europaea: the cultivated forms (var. europaea)
and the wild types (var. sylvestris). Tracing the recent evolution and
genetic diversification of the species is paramount for the management and
preservation of genetic resources, and for understanding the key process
of olive tree domestication. In order to study the recent history of the O.
europaea complex, we sequenced the genomes of four cultivars (‘Arbequina’,
‘Beladi’, ‘Picual’ and ‘Sorani’), one wild type, and at least one individual of
each of the other subspecies. Altogether, twelve whole genomes, including
the recently sequenced genome of the cv. ‘Farga’, were analysed. Our
results reveal high, but varying levels of heterozygosity in both cultivated
and wild relatives. Genes specifically under selection in cultivars include
many genes associated with the biotic and abiotic stress response, among
other physiological and developmental processes. Notably, the patterns of
relative coverage of alternative alleles suggest the existence of a relatively
recent polyploidization that is shared by all subspecies. Phylogenomic
reconstruction based on whole nuclear and organellar genomic data reveals
a network-like diversification, with evidence of large levels of genetic
admixture and phylogenetic incongruence. Indeed, we detect extensive
gene flow between wild and cultivated trees, including recent admixture
of the eastern and western Mediterranean populations in the case of cv.
‘Farga’. In a nutshell, our results shed light on the recent evolution of the
O. europaea complex, highlighting the plasticity of its genome and the impact
of hybridization and genome duplication in the evolutionary history of the
olive tree.
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4.2 Introduction

The Mediterranean olive tree (Olea europaea L. subsp. europaea) is one of the
earliest cultivated fruit trees of the Mediterranean basin. Archaeological,
palaeobotanical, and genetic studies situate the first evidence for olive
cultivation around 6,000 years ago in the eastern Mediterranean basin
(Zohary and Spiegel-Roy, 1975; Kaniewski et al., 2012; Terral et al., 2004;
Besnard et al., 2013b). However, it is still unclear whether cultivated
trees derived from a single initial domestication event in the Levant,
followed by secondary diversification (Besnard et al., 2013b; Besnard and
Rubio de Casas, 2016), or whether cultivated lineages are the result of
more than one independent domestication event (Diez et al., 2015; Breton
et al., 2009; Dı́ez and Gaut, 2016; Terral et al., 2004; Yoruk and Taskin,
2014). The olive tree (O. europaea, Oleaceae) is divided into six subspecies,
which collectively are referred to as the O. europaea complex and include:
europaea, laperrinei, guanchica, maroccana, cerasiformis, and cuspidata (Green,
2002; Vargas et al., 2000). The subsp. europaea is further subdivided
into two taxonomic varieties: var. sylvestris, also named oleaster, which
encompasses the wild forms of the olive tree, and var. europaea, which
comprises cultivated forms (Green, 2002). Recent analyses enabled by the
sequencing of the first complete genome of O. europaea have uncovered
several ancient polyploidization events in the lineage leading to this species,
of which two were described as allopolyploidization events (Julca et al., 2017;
Cruz et al., 2016a). In addition to these ancient events, earlier work had
described hybridization processes in the O. europaea complex (Besnard et al.,
2007b, 2009; Rubio de Casas et al., 2006) and had identified the presence
of a polyploid series, including the so-called diploid subspecies (europaea,
laperrinei, cuspidata, guanchica) with 2n = 46, the tetraploid subsp. cerasiformis
and the hexaploid subsp. maroccana (Green and Wickens, 1989; Besnard et al.,
2008). However, these studies are limited to the use of a reduced number
of genetic markers and chromosome counting techniques. Access to whole
genome sequences of additional cultivars and subspecies of the O. europaea
complex is necessary to understand the recent evolution of this plant, and to
assess the genomic aftermath of past processes of hybridization and whole
genome duplication.
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To gain insight into the recent evolution of the O. europaea complex we
sequenced twelve trees, including four cultivated individuals of the var.
europaea (cultivars: ‘Arbequina’, ‘Beladi’, ‘Picual’ and ‘Sorani’), one wild
individual of var. sylvestris, and at least one individual from each of the other
five subspecies of the O. europaea complex (laperrinei, cuspidata, guanchica,
maroccana and cerasiformis). The analysis of genome sequences from these
twelve individuals and its comparison with the available reference genome
(cultivar ‘Farga’) (Cruz et al., 2016a) may shed light on the recent evolution
and domestication of this species. Our results revealed a higher nucleotide
diversity in wild individuals, as compared to cultivated ones. We found that,
in cultivated trees, genes associated with stress response and development
processes were common among those predicted to be under positive
selection. Furthermore, patterns of allelic coverage at heterozygous sites
showed that a significant part of the genomes of all supposedly diploid
individuals presented signatures of tetraploidy, suggesting a relatively
recent polyploidization prior to the divergence of the different subspecies.
Finally, phylogenomic analyses using genetic polymorphisms over the entire
organellar and nuclear genomes revealed that hybridization has been an
important process in the evolution of the O. europaea complex. Moreover,
hybridization between the different varieties (europaea and sylvestris) of
subsp. europaea has been common. Particularly, the cultivar ‘Farga’ has a
different maternal origin as compared to the other studied cultivars. In sum,
our results highlight the high genomic plasticity of the olive tree genome and
underscore the impact of hybridization within the O. europaea complex.
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4.3 Results and discussion

4.3.1 Patterns of genetic polymorphism in O. europaea

In order to analyze the genetic diversity and recent evolution of the olive tree
we sequenced twelve individuals, including at least one sample per each
of the defined subspecies of the O. europaea complex, collected in different
geographical regions that represent the current distribution of the species
(see Table S4.1). SNPs were called at the nuclear, plastid and mitochondrial
genome, using the respective sequence of the cultivar ‘Farga’ as a reference
(Cruz et al., 2016a) (see material and methods). Altogether we obtained a
total of 18,399,785 polymorphic positions uniformly distributed along the
nuclear genome (see Figure S4.1), 214 in the plastid genome, and 2,561 in
the mitochondrial genome (see Figure S4.2). In the plastid, a large region
(∼25 Kb) is fully conserved and devoid of SNPs in all analyzed individuals
(Figure S4.3, Figure S4.2). Interestingly, this region contains the largest
plastid gene, ycf2, which also has a low rate of nucleotide substitution in
other plants (Huang et al., 2010). This gene is essential for plant survival,
however the exact function is unknown (Drescher et al., 2000; Wicke et al.,
2011). The conserved region also comprises other genes such as ycf15, rps7,
rps12, ndhB, rRNA and tRNA genes.

The general nucleotide diversity (Nei’s index, Hs) in the O. europaea complex
was 3.3x10−3 for the nucleus, 0.4x10−3 for the plastid, and 1.1x10−3 for
the mitochondria. If we compare the nucleotide diversity of the cultivars
with that of the wild forms (oleaster plus other subspecies), we can see
a reduction of the Hs in the cultivars (see Table 4.1). This pattern was
previously observed in other studies based on ISSRs (Vargas and Kadereit,
2001), allozyme polymorphisms (Lumaret et al., 2004), SSRs (Belaj et al.,
2010), and plastid DNA variations (Besnard et al., 2011). In general,
lower genetic diversity in cultivars is commonly associated with genetic
bottlenecks during domestication (Doebley et al., 2006). Such reduction
in genetic diversity has also been observed in other cultivated plants such
as Prunus persica (International Peach Genome Initiative et al., 2013), Vitis
vinifera (Zhou et al., 2017), Pyrus ussuriensis (Cao et al., 2012), Malus domestica
(Zhang et al., 2012b; Velasco et al., 2010), citrus species (Wang et al., 2017b),
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cucumber (Qi et al., 2013), tomato (Sauvage et al., 2017), among others.

Table 4.1: Nei’s index of the cultivated olives and the wild individuals (oleaster
plus other subspecies) for the nuclear, plastid and mitochondrial sequences.

Nucleous Plastid Mitochondria

cultivars 1.86 x 10−3 0.15 x 10−3 0.82 x 10−3

wild individuals 3.44 x 10−3 0.45 x 10−3 0.97 x 10−3

Expectedly, the amount of nuclear polymorphisms of the different indi-
viduals with respect to the reference, correlated with their known evolu-
tionary distances so that within the subsp. europaea, var. sylvestris has
slightly more SNPs (4.18 SNPs/Kb) than the cultivars (∼3.32 SNPs/Kb) (Fig-
ure 4.1a), whereas individuals of the other subspecies had a larger number of
SNPs, with the subsp. cuspidata from Iran showing the highest number (9.11
SNPs/Kb). In addition, the number of heterozygous SNPs was high in the
two subspecies that entail polyploidy: maroccana is described as hexaploid
and cerasiformis as tetraploid (Besnard et al., 2008).
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Figure 4.1: SNP densities (SNPs/Kb) in sequenced individuals, densities for
homozygous and heterozygous SNPs are indicated separately. Densities are
indicated for the nuclear (a), plastid (b), and mitochondrial (c) genomes. d)
Plot showing the relative position and identity of plastid SNPs as compared to
the cv. ‘Farga’ reference.
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Strikingly, the patterns of polymorphisms in the organellar genomes did not
follow the gradient described above for the subsp. europaea (Figure 4.1b).
In contrast to the nuclear genome, the plastid and mitochondrial genomes
of the wild individual var. sylvestris show a significant lower number of
SNPs (see Figure 4.1b,c). Specifically for the plastid we can observe that
cultivars of var. europaea share 61 polymorphic positions when compared
to ‘Farga’, while the var. sylvestris only shows two SNPs (Figure 4.1d).
This clearly indicates that nuclear and organellar genomes tell different
evolutionary stories for our reference genome. In addition, from our
results we can conclude that the organellar genomes of the cv. ‘Farga’,
used as reference, and the wild individual var. sylvestris, sequenced in
this study, show a very close genetic relationship. As organelles are
maternally inherited in olive (Besnard et al., 2000), our results suggest that
the maternal lineage of the cv. ‘Farga’ derives from wild individuals from
oleaster populations of the western Mediterranean basin (represented by
the individual sequenced here). In contrast, all the other cultivars share a
very distinct organellar haplotype, likely derived from oleaster populations
from the eastern Mediterranean, not represented here (but see phylogenetic
analyses of plastid genomes below). Evolutionary relationships among
sequenced individuals are further investigated below.

4.3.2 Identification of genes selected in the domestication of olives

Patterns of polymorphism can serve to detect genes under selection. In
order to search for genes putatively under positive selection in the cultivars,
we classified the SNPs into intergenic, intronic, and coding. We further
classified coding SNPs according to whether they imply synonymous or
nonsynonymous changes (see material and methods). As we can see in
Table 4.2 and Figure 4.2, in all the cases a higher percentage of SNPs
are present in intergenic regions (4.1 SNPs/Kb), followed by the intronic
region (0.8 SNPs/Kb). In coding regions only 0.3 SNPs/kb are present,
and the number of synonymous and nonsynonymous changes is similar
across accessions. In order to assess selection in the O. europaea complex
we first measured the ratio of nonsynonymous and synonymous nucleotide
diversity (πN/πS) in all the sequenced genomes included in this study. For
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all the cases the πN/πS was similar, with an average of 0.38 (Table 4.2),
suggesting similar strengths of selective pressure across all the genomes.
This ratio is similar to that found for other trees such as Populus nigra (0.48)
(Chu et al., 2009) and Populus trichocarpa (0.40) (Tuskan et al., 2006).

Table 4.2: Number of synonymous and nonsynonymous homozygous SNPs,
and synonymous and nonsynonymous heterozygous SNPs per individual.
The columns number four, seven and eight show the πN/πS ratio of the
homozygous, heterozygous, and total number of SNPs, respectively.

O. europaea subsp.
Homo Homo Homo Hetero Hetero Hetero Total
Syn Non-syn πN/πS Syn Non-syn πN/πS πN/πS

var. europaea ‘Farga’ 0.00 0.00 0.00 0.05 0.06 0.37 0.37
var. europaea ‘Arbequina’ 0.02 0.02 0.37 0.08 0.09 0.38 0.38
var. europaea ‘Picual’ 0.02 0.02 0.37 0.08 0.09 0.38 0.38
var. europaea ‘Beladi’ 0.02 0.03 0.37 0.06 0.07 0.39 0.38
var. europaea ‘Sorani’ 0.02 0.03 0.37 0.06 0.07 0.39 0.38
var. sylvestris 0.05 0.05 0.37 0.06 0.07 0.40 0.38
maroccana 0.02 0.02 0.38 0.15 0.18 0.40 0.40
cerasiformis 0.05 0.05 0.36 0.15 0.18 0.40 0.39
guanchica 0.06 0.07 0.36 0.09 0.10 0.39 0.38
laperrinei 0.11 0.12 0.36 0.09 0.11 0.41 0.38
cuspidata - R 0.12 0.13 0.36 0.04 0.06 0.44 0.38
cuspidata - S 0.11 0.12 0.35 0.05 0.07 0.44 0.38
cuspidata - I 0.14 0.15 0.35 0.12 0.14 0.41 0.38
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Figure 4.2: Number of homozygous and heterozygous SNPs (SNPs/Kb) in the
intergenic, intronic and coding region of the genome. The coding region was
divided according to the changes that the allele can produce (synonymous and
nonsynonymous).

When we analyzed the SNPs that can produce a nonsynonymous change,
including heterozygous and homozygous SNPs, we found that a total of
29,685 proteins (53% of the predicted proteome) have at least one SNP
with nonsynonymous change, from which 9,704 are common for all the
individuals (see Table 4.3). On the other hand, the list of proteins that did not
show any nonsynonymous changes were used to do a functional enrichment
analysis and we found two overrepresented GO terms: terpene synthase
activity and defense response, indicating that these functional categories
may be under a particularly strong purifying selection.
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Table 4.3: Number of proteins with at least one nonsynonymous change per
individual.

O. europaea subsp.
No Proteins
with Nonsyn SNPs

europaea var. europaea ‘Farga’ 17,417
europaea var. europaea ‘Arbequina’ 20,664
europaea var. europaea ‘Picual’ 20,365
europaea var. europaea ‘Beladi’ 19,179
europaea var. europaea ‘Sorani’ 19,201
europaea var. sylvestris 20,676
maroccana 26,760
cerasiformis 25,333
guanchica 23,185
laperrinei 23,351
cuspidata - R 23,506
cuspidata - S 23,913
cuspidata - I 23,558

To further determine whether one or more proteins are under positive
selection in cultivated olives, we used the set of proteins that have at least
one nonsynonymous SNP, and we performed a selection test using the
branch-sites model from codeml PAML package (see material and methods).
For this test we used a pruned tree that included all the cultivars (var.
europaea), the var. sylvestris and one subsp. cuspidata as the outgroup. We
analyzed different hypotheses. A) five complementary models (A1 through
A5) were assumed in which selection is acting in each cultivar, respectively;
and B) there is selection in the common ancestor of all the cultivars (see
Figure S4.4).

For the hypothesis of five complementary models (hypothesis A), we have
a total of 60 proteins positively selected, with each cultivar having a specific
set of selected proteins (ranging from 7 to 21, see Table 4.4 and Figure S4.5).
Among these proteins, some have homologs associated with biotic and
abiotic stress response (see Table 4.4). For example proteins associated
with salt stress: in ‘Picual’ and ‘Sorani’ a U-box protein 30 (Hwang et al.,
2014); and in ‘Arbequina’ and ‘Beladi’ a rhodanese-like domain-containing
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protein 4 (Wang et al., 2017a; Zhang et al., 2017a). In ‘Farga’, ‘Arbequina’,
‘Picual’, and ‘Beladi’ some ankyrins were also detected, which frequently
take part in the defense response to pathogens (Vo et al., 2015; Mou et al.,
2013). Specifically in ‘Picual’, two proteins were related with resistance to
fungi, R1 gene (Ballvora et al., 2002) and Lr10 gene (Feuillet et al., 2003).
Interestingly, ‘Picual’ is susceptible to some fungi such as Verticillium dahliae
(López-Escudero et al., 2004), but resistant to others such as Colletotrichum
acutatum (Moral and Trapero, 2009; Cacciola et al., 2012). In ‘Farga’ a protein
that regulates the activation of the immune response in A. thaliana, MOS1
gene (Li et al., 2010; Zhu et al., 2010) was found to be under positive selection.
Among other proteins, we also detected proteins positively selected that
were related to metabolic and developmental processes. In ‘Arbequina’
and ‘Picual’ proteins positively selected were associated to auxin response
factors (Ellis et al., 2005; Lim et al., 2010; Liu et al., 2015). In ‘Picual’
three proteins under selection were homologs to NIN-like protein 7 (NLP7)
(Castaings et al., 2009; Karve et al., 2016), protein longifolia1 (Lee et al.,
2006), 1-aminocyclopropane-1-carboxylate oxidase (ACO) (Ruduś et al.,
2013). In ‘Arbequina’ two proteins were associated to caffeoyl-CoA O-
methyltransferase (Wang et al., 2017c) and Exo70A1 gene (Wang et al., 2013).

For the hypothesis of common ancestry of all cultivars (hypothesis B),
we only have four proteins, which are associated with leucine-rich repeat
receptor-like protein, auxin response factor, ankyrin repeat domain, and
WEB family protein (Table 4.4). These four proteins are also present in the
set of proteins under selection of some cultivars. Further work is needed,
however, to better clarify the evolution and roles of these genes in the context
of olive domestication.
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Table 4.4: List of proteins under selection per each tested hypothesis and their
associated function. Columns indicate, in the following order: the hypothesis,
the olive protein name, the Id of the homologous protein, the species, and the
description of the protein.

Hypothesis protein homolog species description

A1
(‘Farga’)

OE6A015052 XP 011081675.1 Sesamum indicum protein IQ-DOMAIN 1
OE6A018964 XP 011101343.1 Sesamum indicum protein MODIFIER OF SNC1 1, partial
OE6A025096 EOY06149.1 Theobroma cacao RNA-binding family protein isoform 2
OE6A033957 XP 011076334.1 Sesamum indicum probable pectinesterase/pectinesterase inhibitor 17
OE6A040753 XP 011090054.1 Sesamum indicum monofunctional riboflavin biosynthesis protein

RIBA 3, chloroplastic
OE6A076031 CDP21052.1 Erythranthe guttata GDSL esterase/lipase At1g29670-like
OE6A078479 XP 011099782.1 Sesamum indicum U-box domain-containing protein 28
OE6A098064 XP 011095110.1 Sesamum indicum WEB family protein At2g38370
OE6A108230 CDP05105.1 Coffea canephora unnamed protein product
OE6A115491 XP 011098830.1 Sesamum indicum ankyrin repeat domain-containing protein 50

A2
(‘Arbequina’)

OE6A015333 KNA24858.1 Erythranthe guttata plastidal glycolate/glycerate translocator 1,
chloroplastic

OE6A019061 KGN62871.1 Cucumis sativus hypothetical protein Csa 2G378530
OE6A022634 XP 016731875.1 Gossypium hirsutum cytochrome P450 CYP82D47-like
OE6A022980 XP 009407208.1 Musa acuminata caffeoyl-CoA O-methyltransferase
OE6A025223 XP 011089486.1 Sesamum indicum telomere repeat-binding protein 5
OE6A029165 XP 015087654.1 Solanum pennellii ankyrin repeat domain-containing

protein 13C-A-like
OE6A031455 XP 011091510.1 Sesamum indicum uncharacterized protein LOC105171936
OE6A038365 XP 011074013.1 Sesamum indicum uncharacterized protein LOC105158828
OE6A041952 CDP01914.1 Nicotiana tabacum zinc finger CCCH domain-containing protein 45-like
OE6A044223 XP 011072878.1 Sesamum indicum uncharacterized protein LOC105157993
OE6A047279 XP 011082400.1 Sesamum indicum ABC transporter B family member 11-like
OE6A050975 XP 011076907.1 Sesamum indicum beta-D-glucosyl

crocetin beta-1,6-glucosyltransferase-like
OE6A054445 XP 011080456.1 Sesamum indicum probable isoleucine–tRNA ligase, cytoplasmic
OE6A067749 XP 003633575.1 Vitis vinifera uncharacterized protein LOC100855398
OE6A069169 CDP03993.1 Sesamum indicum probably inactive leucine-rich repeat

receptor-like protein kinase At5g48380
OE6A086923 XP 011093958.1 Sesamum indicum auxin response factor 18-like
OE6A094656 XP 011077281.1 Sesamum indicum exocyst complex component EXO70A1-like
OE6A098047 XP 011091404.1 Solanum pennellii ankyrin repeat domain-containing

protein 13C-A-like
OE6A099135 XP 011070370.1 Sesamum indicum oligopeptide transporter 7
OE6A106337 XP 011076033.1 Sesamum indicum ethylene-responsive transcription

factor CRF4-like
OE6A121707 XP 009761641.1 Nicotiana sylvestris rhodanese-like domain-containing

protein 4, chloroplastic

A3
(‘Picual’)

OE6A019916 XP 011097122.1 Sesamum indicum late blight resistance protein R1-A-like
OE6A021997 CDP18099.1 Erythranthe guttata glutamate receptor 1.3-like
OE6A025223 XP 011089486.1 Sesamum indicum telomere repeat-binding protein 5
OE6A025604 XP 011073514.1 Sesamum indicum 1-aminocyclopropane-1-carboxylate

oxidase homolog 1-like
OE6A028717 XP 011082828.1 Sesamum indicum leucine-rich repeat receptor-like serine/

threonine-protein kinase At1g17230
OE6A031125 CAA78386.1 Petunia x hybrida Protein 1
OE6A036294 XP 011070353.1 Sesamum indicum protein NLP7 isoform X1
OE6A039384 XP 011086137.1 Sesamum indicum lysine-specific demethylase JMJ25
OE6A039500 XP 011076220.1 Sesamum indicum lipid phosphate phosphatase 2-like isoform X2
OE6A056603 XP 011078077.1 Sesamum indicum uncharacterized protein LOC105161920
OE6A059201 XP 017640072.1 Gossypium arboreum protein LONGIFOLIA 1-like
OE6A076342 XP 011093263.1 Sesamum indicum ankyrin repeat-containing protein At2g01680-like
OE6A084635 XP 011085170.1 Sesamum indicum U-box domain-containing protein 30-like
OE6A093547 XP 019158053.1 Ipomoea nil Leaf rust 10 disease-resistance locus

receptor-like protein kinase-like 1.5
OE6A100401 XP 011090586.1 Sesamum indicum protein EMBRYONIC FLOWER 1 isoform X1
OE6A110954 KZV20136.1 Sesamum indicum alkaline/neutral invertase B
OE6A114163 XP 011073189.1 Sesamum indicum auxin response factor 2-like

Continued on next page
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Table 4.4 – continued from previous page
Hypothesis protein homolog species description

A4
(‘Beladi’)

OE6A044961 XP 011090510.1 Sesamum indicum protein UPSTREAM OF FLC
OE6A046704 XP 011081328.1 Sesamum indicum putative glycerol-3-phosphate transporter 4 isoform X1
OE6A049660 XP 009780967.1 Nicotiana sylvestris peroxidase 41-like
OE6A052800 XP 016457035.1 Nicotiana tabacum probable LRR receptor-like serine/threonine-protein

kinase At3g47570 isoform X1
OE6A052991 CDP00074.1 Coffea canephora unnamed protein product
OE6A098047 XP 011091404.1 Solanum pennellii ankyrin repeat domain-containing protein 13C-A-like
OE6A100346 XP 011090426.1 Sesamum indicum zinc finger CCCH domain-containing

protein 44-like isoform X1
OE6A113207 XP 006356805.1 Solanum tuberosum 50S ribosomal protein 6, chloroplastic
OE6A118614 XP 011087574.1 Sesamum indicum protein NRT1/ PTR FAMILY 4.5-like
OE6A121707 XP 009761641.1 Nicotiana sylvestris rhodanese-like domain-containing

protein 4, chloroplastic

A5
(‘Sorani’)

OE6A034615 XP 011101657.1 Sesamum indicum glycosyltransferase family protein 64 protein C5-like
OE6A054445 XP 011080456.1 Sesamum indicum probable isoleucine–tRNA ligase, cytoplasmic
OE6A057051 XP 011076797.1 Sesamum indicum uncharacterized RING finger protein C4G3.12c-like
OE6A066886 XP 012840739.1 Erythranthe guttata triacylglycerol lipase 2 isoform X1
OE6A084635 XP 011085170.1 Sesamum indicum U-box domain-containing protein 30-like
OE6A098525 XP 011081428.1 Sesamum indicum pre-mRNA-processing-splicing factor 8
OE6A100805 XP 016552561.1 Capsicum annuum peroxisomal (S)-2-hydroxy-acid oxidase GLO1

Hypothesis
B

OE6A069169 CDP03993.1 Sesamum indicum probably inactive leucine-rich repeat
receptor-like protein kinase At5g48380

OE6A086923 XP 011093958.1 Sesamum indicum auxin response factor 18-like
OE6A098047 XP 011091404.1 Solanum pennellii ankyrin repeat domain-containing protein 13C-A-like
OE6A098064 XP 011095110.1 Sesamum indicum WEB family protein At2g38370

4.3.3 Patterns of allelic representation in heterozygous positions
suggest basal tetraploidy

In order to assess the ploidy of each individual we plotted the relative
coverage of alternative alleles in heterozygous sites (see material and
methods). In Figure 4.3 we can observe that the subsp. maroccana and
cerasiformis show peaks consistent with their described hexaploid (peaks at
0.17, 0.33, 0.50, 0.67, 0.83) and tetraploid (peaks at 0.25, 0.50, 0.75) character,
respectively (Besnard et al., 2008). Unexpectedly, the patterns for all the other
sequenced genomes did not correspond to the expected single peak for a
diploid (0.50). Instead, all supposed diploid subspecies showed patterns
consistent with at least two peaks at frequencies around 0.25, and 0.50. The
peak at 0.75, although very weak in the aggregate picture, was conspicuous
when plotting some of the individual scaffolds (Figure S4.6). Furthermore,
the relative density of the 0.25 and 0.50 peaks varied among the individuals.
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Figure 4.3: Density plot for the relative coverage of alternative alleles in
heterozygous sites per each individual. The cultivated olives are marked in
green, var. sylvestris in olive-green, cerasiformis and maroccana in orange, and the
other subspecies in yellow. For all cases we only plotted data corresponding to
the scaffolds larger than 100 Kb.

Only one peak (at 0.50) is expected for diploid regions of the genome,
while peaks at 0.25 and 0.75 would only be present for tetraploid regions.
Two scenarios may explain the existence of these regions. In one scenario,
duplicated regions of the genome may have been collapsed. In another
scenario, large regions of the genomes of the sequenced individuals are
tetraploid. To investigate this further, we analyzed the K-mer spectra in the
reference genome (cv. ‘Farga’) (Figure S4.7). The distribution of depth for
each distinct k-mer shows a main homozygous peak, and a heterozygous
peak at half the depth, as for the standard k-mer plots (e.g. Cruz et al.
(2016a)). In this plot we also observe the amount of distinct K-mers absent
(0x class, in black), as well as the copy classes present in the assembly. The
absent elements are sequences that have not been assembled and therefore
are not present in the reference. A good assembly will report a single
haplotype, and thereby half of the bubbles in the heterozygous peak would
be absent (e.g. Mapleson et al. (2017)). When the collapsing of alleles
fails, this results in both haplotypes being present in the heterozygous part,
and thus the homozygous k-mers around the bubble are duplicated in the
assembly. Therefore, uncollapsed alleles end up as artefactual duplications
that are present twice and have a similar depth to the homozygous 27-
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mers (2x class, see the violet areas above the peak of higher depth). The
violet peak of artefactual duplications below the homozygous peak (depth
31 to 74 approximately) represents approximately 2.78% of the assembly
and corresponds with heterozygous 27-mers that have been uncollapsed
and therefore artificially duplicated (Figure S4.7). The left-most part of
this distribution (depth <31 and >7) could be interpreted as homozygous
tetraploid regions that have been unfolded (4n-HET), while above depth
74 the sequence is likely to be triploid (3n). There is a small amount of
sequence that appears 4x times in the genome and has the same coverage as
the homozygous 27-mer peak (from depth 31 to 74). This can be interpreted
as tetraploid sequences that have been collapsed in the assembly (4n-HOM).
These results indicate that the reference genome have few regions collapsed.

In order determine if the regions with signs of tetraploidy are product of
collapse in the reference genome we analyzed the coverage of the positions
with frequencies 0.25, 0.5 and 0.75 in all the individuals (see material and
methods), and we observed a different pattern: for the tetraploid individual
(cerasiformis), all the frequencies have a similar median coverage, while for
all the other individuals the positions with frequencies at 0.50 have lower
coverage than the positions at 0.25 and 0.75 (Figure S4.8), although they
overlapped significantly. Despite the fact that higher coverage in positions
with alleles at 0.25 and 0.75 frequencies is expected in the case of artefactual
collapsing of duplicated regions, this difference in coverage is far from being
double as it would be expected for collapsed regions of the genome. We
next analyzed patterns in contigs assembled from pools of fosmid libraries.
In these contigs there is a high chance of capturing a single haplotype of
the source genome. As we can see in Figure S4.9, we found regions with
peaks between 0.25, 0.5, and 0.75 in these contigs. Moreover, although the
relative density of each of the peaks varied from scaffold to scaffold, most of
the analyzed scaffolds showed such patterns suggestive of tetraploidy. This
indicates that the affected regions are widespread and affect a major fraction
of the assembly. Three whole genome duplications have been described in
the lineage leading to O. europaea (Julca et al., 2017), of which one is fairly
recent, having occurred after the divergence of Olea from Phillyrea angustifolia
(∼10 Mya). Genes duplicated in a recent polyploidization are candidates
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for having been collapsed during the assembly process. If that would be
the case, then peaks at 0.25 and 0.75 should not be observed in detected
duplicates as they constitute different loci and are therefore uncollapsed
(otherwise they would have been detected as a single gene). As seen in
Figure S4.10, recent duplicates also contained these peaks suggesting that
the collapsing of regions from this polyploidization is not the cause of the
unorthodox peaks. Considering all these data we conclude that the level of
ploidy is higher than two for the most part of the genome in all analyzed
individuals. Furthermore, although we cannot discard the possibility that
some genomic regions have been collapsed in our reference assembly, we
attribute the major part of the signal to the existence of a tetraploid state.

Interestingly the peaks at 0.25 in duplicated genes are more evident than
in non-duplicated genes (Figure S4.10) suggesting that the non-duplicated
genes have a tendency to show evidence of two chromosome complements
(diploidy). Some studies have shown that some genes in angiosperms
after polyploidizations tend to be preserved as singletons, generally calling
them as “duplication-resistant” genes (Paterson et al., 2006; De Smet et al.,
2013). This kind of phenomena may explain the observed plots in the non-
duplicated genes.

Importantly, the genomic pattern of tetraploidy is observed in all the his-
torically considered “diploid” lineages suggesting that this polyploidization
should have taken place before the divergence of the sequenced subspecies.
This assumption is more parsimonious than assuming many independent
events. If this is true, the two polyploid individuals, cerasiformis and maroc-
cana, are probably the result of more recent events. The subsp. maroccana
could be originated by an hybridization between a diploid x tetraploid, or
two triploid individuals. However, the origin of cerasiformis is much more
difficult to explain. One possibility is that cerasiformis is the result of a very
recent polyploidy, where the polymorphic positions did not have enough
time to diverge.
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4.3.4 Phylogenetic relationships in the O. europaea complex

In order to understand the phylogenetic relationships within the O. europaea
complex, we ran a model-based genetic structure analysis using nuclear
SNPs, and reconstructed phylogenetic trees using nuclear, plastid and
mitochondrial SNPs, separately (see material and methods). Structure
analysis results showed that the most likely number of genetic groups (k)
among the O. europaea complex is k = 3 (Figure 4.4). These three clusters of
genetic ancestry are differentially present among the sequenced individuals
(Figure 4, Table S4.3). Only one of the groups (3) is exclusively present
in one of the subspecies (cuspidata). One of the genetic clusters (1) is
primarily found in the var. sylvestris, particularly among cultivars (var.
europaea), but it is also present to a lesser proportion in the other subspecies
(cerasiformis, guanchica, laperrinei, maroccana), and in the cuspidata individual
from Iran. The remaining genetic cluster (2) is more abundant in cerasiformis,
guanchica, laperrinei and marocana, but forms a significant fraction of the
genetic background of the wild individual of the subspecies europaea and
the sample of cuspidata from Iran. This latter individual shows a similar
proportion of the three identified genetic clusters, which contrasts with the
other cuspidata samples that are almost purely presenting cluster 3. Such
mixed ancestries inferred from genetic data can be interpreted as arising
from recent admixture among multiple founder populations, but they can
also be the result of shared ancestry before the divergence of the populations
(Li et al. (2008); but see Mousavi et al. (2017)).

The dominance of one of the genetic backgrounds among cultivars could
also result from domestication, since the admixture proportion of this genetic
cluster (1) increases from the subspecies laperrinei, maroccana, cerasiformis and
guanchica to the oleaster, becoming dominant in the cultivated olives (Figure
4 and Table S4.3). This effect could have been achieved from preferential
selection of genetic variants among the standing variation or from selective
crosses with a population with such background. The differences of the
individuals of subsp. cuspidata are also remarkable. Two individuals from
the Reunion island and South Africa (cuspidata-R and cuspidata-S) belong to
a single genetic group, while the cuspidata tree from Iran (cuspidata-I) show
similar proportions of three genetic groups. As we expect the cuspidata-R
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forms a unique cluster (Q = 100%) since it comes from an island and could for
instance have limited genetic flux. The cuspidata-S shares the same genetic
group of cuspidata-R (Q = 96%), with a small part of genetic group 2, which
reflects limited contact with other subspecies of the O. europaea complex.
However, the cuspidata-I is a mixture of the three clusters (Figure 4.4), which
indicates that there were multiple contacts with other lineages from Africa
and Europe. Differences between cuspidata from Africa and Asia were
observed in previous studies based on organellar markers (Besnard et al.,
2002a,b, 2001b; Lumaret et al., 2000; Besnard et al., 2007b). These studies
have shown that two geographically distant groups exhibit two different
chlorotypes: “A” in Tropical and Southern Africa, and “C” in Southern
Asia to Eastern Africa. Furthermore in some regions of Iran, cuspidata
populations occur close to cultivated olive suggesting the possibility of
sporadic hybridization among them (Sheidai et al., 2010; Hosseini-Mazinani
et al., 2014; Besnard and El Bakkali, 2014).

Figure 4.4: Bayesian clustering for the SNP data estimated in Structure v2.3
for the O. europaea complex. Structure bar plot showing three genetic clusters
differentiated by colour.
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Phylogenetic analyses, and previously proposed phylogenetic relationships,
suggest the existence of rampant genetic flux in the evolution of the O.
europaea complex. The split network tree (Figure 4.5) reveals a heavily
reticulated structure with conflicting phylogenetic signals affecting mostly
the relationships among cultivars and among wild subspecies other than
cuspidata. In this network we notice that the most differentiated group is
subsp. cuspidata, which is compatible with the proposed earliest divergence
of this group (Besnard et al., 2011; Rubio de Casas et al., 2006; Besnard et al.,
2009). We also reconstructed phylogenies from whole genomic information,
which are supposed to represent the dominant phylogenetic signal, using
nuclear, plastid, and mitochondrial SNPs, separately (Figure 4.6). In
the plastid tree (Figure 4.6b) we can observe that the individuals group
according to the previous described chlorotypes (Besnard et al., 2011, 2007b).
Moreover the topology of the phylogenetic tree does not change if we
use other plastid reference genomes for the SNP calling (data not shown).
However, between the organellar and nuclear trees we can observe some
incongruences (Figure 4.6), which is provided in other studies as evidence of
hybridization processes (Fehrer et al., 2007; Barber et al., 2007; Pelser et al.,
2010).
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Figure 4.5: SplitsTree derived of nuclear SNPs. All the cultivars are marked in
green, and the reference genome in red. The neighbor-net method is used here
to explore data conflict and not to estimate phylogeny.

One incongruence observed involves the subsp. laperrinei, which is sister
to cerasiformis in the nuclear tree (Figure 4.6a), but this subspecies is found
closer to the cultivars that have the eastern Mediterranean chlorotype
(E1) in both organellar trees (Figure 4.6b,c). This is in agreement with
previous studies based on nuclear markers and plastid genomes, which
reveal historical hybridization between laperrinei and europaea (Besnard et al.,
2001b, 2002b, 2007b, 2013a; Besnard and Bervillé, 2000; Angiolillo et al., 1999;
Rubio de Casas et al., 2006). This incongruence was better explained by
hybridization between these two subspecies during waning and waxing
of African lineages following climatic fluctuations during the Pleistocene
(Besnard et al., 2009, 2007b; Rubio de Casas et al., 2006).
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Figure 4.6: Maximum likelihood species tree derived from the SNPs data:
a) nucleus with 13,543,130 positions, b) plastid with 319 positions, and c)
mitochondria with 2,614 positions. In red the reference genome for the SNP
calling. In green all the individuals belonging to the var. europaea (cultivars),
and in blue all the var. sylvestris. The geographical location of the sample and
the chlorotype are indicated. All bootstrap values that are not maximal (100%)
are indicated in the figure.
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Other phylogenetic incongruence was observed in cv. ‘Farga’, which clusters
together with the other cultivated olives in the nuclear tree, but is sister of
the var. sylvestris from Spain (Pechón) and thus far from the other cultivars
in both plastid and mitochondrial trees. This result supports previous
evaluation of maternal inheritance of plastid and mitochondria (Besnard
et al., 2000). In addition, these results suggest that the maternal line of
‘Farga’ originated from wild olive trees from the western Mediterranean
basin (which carry the E3 chlorotype), and the paternal line from previous
domesticated individuals from the eastern Mediterranean basin. In a
previous study that combined a large sample of cultivated olives and
oleasters, a similar pattern was observed, in which most cultivars were
assigned to the eastern genetic pool, even those with maternal lineages that
originated from the western Mediterranean basin (Besnard et al., 2013a,b).
All these results reinforce the idea that cultivars are either from the eastern
genetic pool or admixed forms (Besnard et al., 2013b; Besnard and Rubio de
Casas, 2016; Kaniewski et al., 2012), and support secondary domestication
process in the western Mediterranean basin.

Not all the accessions of subsp. europaea cluster together. In the nuclear
tree (Figure 4.6a) we can see that all the cultivars group together, while the
var. sylvestris clusters separately and closer to the subsp. guanchica. In the
plastid and in the mitochondrial trees we can observe that the cv. ‘Farga’
and the var. sylvestris from Pechón (Spain) cluster together (both have a
E3 western like chlorotype), but far from the other cultivars holding the
eastern like chlorotype (E1). These results suggest that the subsp. europaea
is polyphyletic. Some other studies with plastid and nuclear markers show
similar results with regard to this subspecies (Besnard et al., 2009, 2007b;
Vargas and Kadereit, 2001).

In the nuclear and the plastid trees, the three individuals of subspecies
cuspidata form a monophyletic group (Figure 4.6a,b). Interestingly, they
are divided in two branches: cuspidata-S and cuspidata-R on one side, and
cuspidata-I on the other. In the mitochondrial tree (Figure 4.6c), cuspidata-
I shows a different pattern and is sister group of the subsp. europaea,
which is inconsistent with the plastid tree. This incongruence should be
considered carefully because can be the result of a nuclear contamination
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in the mitochondrial genome assembly. It is true that in our analysis we
did not include many individuals of the subsp. cuspidata, but from our
results we can see that the individuals from Africa are highly differentiated
from the individual from Iran. Furthermore the individual from Iran seems
to be the result of admixture between the three detected genetic clusters
as was explained before (Figure 4.4). Interestingly a recent analysis of
plant reproductive structures in Asian and African cuspidata accessions has
shown numerous differences at morpho-structural and functional levels, but
this variability was suggested to be due to a different adaptability to the
growth environment (Caceres et al., 2016). Considering the observed large
genetic differences between the Iran individual of cuspidata and the other
cuspidata accessions, comparable to those existing between other established
subspecies, the subdividision of cuspidata into more than one taxon should be
considered. In summary, our results show strong patterns of hybridization
among all the lineages of the O. europaea complex and corroborate the idea
that the main force for lineage divergence is geographical isolation (Besnard
et al., 2002b; Rubio de Casas et al., 2006; Besnard et al., 2009; Besnard and El
Bakkali, 2014). However, the addition of more individuals is needed for any
taxonomic consideration.

Phylogenetic analyses also indicate that the polyploid subspecies cerasiformis
(4x) and maroccana (6x) of the O. europaea complex are closely related to
subspp. laperrinei (2x) and guanchica (2x) in the three-genome phylogenies
(Figure 4.6). In the nuclear tree the two polyploid subspecies form a
monophyletic group with the subsp. laperrinei, while in the organellar
trees they cluster with the subsp. guanchica. Our results are in agreement
with previous plastid phylogenies (Besnard et al., 2002b), but not with a
nuclear phylogeny based on ITS pseudogene sequences (Besnard et al.,
2009). Moreover, previous studies have found that a single subspecies
(laperrinei) have two ploidy levels (2x, 3x) (Besnard and Baali-Cherif, 2009).
These phylogenetic results show evidence that hybridizations with change
in ploidy level from an ancestor shared with subsp. laperrinei and guanchica
may have brought about the two polyploid subspecies. In any case, these
four subspecies are involved in a ploidy series (2x, 4x, 6x) suggesting
that contemporary polyploidization may reflect similar polyploidization
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processes millions of years ago.

4.3.5 Concluding remarks

This study presents the first phylogenomic analysis of the O. europaea
complex. Our main results show that the cultivated individuals have
lower nucleotide diversity compared with the wild individuals (oleaster and
other subspecies), although this is still quite high for a cultivated plant.
Some genes positively selected in cultivated olives are associated with a
response to biotic and abiotic stress and developmental processes, probably
as product of domestication. The relative coverage of alternative alleles in
heterozygous sites analysis provides evidence for a recent polyploidization
in O. europaea, preceding the divergence of the subspecies. In addition,
admixture and phylogenies analysis show that hybridization processes
shaped the evolutionary history of the different lineages of the O. europaea
complex. Particularly, the cv. ‘Farga’ has a different phylogenetic origin
than the other cultivars suggesting a secondary domestication event in the
Spanish area, in which var. sylvestris from Pechón acted as the maternal
line, while a previous domesticated olive, as the paternal line. However,
an increased sampling is needed to help describe general patterns of
hybridization in Olea europaea and its evolution across the numerous areas
of the Mediterranean basin.

4.4 Material and Methods

4.4.1 Genome sequences

We sampled twelve trees belonging to the six defined subspecies of the Olea
europaea complex and from different locations, thus covering not only the
taxonomy but also the geography and diversity of the species. Our sampling
includes four individuals of var. europaea (cv. ‘Arbequina’, cv. ‘Beladi’, cv.
‘Picual’ and cv. ‘Sorani’), one of var. sylvestris, one of cerasiformis, three
of cuspidata, one of guanchica, one of laperrinei, and one of maroccana (see
Table S4.1). The DNA of these twelve individuals was extracted as described
in Cruz et al. (2016a) and their genomes were fully sequenced using Illumina
HiSeq 2000 pair-end technology to a sequencing depth ranging from 24 to
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34x at the CNAG-CRG sequencing facilities, as described for the reference
genome (Cruz et al., 2016a). In addition to these twelve individuals, we used
public data of the reference genome sequence of Olea europaea (cv. ‘Farga’)
(Cruz et al., 2016a), and downloaded ten O. europaea plastid genomes from
the NCBI database (see Table S4.1).

4.4.2 Assembly of the plastid and mitochondrial genomes

The available reference genome sequence does not include separate scaffolds
for mitochondrial and plastid genomes (Cruz et al., 2016a). Here, we
assembled and annotated both organellar genomes of the cv. ‘Farga’ using
paired-end data from the reference genome sequence project (Cruz et al.,
2016a). Briefly, for the plastid genome we mapped all whole genome
shotgun (WGS) illumina reads (760bp insert lib) to the reference chloroplast
sequence (NC 013707) and selected those pairs where at least one mate read
maps (up to 4% mismatch). Subsequently, we assembled mapped reads
with ABySS v1.3.6 (Simpson et al., 2009) (k=97) and obtained a fragmented
assembly totalling 142 kb of sequence. Finally we used RAGOUT v2.0
(Kolmogorov et al., 2014) to produce an assisted assembly (i.e. ordering
the contigs according to the reference). For the mitochondrial genome,
we mapped all WGS illumina reads (760bp insert library) to mitochondrial
genomes of two related species (Species–NCBI accessions: Hesperelaea
palmeri–KX545367, and Mimulus guttatus–JN098455) and filtered the pairs as
described above. Then we used SPAdes v.3.1.1 (Bankevich et al., 2012) for
the assembling and SSPACE-LongRead (Boetzer and Pirovano, 2014) for the
scaffolding steps. Finally, gaps were filled with gapcloser (Luo et al., 2014).
For the plastid genome, the final assembly has a size of 136,336 base pairs
(bp), which is smaller than the previous olive plastid genomes sequenced,
which range from 155,531 bp to 155,896 bp (Besnard et al., 2011; Mariotti
et al., 2010). The 20 kb of missing sequence correspond to a nearly identical
inverted repeat. For the mitochondrion we recovered 593,378 bp divided in
three scaffolds. This represents the first partial assembly of a mitochondrial
genome in O. europaea.

The partial plastid genome was annotated using DOGMA (Dual Organellar
GenoMe Annotator) (Wyman et al., 2004), which identifies putative genes
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by performing BLAST searches against a custom database. The start and
stop codons, as well as the intron and exon boundaries were selected
manually and based on a BLAST search against three available annotated
plastid genomes of O. europaea (cultivar–NCBI accessions: ‘Bianchera’–
NC 013707, ‘Frantoio’–GU931818, ‘Manzanilla’–FN996972). The annotation
of the partial mitochondrial genome was done by BLAST searches using
twelve annotated mitochondrial genomes (NCBI accessions: KF709392,
Y08501, JN107812, NC 029182, KT959112, KF815390, KX545367, JN098455,
BA000042, KF177345, KY774314, KC189947) and the gene structures (i.e.
intron-exon boundaries) were defined using Exonerate v2.47.3 with the
“protein2genome” model (Slater and Birney, 2005). The annotations of tRNA
genes were verified using tRNAscan-SE (Lowe and Chan, 2016).

In the plastid genome, we annotated 120 genes out of the 130–133 genes
reported in other olive plastid genomes (Figure S4.3) (Besnard et al., 2011;
Mariotti et al., 2010). From these genes, 80 are protein coding genes, 33
transfer RNA, and 7 ribosomal RNA (see Table S4.2 Figure S4.11). The
coding regions in the olive mitochondrion comprise 40 protein-coding genes,
3 ribosomal RNA genes, and 12 transfer RNA genes (Figure S4.11). These
genes represent approximately 80% of the genes annotated in Hesperelaea
palmeri (68 genes) (Van de Paer et al., 2016) and Mimulus guttatus (62 genes)
(Mower et al., 2012).

4.4.3 Detection of Single Nucleotide Polymorphisms

In order to compare the nucleotide diversity across sequences of the O.
europaea complex at nuclear, plastid and mitochondrial level, we called
SNPs using the cv. ‘Farga’ genome as a reference. Sequenced reads from
each individual were mapped against the respective reference genome using
BWA 0.7.6a-r433 (Li and Durbin, 2009), and SNPs were identified with GATK
HaplotypeCaller v3.5 (McKenna et al., 2010), setting ploidy according to
the described ploidy level of the individual, i.e. hexaploid for maroccana,
tetraploid for cerasiformis, and diploid for the other four subspecies; and
using thresholds for mapping quality (>40) and read depth of coverage
(>20). Given the high number of the nuclear SNPs, a vcf file using SAMtools
mpileup was created (Li et al., 2009). We applied an additional filter, which
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required that each polymorphic position should pass the read depth of
coverage filter (>20) in all the individuals. SNPs calling was also explored
changing the ploidy level of diploids into tetraploids. The results were
consistent in 95% of the positions and thus only results obtained using ploidy
level 2 are shown. To assess ploidy in single haplotype sequences we also
called SNPs in contigs assembled from fosmid pool libraries following the
same parameters as described before. Only contigs larger than 10 Kb were
included for the fosmid assembly.

4.4.4 SNPs characterization

Nei’s gene diversity index (Nei, 1973) of nuclear, plastid and mitochondrial
SNP data was used to estimate nucleotide diversity. We kept the alternative
allele in all the cases of nuclear heterozygous positions because we did not
have a phased genome assembly.

The nuclear SNPs were classified according to their position in the genome
as intergenic, intronic and coding. Coding SNPs were further classified
into synonymous and nonsynonymous, according to the implied change
in the respective codon. For the heterozygous positions, if at least
one of the changes was nonsynonymous we considered the position as
nonsynonymous. GO term enrichment analyses of the proteins without
nonsynonymous SNPs was calculated using FatiGO (Al-Shahrour et al.,
2004).

To investigate the variation of nonsynonymous and synonymous SNPs in the
coding regions, we compared nonsynonymous changes per nonsynonymous
site (πN) to synonymous changes per synonymous site (πS) by assuming that
75% of all sites are nonsynonymous.

4.4.5 Selection Tests

In order to detect the protein-coding genes that have potentially undergone
selection among the cultivated individuals we used a subset of individuals,
including all the cultivars (‘Farga’, ‘Arbequina’, ‘Beladi’, ‘Sorani’, ‘Picual’),
the var. sylvestris, and a subsp. cuspidata sample as the outgroup. Branch-site
model implemented in the codeml PAML package v4.9 (Xu and Yang, 2013)
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was tested in all the proteins that had at least one nonsynonymous position.
We marked the branches according to two hypotheses (see Figure S4.4): A)
each terminal branch leading to of each cultivar was marked independently,
B) the branch subtending the common ancestor of all the cultivars was
marked. In addition, a multiple test analysis was performed using the
multtest package from R (Pollard et al., 2007). Finally, we took all candidate
proteins for positive selection and performed BLAST searches against the
NCBI non-redundant protein sequences (NR) database (Camacho et al.,
2009).

4.4.6 Analysis of K-mer Spectra in the Reference Genome
Sequence

In order to evaluate the level of artefactual duplications present in the cv.
‘Farga’ assembly (Oe6) we used the Kmer Analysis Toolkit (Mapleson et al.,
2017). This program was used to obtain a stacked histogram based on the
27-mer matrix of the assembled genome and the PE725 library (Cruz et al.,
2016a). This library was selected because it has sufficient coverage (96.3x)
and is evenly distributed across the genome. These plots are typically used
to compare a Jellyfish hash (e.g. Marçais and Kingsford (2011)) produced
from a read set, to a Jellyfish hash produced from an assembly. We plotted
a decomposition of the stacked histogram for ‘Farga’ assembly version Oe6
for clarity (Figure S4.7).

4.4.7 Ploidy estimation

To assess the ploidy of each sequenced individual we used the nuclear SNP
data and plotted the relative coverage of alternative alleles in heterozygous
sites. We considered only scaffolds longer than 100 Kb. We used three
alternative methods to obtain and filter heterozygous SNPs: A) directly
from the vcf files obtained with GATK, B) for each heterozygous positions
obtained with GATK, we computed allelic depths from the vcf file created
with SAMtools mpileup, C) we applied an extra filter to the vcf file created
with SAMtools mpileup, and for the heterozygous positions we included
only the positions where the alternative alleles have at least 10% of the total
depth. In the three cases the relative coverage of alternative alleles was
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obtained by dividing the alternative allelic depth by the total depth at that
position. For a diploid genome, we would expect a single peak around 0.50
at biallelic positions, for a tetraploid three peaks, around 0.25, 0.50, and 0.75,
and for an hexaploid five peaks around 0.17, 0.33, 0.5, 0.67, 0.83. The three
methods gave consistent results and therefore, only results obtained by the
second method are shown.

For individuals with peaks around 0.25, 0.50, and 0.75 we selected the
positions around these frequencies ( 0.05 range) and plotted box plots of the
total read depth after excluding positions with depths >200. For all the plots
we used the ggplot2 package from R (Wickham, 2009).

In order to assess whether the obtained ploidy estimation is an assembly
artefact caused by collapsed duplicated regions, we decided to compare the
ploidy in coding regions. For this, we computed the allelic frequencies for
all the duplicated genes versus all the non duplicated genes, assuming that
the recently duplicated genes that are detected in the annotation should be
in uncollapsed regions and should show a diploid pattern (as otherwise
they could have not been annotated as different loci). The list of recently
duplicated genes (age 1, corresponding to olive specific duplications) was
obtained from the phylome analysis described in our previous study (Julca
et al., 2017), and available in PhylomeDB (Huerta-Cepas et al., 2014).

4.4.8 Admixture Mapping

Because of the large number of polymorphic positions in the nuclear
genomes of the O. europaea complex, it was only computationally feasible
to analyze 100,000 positions. We generated 10 subsets of 100,000 randomly-
chosen polymorphic positions without overlaps, and analyzed them in
parallel. Then we identified population structure without a priori grouping
assumptions, using the Structure software v2.3.4 (Pritchard et al., 2000).
Structure was run with 100,000 generations of ‘burn in’ and 100,000
Markov chain Monte Carlo (MCMC) iterations after burn-in for increasing K
values ranging from 1 to 7, considering independent alleles and admixture
of individuals. Simulations were repeated 10 times for each value of
K. The optimal number of genetic clusters was determined using ∆K
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method (Evanno et al., 2005) with the software Structure Harvester (Earl
and VonHoldt, 2012). Finally, the optimal K value was visualized with
DISTRUCT v1.1 (Rosenberg, 2004).

4.4.9 Phylogenetic analysis

Phylogenetic trees were reconstructed using SNPs data from nuclear, plastid
and mitochondrial genomes, separately. In all cases, the genome sequence
of the sequenced individuals was obtained by replacing the SNP positions
in the respective reference genome, resulting in a pseudoalignment of all the
considered genomes. Specifically, for the heterozygous SNPs of the nuclear
dataset we randomly selected one allele per each position. For the plastid
genomes, we included additional sequences by aligning our genomes with
the genomes available in the databases (see Table S4.1) using MAFFT v7.305b
(Katoh et al., 2005). All these alignments were trimmed using trimAl v1.4
(Capella-Gutiérrez et al., 2009) with the options -st 1 and -complementary,
in order to remove all the non-informative positions. The final alignment
had 13,543,130 variable positions for the nuclear genome, 319 for the plastid
genome, and 2,614 for the mitochondrial genome. Phylogenetic trees
were reconstructed from these alignments using PhyML v3.1 (Guindon and
Gascuel, 2003) and the GTR model because it has been demonstrated as the
most frequent evolution model in angiosperms. Support values based on
100 bootstraps replicates were calculated. A phylogenetic network using
SplitsTree4 v4.14.5 and the NeighborNet approach was also reconstructed
for the nuclear data (Huson and Bryant, 2006).
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Muñoz Dı́ez, and Carlos Garcia-Verdugo for providing some of the plant
samples used in this study. TG and PV acknowledge support from Banco
Santander for the olive genome sequencing project. IJ was supported in part
by a grant from the Peruvian Ministry of Education: ‘Beca Presidente de la
República’ (2013-III).



Supplementary material 137

4.A Supplementary material

Table S4.1: O. europaea genomes used in the analysis. The columns show the
sample origin, haplotype, ploidy level, and the source of the data.

O. europaea subsp. Origin Chlorotype Ploidy
level

Source

var. europaea cv. ‘Farga’ Spain (Boadilla/La Senia) E3.1 2x Olive genome project
var. europaea cv. ‘Arbequina’ Spain E1.1 2x Olive genome project
var. europaea cv. ‘Picual’ Spain E1.1 2x Olive genome project
var. europaea cv. ‘Beladi’ Lebanon E1.1 2x Olive genome project
var. europaea cv. ‘Sorani’ Syria E1.1 2x Olive genome project
var. europaea cv. ‘Manzanilla’ Spain E1.1 2x NCBI (FN996972)
var. europaea cv. ‘Frantoio’ Italy E1.1 2x NCBI (GU931818)
var. europaea cv. ‘Bianchera’ Italy E1.1 2x NCBI (NC 013707)
var. sylvestris Spain (Pechón) E3 2x Olive genome project
var. sylvestris ‘Stavrovouni 11’ Cyprus E1.4 2x NCBI (HF558645)
var. sylvestris ‘Haut Atlas 1’ Morocco (High Atlas) E2 2x NCBI (NC 015401)
var. sylvestris Algeria:Gue de Constantine, E3 2x NCBI (FN997651)
‘Gue de Constantine 20’ Algiers
maroccana Morocco (Agadir) M 6x Olive genome project
maroccana ‘Immouzzer S1’ Morocco (High Atlas) M 6x NCBI (NC 015623)
cerasiformis Portugal (Madeira) M 4x Olive genome project
guanchica Spain (Tenerife) M 2x Olive genome project
laperrinei Sahara E1.1 2x Olive genome project
cuspidata–R Reunion island A 2x Olive genome project
cuspidata–S South Africa A 2x Olive genome project
cuspidata–I Iran C1 2x Olive genome project
cuspidata ‘Almihwit C5.1’ Yemen C2 2x NCBI (FN996943)
cuspidata ‘Guanghzou 1’ China C1 2x NCBI (FN996944)
cuspidata ‘Maui 1’ USA (Hawaii-Maui) A 2x NCBI (NC 015604)

Table S4.2: General characteristics of the plastid and mitochondrial genomes
of the cv. ‘Farga’.

Chloroplast Mitochondria

Genome size 136,336 593,378
Contigs 1 3
Contigs >1000 1 2
N50 136,336 441,284
GC content 0.37 0.45
Number of N 1,888 71,147
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Table S4.3: Admixture coefficient (Q) of each individual per cluster. This table
was used to create the Figure 4.4

Inferred Clusters

O. europaea subsp. 1 2 3

var. europaea ‘Farga’ 0.925 0.075 0.000
var. europaea ‘Arbequina’ 0.871 0.129 0.000
var. europaea ‘Picual’ 0.917 0.083 0.000
var. europaea ‘Beladi’ 0.969 0.031 0.000
var. europaea ‘Sorani’ 0.959 0.041 0.000
var. sylvestris 0.641 0.359 0.000
maroccana 0.420 0.580 0.000
cerasiformis 0.440 0.560 0.000
guanchica 0.511 0.489 0.000
laperrinei 0.412 0.588 0.000
cuspidata–R 0.000 0.000 1.000
cuspidata–S 0.000 0.039 0.961
cuspidata–I 0.253 0.411 0.335
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Figure S4.1: SNP distribution along the nuclear genome in windows of 100 Kb.
a) homozygous SNPs, b) heterozygous SNPs.
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Figure S4.2: SNP distribution in the organellar genomes in windows of 1 Kb.
a) in the plastid, b) in the mitochondria.
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Figure S4.3: Partial plastid genome of the cv. ‘Farga’. Protein coding genes
are shown in orange, rRNAs in blue, and tRNAs in purple. The SNPs are
shown per each individual included in this study in the following order starting
from outside: ‘Arbequina’, ‘Picual’, ‘Beladi’, ‘Sorani’, sylvestris, maroccana,
cerasiformis, guanchica, laperrinei, cuspidata–R, cuspidata–S, cuspidata–I.
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Figure S4.4: Tree used for the tests of selection using the branch-sites model
implemented in codeml PAML package. Letters show which branches were
marked as having a specific rate, per each of the following hypotheses: A)
the terminal branch of each cultivar was marked independently. B) the branch
corresponding to the common ancestor of the cultivars.
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Figure S4.5: Venn diagram of the proteins selected per each cultivar in the
context of the hypothesis A.

Figure S4.6: Density plot of the relative coverage of alternative alleles in
heterozygous sites for the 10 larger scaffolds.
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Figure S4.7: Plot based on the decomposition of the 27-mer spectra.

Figure S4.8: Box plot of the coverage of the positions with frequencies of 0.25,
0.50, 0.75.
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Figure S4.9: Density plot of the relative coverage of alternative alleles in
heterozygous sites in some fosmid regions.

Figure S4.10: Density plot for the relative coverage of alternative alleles in
heterozygous sites per each individual. a) duplicated genes; b) non-duplicated
genes. The cultivated olives are marked on green, cerasiformis and maroccana in
orange, and the other subspecies in yellow.
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Figure S4.11: Partial mitochondrial genome of the cv. ‘Farga’. Protein coding
genes are shown in orange, rRNAs in blue, and tRNAs in purple.
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5.1 Olive genome

In chapter 2, we presented the assembly and annotation of the first reference
genome of olive. It was sequenced from a single individual that is estimated
to have been planted around the end of the eighth century (Antonio Prieto-
Rodrı́guez personal communication): O. europaea cv. ‘Farga’. The final
assembly was of 1.32 Gb, which is an intermediate size among other
flowering plant genomes. In particular, angiosperm genomes range from
61 Mb of Genlisia tuberosa (Fleischmann et al., 2014) to 148.8 Gb of Paris
japonica (Pellicer et al., 2010). The number of protein coding genes in olive
was 56,349. Surprisingly, this number is clearly larger than that of other
Lamiales species: Mimulus guttatus (28,140 proteins) (Hellsten et al., 2013),
Sesamum indicum (27,148) (Wang et al., 2014, 2016a), Utricularia gibba (26,457)
(Ibarra-Laclette et al., 2013), and Salvia miltiorrhiza (27,986) (Zhang et al.,
2015a). Furthermore, when we compared the proteome of O. europaea and
that of M. guttatus we found that 80.5% of the proteins with at least one
homologous gene in M. guttatus, had a closer paralogous gene in olive. All
these results showed evidence for a WGD in the history of olive, which
probably did not involve the other Lamiales species. This result motivated
the study presented in Chapter 3.

The availability of the olive genome is an essential resource not only for
understanding the evolutionary history of Mediterranean trees, but also for
facilitating genetic research and future breeding efforts in this important
crop. Climate change, management needs, and the emergence and spread
of pathogens are some of the aspects to be palliated generating newer olive
cultivars. One way of accelerating this process in this slow-growing tree
is the availability of genetic markers associated with traits of agricultural
importance (e.g. resistance to pathogens, adaptation to dry environments,
etc). In this century, a high number of genetic and molecular tools have
been developed in olive, including genetic maps (Besnard et al., 2003; Wu
et al., 2004; El Aabidine et al., 2010; Khadari et al., 2010; Marchese et al.,
2016; İpek et al., 2017), expressed sequence tags (ESTs) (Alagna et al., 2009;
Ozgenturk et al., 2010), and transcriptomes (Galla et al., 2009; Muñoz-Mérida
et al., 2013; Bazakos et al., 2015; Guerra et al., 2015; Carmona et al., 2015;
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Iaria et al., 2016). In this context the olive genome completes this repertoire
of genomic tools and provides a valuable resource for the study of key
phenotypic traits. Some earlier studies already detected repeated sequences,
mainly five families of tandem repeats (Oe80, Oe86, Oe178, Oe179 and
Oe218) and transposable elements (especially long terminal repeat (LTR)
retrotransposons) which showed the large repetitive nature of the olive
genome (Barghini et al., 2014, 2015). A more recent study identified 227
putative short interspersed nuclear elements (SINEs) and the comparison
with other LTR retrotransposon families suggested that the expansion
of SINEs in the genome occurred in very ancient times, preceding LTR
expansion, and presumably before the separation of Rosids from Asterids
(Barghini et al., 2017).

Understanding the genetic basis of the principal biological pathways under-
lying relevant agricultural traits can be very helpful for the improvement of
the productivity, resistance, and nutritional characteristics of crops. How-
ever, genetic improvement is difficult in the olive due to its long juvenile
phase that ranges from 10 to 15 years (Bracci et al., 2011). Still, many tools
have been developed to assess genetic variation in the olive tree. Among
these tools we can mention inter-simple sequence repeats (ISSRs) (Terzopou-
los et al., 2005; Pasqualone et al., 2001; Vargas and Kadereit, 2001), simple
sequence repeats (SSRs) (Rallo et al., 2000; Cipriani et al., 2002; Dı́az et al.,
2006), random amplified polymorphic DNA (RAPD) (Fabbri et al., 1995; Be-
laj et al., 2001), amplified fragment length polymorphism (AFLP) (Angio-
lillo et al., 1999; Pafundo et al., 2005; Rubio de Casas et al., 2006), internal
transcribed spacer (ITS) (Hess et al., 2000; Besnard et al., 2007b), plastid se-
quences (Vargas and Kadereit, 2001) and single nucleotide polymorphisms
(SNPs) (Reale et al., 2006; Consolandi et al., 2007; Kaya et al., 2013; Marchese
et al., 2016). They have been used alone or in combination for the study of
genetic diversity, the characterization of core collections, and for the analysis
of the phylogenetic limits in the O. europaea complex (Angiolillo et al., 1999;
Rubio de Casas et al., 2006; Besnard et al., 2009; Marchese et al., 2016). Nev-
ertheless, more accurate genetic markers are needed for breeding programs.

The availability of the olive genome can facilitate the development of
new markers and thus speed up breeding programs, as was previously
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done with other crops. For example, when the genome of rice became
available, multiple authors (Goff, 2002; Yu, 2002) used it to help elucidate
the major quantitative trait loci (QTLs) that increases grain productivity.
Earlier studies have shown that the gene OsCKX2 (cytokinin oxidase 2) is
the responsible for this QTL (Ashikari, 2005). More recent studies have
found that this gene is directly regulated by a zinc finger transcription
factor DST (drought and salt tolerance) (Li et al., 2013), which also regulates
drought and salt tolerance in rice (Huang et al., 2009). In grape, the genome
(Jaillon et al., 2007) facilitated the development of SNPs markers with a high
discriminative power for cultivar identification (Cabezas et al., 2011). In
tomato, the genome sequence (Tomato Genome Consortium, 2012) helped
with the identification of genes that control key agronomic traits. It was
possible to identify the esterase (SlCXE1) responsible for differences of ester
volatile content in tomato fruits (Goulet et al., 2012), a transcription factor
(GLK2, Golden 2-like) that regulates the photosynthetic capacity of fruits
and thus the sugar content (Powell et al., 2012). After the sequencing of
the Cucumis melo (melon) genome (Garcia-Mas et al., 2012), many QTLs
were identified, among which some were associated to phenotypes such
as resistance to the cucumber mosaic cucumovirus (CMV) (Guiu-Aragonés
et al., 2014), ethylene biosynthesis (Vegas et al., 2013), fruit shape, fruit
size, or pulp content (Dı́az et al., 2014, 2017). Also the melon genome
allowed the identification of the gene that controls iron uptake (bHLH38)
(Ramamurthy and Waters, 2017) and several candidate genes associated to
powdery mildew resistance (Li et al., 2017). In Prunus persica (peach), after
the release of the genome (International Peach Genome Initiative et al., 2013)
it was possible to identify a region on chromosome 1, strongly associated
with brown rot resistance and at least two candidate genes associated with
pathogen resistance (Martı́nez-Garcı́a et al., 2013). Also, it was possible
to identify the gene that controls white and yellow coloration of fruit
flesh and leaf midvein (carotenoid cleavage dioxygenase, CCD4) (Ma et al.,
2014), the gene responsible for trichome formation on fruit skin (PpeMYB25)
which determines the presence or absence of skin pubescence (fuzziness)
(Vendramin et al., 2014), and a candidate gene that controls the flat shape
of fruits (PRUPE.6G281100) (López-Girona et al., 2017). Moreover, the
identification of SNP markers tightly associated with six major genes in
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peach: fruit flesh color Y, fruit skin pubescence G, fruit shape S, sub-acid
fruit D, stone adhesion-flesh texture F-M, and resistance to green peach
aphid Rm2 (Lambert et al., 2016). In Symphonia globulifera the availability of
the draft genome allowed the development of robust and widely applicable
genetic markers (Olsson et al., 2017). More recently, it was shown that the
genome sequence of Mentha longifolia is a valuable resource for the genetic
amelioration of mint cultivars (Vining et al., 2017). This latter study clearly
illustrates how the genome sequence can be employed for both metabolic
engineering and molecular breeding in pepermint cultivars (Vining et al.,
2017). As in other crops, the olive genome together with complementary
genomic tools can be used to develop more efficient genetic markers. These
markers can be integrated with traditional methods of selection by applying
marker-assisted selection (MAS). MAS is generally applied in order to
reduce the size of plant populations used during selection through an early
selection of genetically predisposed individuals. For example, in olive the
use of MAS could save much time and cost allowing a faster identification
of beneficial agronomic traits and compatibility relationships in crosses,
and a preselection from the progeny of individuals with key agronomic
characteristics in an early stage (Dı́az, 2012; Sebastiani and Busconi, 2017).

The appearance of new phytopathogens and the restricted availability of
suitable environments for the development of the agriculture entails a
challenge for breeding programs. Olive unfortunately offers a clear example.
In 2013, an outbreak of Xylella fastidiosa, causal agent of olive quick decline
syndrome (OQDS) once restricted to the Americas, was found in south-
eastern Italy (Apulia) (Saponari et al., 2013). Since this initial outbreak, the
disease has spread through the majority of the olive trees in the province of
Lecce and now represent a threat for the entire European Union (Bosso et al.,
2016; Martelli et al., 2016). New genetic markers can be used for mapping
genes associated with OQDS-resistance, and thus facilitate marker-assisted
selection (MAS) for resistant olives.

Target genetic markers can also be used for identification purposes. In the
olive, SSRs are widely used to distinguish among different cultivars and
have resolved some cases of homonyms and synonyms (Lopes et al., 2004;
Omrani-Sabbaghi et al., 2007; Bracci et al., 2009; Abdessemed et al., 2015).
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Indeed, the availability of more markers may lead to the finding of more
of these cases among olive cultivars. Also, these markers can be useful for
the traceability of the olive oil, avoiding deliberate or accidental mislabelling
(Bracci et al., 2011).

Remarkably, the availability of the olive genome opens a wide spectrum of
opportunities to understand its biology and genetic diversity. Moreover,
the genome sequence of this monumental ancient tree (cv. ‘Farga’) is a
good genetic source since it has survived local biotic and abiotic stresses for
centuries.

5.2 Polyploidy in Olea europaea

The results found in Chapter 2 suggested the presence of at least one
WGD in the history of O. europaea. In chapter 3 we used phylogenomic
analysis to investigate past genome duplications in olive, and found that
the olive underwent three polyploidization events since the divergence from
the other non-Oleaceae Lamiales lineages included in this study. The first
one likely occurred at the base of the family Oleaceae and was described
as an allopolyploidization between a species more similar to the other
non-Oleaceae Lamiales, and another one that diverged earlier. We also
demonstrated that this WGD is different from the one previously described
at the base of the non-Oleacea Lamiales (Ibarra-Laclette et al., 2013), and
that it dates back to 33–72 millions years ago (Mya). Interestingly, this date
was correlated with the Cretaceous–Paleogene (K/Pg) boundary (66 Mya),
the most recent mass extinction event, where many other plant species have
undergone a WGD (Lohaus and Van de Peer, 2016; Vanneste et al., 2014; Van
de Peer et al., 2017). The second wave of duplications was placed at the basal
node of the tribe Oleeae and was described also as an allopolyploidization
event. In this case our results suggested that one of the parental plants was a
close relative of jasmine species. Recent studies have shown that O. europaea
and Fraxinus excelsior shared a WGD placed at a deep node of the family
Oleaceae (Sollars et al., 2016), but our analysis suggested that this event
involves the ancestor of the tribe Oleeae. Our results of further duplications
are also supported by the fact that the chromosome numbers in the other
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tribes of Oleaceae (Myxopyreae, Forsythieae, Fontanesieae, Jasmineae) are
generally lower (2n = 22, 28 with some exceptions) than those in the
Oleeae tribe (2n = 46) (Taylor, 1945). Interestingly, earlier studies suggested
that the tribe Oleeae (whole 23-chromosome group) had an allopolyploid
origin as the result of a hybridization between two unknown and now
probably extinct species of the other tribes with x = 11 and 12 (Taylor,
1945). More recent studies showed that the chromosome morphology and
the pattern of heterochromatic bands in O. europaea have signs of interspecific
hybridization followed by chromosome doubling (Falistocco and Tosti,
1996). In chapter 3 we propose that the chromosome number 2n = 46 in
the tribe Oleeae, came from a base number of 12 (x = 12). This means that
it was some type of chromosome fusion or loss during the polyploidization
process resulting in an ancestor with 23 chromosomes. Particularly in O.
europaea, the chromosome pair XIV bears heterochromatin of ‘telomeric’
type around the centromere, which was proposed as evidence of end-to-end
fusion of two chromosomes (Minelli et al., 2000). Based on this result they
inferred that the proposed diploid chromosome number of 2n = 46 found in
several genera of Oleaceae is the result of of an ancestor of 2n = 48 (Minelli
et al., 2000). This chromosome number is observed in certain species of the
genus Syringa, which belongs to the same tribe of the olive (Taylor, 1945).
Assuming that the diploid ancestor of the tribe Oleeae had chromosome
rearrangements resulting in a change from 2n = 24 to 2n = 23 through loss
or fusion of chromosomes, we can accept the possibility of an independent
WGD in the tribe Oleeae. The date of this WGD is placed around 14–33 Mya,
which corresponds with the Oligocene and Miocene periods. This period
of time is characterized by two glaciations (Oi-1 - 34 Mya, and Mi-1 - 23
Mya) and the middle Miocene climate optimum (17 to 15 Mya), one of the
warmest phases since the Miocene (Zachos, 2001; Zachos et al., 2001), and
is accompanied by accelerated rates of diversification (Vargas et al., 2014;
Hinsinger et al., 2013; Divakar et al., 2012; Kürschner and Kvaček, 2009).
The third event is specific to O. europaea; however, the data at hand cannot
be used to distinguish between auto- or allopolyploidization processes at
this level. Additional genomes sequenced from closer relatives (i.e. other
species of Olea and closely related genera) would be needed to assess such
difference.
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Remarkably, our analysis highlighted the versatility of phylomes as a phy-
logenomic tool for the detection of polyploidization and for the differentia-
tion between allo- and autopolyploidization. Many studies in plants have
used synteny and phylogenomics for the estimation of polyploidy and the
principal phylogenomic method used is age distribution. These tools were
applied to detect ancient polyploidy in angiosperms, in seed plants (Jiao
et al., 2011), in monocots (Jiao et al., 2014), in core eudicots (Jiao et al., 2012),
in Poales (McKain et al., 2016), and more recent WGDs in Vigna (Kang et al.,
2014), Brassica (Liu et al., 2014a; Wang et al., 2011), Musa acuminata (D’Hont
et al., 2012), Gossypium arboreum (Li et al., 2014), Utricularia gibba (Ibarra-
Laclette et al., 2013), among others. However, the analysis of phylomes
alone or in combination with other tools offers a different approach for the
estimation of polyploidy and the possibility of telling apart allo- and au-
topolyploidization. Phylome analysis of Phaseolus vulgaris allowed the iden-
tification of a WGD at the base of the subfamily Papilionoideae (Vlasova
et al., 2016). In Saccharomyces cerevisiae similar analyses revealed its allopoly-
ploid origin (Marcet-Houben and Gabaldón, 2015). Furthermore, chapter
3 includes, for the first time, a different approach of the 4DTv analysis.
This method is generally used by plotting all the set of paralogs proteins
of any species, eg. Prunus persica (International Peach Genome Initiative
et al., 2013), Salix suchowensis (Dai et al., 2014), Punica granatum (Qin et al.,
2017), Cucurbita pepo (Montero-Pau et al., 2017), Lepidium meyenii (Zhang
et al., 2016). In chapter 3 we show how the analysis of the 4DTv can be
done using sets of paralogs that occurred at different evolutionary ages as
extracted from the phylome and how it can be used to distinguish auto- and
allopolyplidization events.

An additional polyploidization (or partial genome duplication) is proposed
in chapter 4 as a result of our analysis of relative coverage of alternative
alleles in heterozygous sites of the Olea europaea complex. This kind of
analysis is generally used to detect polyploidy in specific cells or tissues,
including detection of cancer cases in humans (Lundberg et al., 2013;
Rodrı́guez-Santiago et al., 2010; Cutcutache et al., 2016; Van Loo et al., 2010)
or estimation of ploidy levels in Malus domestica (Chagné et al., 2015),
Saccharomyces cerevisiae (Corrêa dos Santos et al., 2017; Weiß et al., 2017), and
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Phytophthora infestans (Weiß et al., 2017).

This polyploidization event should have taken place after the last WGD
described in chapter 3 and involving the ancestor that diverged into the
subspecies of the O. europaea complex. It has been consistently inferred using
different molecular tools that subsp. cuspidata is the first group that diverged
(8.3–4.0 Mya) within the complex (Vargas and Kadereit, 2001; Rubio de Casas
et al., 2006; Besnard et al., 2009). In particular, this last WGD should be
placed earlier than this period and thus earlier than the domestication event
(6,000 years ago). In other words, the most recent common ancestor of the O.
europaea complex may have been already a neopolyploid plant. In general,
our results from chapter 3 and 4 show signs of two independent WGDs in
the ancestor of O. europaea, which should be placed after its divergence from
Phillyrea angustifolia and before the divergence of the different subspecies of
the O. europaea complex. However, the fact that the closer species included in
this analysis (Phillyrea angustifolia) does not share these events but presents
the same number of chromosomes (2n = 46), as indicated by cytological
studies, is at odds.

O. europaea with 1.32 Gb of genome size and 2n = 46 shows, according to our
results, a complex scenario of up to four polyploidization events since an
ancestor of Lamiales (33–72 Mya). This number of polyploidization events
is not surprising if we take into consideration that other plant species with
smaller genome sizes and chromosome numbers have many WGDs in their
evolutionary history. For instance, Utricularia gibba, with a genome of 82 Mb
and 2n = 28, underwent three rounds of WGDs since the divergence form the
family Oleaceae (62-72 Mya) (Ibarra-Laclette et al., 2013). Musa acuminata,
with 520 Mb and 2n = 22 has two WGDs since its divergence from Zingiber
officinale (∼70 Mya) (D’Hont et al., 2012). Interestingly these two species have
the same chromosome number 2n = 22 (Das et al., 1998), despite the specific
WGDs in only one of the lineages. Arabidopsis thaliana with 117 Mb and 2n =
10 underwent two WGDs after its divergence from Carica papaya (∼70 Mya)
(Van de Peer et al., 2009a), which has a higher number of chromosomes (2n
=18) and after this period did not underwent any WGD (Ming et al., 2008).
Thus, we consider that the fact that O. europaea has the same number than P.
angustifolia does not invalidate our results. Several scenarios could reconcile
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both results including independent, parallel events in the P. angustifolia
lineage or fast diploidization and genome rearrangements following WGD
in O. europaea. Nevertheless further research, including other closely related
species, is needed.

In summary, our results show signatures of at least four genome duplication
events within Lamiales in the evolutionary history of the ancestor of the
O. europaea complex. In addition, two more events of polyploidization
increase within the Olea europaea complex have been documented in the past
based on chromosome numbers: tetraploid (2n = 92, subsp. cerasiformis)
and hexaploid (2n = 138, subsp. maroccana) (Besnard et al., 2008). Some
of these events appear to be associated with climatic changes and mass
extinction events (Van de Peer et al., 2017); however, a more careful analysis
of the dates would be necessary to further explore these associations. All
these results lead us to consider a WGD for the ancestor of the Olea
europaea before domestication, which supports the idea that domestication
followed polyploidization (Salman-Minkov et al., 2016; Fang and Morrell,
2016). However, the role of polyploidization in the domestication of
the olive needs to consider a more complex scenario because the most
important domestication process in the Olea europaea complex involves
the subspecies europaea (2n = 46), but did not involve the tetraploid and
hexaploid subspecies.

5.3 Hybridization of the O. europaea complex

In chapter 4 we presented the first phylogenomic analysis of the O. europaea
complex and we showed that the evolution of the different lineages was
shaped by extensive genetic flux as a product of frequent hybridization.
These results corroborate the observation made in previous studies based on
nuclear and organellar markers (Rubio de Casas et al., 2006; Besnard et al.,
2009, 2007b; Besnard and El Bakkali, 2014). Moreover, O. europaea has an
allogamous mode of reproduction (Besnard et al., 2000; Breton et al., 2017;
Mookerjee et al., 2005) and the subspecies are interfertile, which promotes
hybridization (Besnard et al., 2001b; Contento et al., 2002; Besnard et al., 2009;
Cáceres et al., 2015; Mousavi et al., 2017; Besnard and El Bakkali, 2014).
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An even more important role of hybridization is herein proposed for
evolution and divergence of O. europaea. Because different ploidy levels
have been observed in the O. europaea complex (Besnard et al., 2008; Besnard
and Baali-Cherif, 2009), two kinds of hybridization could have taken place,
namely homoploid (with no variation of the ploidy level) and allopolyploid
hypbridization (varying the ploidy level). Furthermore, hybridization
is a common process in plants and a source for genetic variance in
a few generations (Rieseberg, 1997; Renaut et al., 2014). In potatoes
homoploid hybridization has been proposed as the main mechanism
involved in the origin and evolution of the diploid species (Masuelli et al.,
2009). Furthermore, intraspecific hybridization can be a powerful process
impacting the evolution of invasiveness in certain species, such as Pyrus
calleryana (Culley and Hardiman, 2009) and Schinus terebinthifolius (Williams
et al., 2007). In this context two subspecies of O. europaea (europaea and
cuspidata) have successfully invaded several regions in Australia, New
Zealand and Pacific islands, and hybridization between these two lineages
has been proposed as an important process during the olive invasion
(Besnard et al., 2007a, 2014). Hybridization, also can provide the necessary
genetic variation for adaptive evolution within a species, as was previously
shown in the recovery of fitness in Chamaecrista fasciculata (Erickson et al.,
2006) and the improvement of the production in Jatropha curcas (Ayizannon
et al., 2017).

Genetic improvement of the olive through artificial intraspecific hybridiza-
tion has been recently discussed (Cáceres et al., 2015; Rugini et al., 2016). An
increasing demand of olive products leads to promote a higher density of
orchards, and for that we need trees (genotypes) with reduced size, reduced
apical dominance, a semi-erect growth habit, easy to propagate, resistant to
abiotic and biotic stresses, with reliably high productivity and quality of both
fruits and oil (Rugini et al., 2016). In general, the wild O. europaea lineages
show more genetic diversity than cultivated olives, as we have shown in
chapter 4, which confirms previous results (Lumaret et al., 2004; Belaj et al.,
2010; Besnard et al., 2011). Furthermore these wild lineages are adapted to
many environmental conditions, including resistance to both abiotic stress,
such as drought, salt, wind and low temperature, and biotic stress, such
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as damages and infections caused by Verticillium dahliae, Spilocaea oleaginea,
Xylella fastidiosa, and olive fly (Aranda et al., 2011; Trapero et al., 2015; Ci-
ccarese et al., 2002; Mkize et al., 2008; Hannachi et al., 2009; Rugini et al.,
2016; Giampetruzzi et al., 2017). In particular, oleaster (var. sylvestris) and
subsp. cuspidata have been proposed as suitable genetic resources (Hannachi
et al., 2009; Sheidai et al., 2010; Beghé et al., 2017). Natural hybrids have
been observed between oleaster - cultivars (Zohary and Spiegel-Roy, 1975;
Besnard and Bervillé, 2000), and europaea - cuspidata (Hannachi et al., 2009;
Besnard et al., 2007a). Experimental crossing has been performed in order to
enrich the germplasm of cultivars. Progeny of crosses between cultivars and
oleaster have shown the highest mean values for vigor traits (i.e., tree height
and trunk diameter) and short juvenile period when compared with proge-
nies of crosses between cultivars (Klepo et al., 2014). Also crosses between
subspp. europaea and cuspidata have been reported (Besnard et al., 2001b;
Cáceres et al., 2015). For this reason an increasing number of studies have
been focused on understanding the biology of the subsp. cuspidata. For in-
stance the floral biology analysis has shown that the cuspidata flower is very
similar to that of europaea (Caceres et al., 2016), which additionally share the
same self-incompatibility system (Breton et al., 2017). However, according
to our knowledge similar studies involving other subspecies have not been
reported. The implementation of olive breeding programs with the inclu-
sion of the other subspecies (guanchica, laperrinei, cerasiformis, and maroccana)
might represent a useful strategy to exploit the enormous genetic pool that
these lineages harbour. For instance, subsp. laperrinei is adapted to the dry
conditions that the Sahara dessert provides, subsp. maroccana shows evi-
dence of certain degree of domestication and subspp. guanchica and cerasi-
formis are particularly well adapted to the mild conditions of oceanic islands.

In summary our results have shown a complex evolutionary history in the O.
europaea complex where hybridization has been predominant. Our limited
tools help identify past genetic interchange among the different lineages,
which lead us to infer that a higher number of hybridization events may
have taken place in the evolutionary history of the olive tree. Different
molecular tools contrasting phylogenetic relationships have already shown
that incongruence between the organellar and nuclear trees may be related
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to processes of hybridization. That is why wider sampling of populations
and cultivars could shed further light on the role of hybridization in the
domestication of numerous cultivars.

5.4 Origin of cv. ‘Farga’

Our results presented in chapter 4 have also shown that the cv. ‘Farga’ (our
reference genome) has a different phylogenetic history with respect to the
other cultivars included in this study. It is highlighted by the incongruence
observed between the three-genome phylogenetic trees. In the nuclear tree
‘Farga’ is close to the other cultivars, while in the plastid and mitochondrial
trees ‘Farga’ is closer to the var. sylvestris from Pechón (Spain), that was
sequenced in this project. This incongruence suggests that a hybridization
event between an individual closely related to var. sylvestris, as ovule donor,
and a domesticated individual, acting as pollen donor, gave rise to the cv.
‘Farga’. It is also noteworthy that cv. ‘Farga’ and the var. sylvestris have
a rare chlorotype E3 with origin in the western area (Besnard et al., 2013b).
These results support the hypothesis of a secondary domestication event in
the western Mediterranean basin, where wild native olives interbred with
cultivated olives that probably came from the first domestication event in
the east of the Mediterranean basin (Besnard et al., 2013a,b).

5.5 Gene selection in olive

In chapter 4 we have also shown that different sets of proteins are likely
under positive selection in each cultivar. Some of these proteins are asso-
ciated with response to biotic and abiotic stress, and with metabolic and
developmental processes, while others have unknown function. Plants are
constantly exposed to a broad range of environmental stresses. Particu-
larly, crops in the field are affected by drought, salinity, heat, cold, chill-
ing, freezing, nutrient, high light intensity, ozone (O3), anaerobic stress, phy-
topathogens and pests (Suzuki et al., 2014). Therefore, it is not surprising that
genes under positive selection are associated with environmental response
and biotic and abiotic stress tolerance. In addition domestication is a process



Future perspectives 161

that involves artificial selection of beneficial traits leading to dramatic al-
teration of the morphology, physiology, and life history of cultivated plants
when compared with the wild progenitors (Darwin, 1859). For instance, in
other cultivated plants such as tomato (Koenig et al., 2013), rice (Sun et al.,
2015) and ramie (Liu et al., 2014b) positively selected genes associated with
domestication process have also been observed.

Our results indicate that domestication may have played a role in selecting
key characteristics in the different olive cultivars.

5.6 Future perspectives

Genome sequence of woody plants is challenging due to the presence of a
large proportion of repeat elements, WGDs, and a high level of nucleotide
diversity. Despite all these complications in this work we present the first
reference genome for olive. The availability of the olive genome is an
important step for the elucidation of its evolutionary history and for the
study of genes and molecular mechanisms underlying important agronomic
traits. The olive genome presented in this study is the first step that will
lead to future genetic amelioration. The increasing development of tools
and technologies for genome sequencing and genome assembly will allow
the availability of a high-quality phased genome at chromosome level in
a near future. This type of genome will clarify many of the scenarios
presented in this work such as the polyploidy origin in O. europaea and the
genetic structure of the cultivars. Moreover, the availability of genomes or
transcriptomes of genera closely related to the olive will shed light on the
last WGD detected by phylogenomic analysis. The genome sequencing of a
higher number of individuals of the different subspecies of the O. europaea
complex will help to clarify the evolutionary history of subsp. europaea and
the taxonomic limits of the subsp. cuspidata.

The identification of new sequence polymorphisms, e.g. SNPs, can be
useful in the development of modern molecular markers, high-throughput
genome-wide genotyping, and the implementation of more efficient breed-
ing protocols. In this work we presented one of the largest sets of predicted
SNPs for olive, which can further be experimentally validated for this kind
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of purposes.

In sum, sequencing of a high-quality olive genome from all cultivars and
lineages of the O. europaea complex will facilitate the use of molecular and
genomic tools more extensively in order to better understand the evolution
of the wild olive tree, to reconstruct the processes of domestication and to
speed up breeding programs.



6 Conclusions
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The following conclusions provide the main contributions of this PhD thesis.

1. The first whole reference genome sequence of the cultivated olive tree
has been assembled and annotated, providing a hallmark resource for
the study of this important crop. Alongside the reference genome,
twelve other individuals from cultivated and wild subspecies of O.
europaea have been analysed.

2. Phylogenomics was succesfully used to disentangle past allo- and
autopolyploidizations. This approach was used here to differentiate
three polyploidization events in the evolutionary history of O. europaea
since its divergence from the other non-Oleaceae Lamiales included in
this study. Two are allopolyploidization events at the base of the family
Oleaceae and tribe Oleeae, respectively, and the last one is a whole
genome duplication specific to the lineage of Olea where the olive is
placed.

3. The patterns of allelic variation suggest an additional polyploidization
event in the history of O. europaea. This event predates the divergence
of the different subspecies of the O. europaea complex.

4. Whole genome phylogenies of wild and cultivated olives support
recurrent homoploid hybridization.

5. Cultivar ‘Farga’ has a different evolutionary history than the other
studied cultivars suggesting crossing of wild plants of the western
Mediterranean with a cultivated stock from the eastern Mediterranean.

6. Olive domestication appears to have involved positive selection of
genes associated with the response to biotic and abiotic stress and with
developmental processes.

In sum, whole genome sequencing helps to reconstruct polyploidization
events in the course of evolution of the olive tree as well as to propose
rampant hybridization entailing gene duplication.
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Baruca Arbeiter, A., Jakše, J., and Bandelj, D. (2014). Paternity analysis of the olive variety
”Istrska Belica” and identification of pollen donors by microsatellite markers. Scientific
World Journal, 2014:208590.

Bazakos, C., Manioudaki, M. E., Sarropoulou, E., Spano, T., and Kalaitzis, P. (2015). 454
pyrosequencing of olive (Olea europaea L.) transcriptome in response to salinity. PLoS
ONE, 10(11):e0143000.

Bazakos, C., Manioudaki, M. E., Therios, I., Voyiatzis, D., Kafetzopoulos, D., Awada, T., and
Kalaitzis, P. (2012). Comparative transcriptome analysis of two olive cultivars in response
to NaCl-stress. PloS one, 7(8):e42931.

Bedini, G., Garbari, F., and Peruzzi, L. (2010). Chrobase.it CNs for the Italian flora.
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Cruz, F., Julca, I., Gómez-Garrido, J., Loska, D., Marcet-Houben, M., Cano, E., et al. (2016a).
Genome sequence of the olive tree, Olea europaea. GigaScience, 5(1):1–12.
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López-Escudero, F. J., Del Rı́o, C., Caballero, J. M., and Blanco-López, M. A. (2004). Evaluation
of olive cultivars for resistance to Verticillium dahliae. European Journal of Plant Pathology,
110(1):79–85.
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