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Preface to the Series

Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of “markers” physically linked to them. These included visible
or morphological, cytological, protein, and molecular or DNA markers.
Among them, the first DNA marker, the RFLPs, introduced a revolutionary
change in plant genetics and breeding in the mid-1980s, mainly because
of their infinite number and thus potential to cover maximum chromosomal
regions, phenotypic neutrality, absence of epistasis, and codominant nature.
An array of other hybridization-based markers, PCR-based markers, and
markers based on both facilitated construction of genetic linkage maps,
mapping of genes controlling simply inherited traits, and even gene clusters
(QTLs) controlling polygenic traits in a large number of model and crop
plants. During this period, a number of new mapping populations beyond F2
were utilized and a number of computer programs were developed for map
construction, mapping of genes, and for mapping of polygenic clusters or
QTLs. Molecular markers were also used in the studies of evolution and
phylogenetic relationship, genetic diversity, DNA fingerprinting, and
map-based cloning. Markers tightly linked to the genes were used in crop
improvement employing the so-called marker-assisted selection. These
strategies of molecular genetic mapping and molecular breeding made a
spectacular impact during the last one and a half decades of the twentieth
century. But still they remained “indirect” approaches for elucidation and
utilization of plant genomes since much of the chromosomes remained
unknown and the complete chemical depiction of them was yet to be
unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated the development of the “genomic resources” including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic–physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.
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As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But the development of information technology made
the life of biologists easier by leading to a swift and sweet marriage of
biology and informatics, and a new subject was born—bioinformatics.

Thus, the evolution of the concepts, strategies, and tools of sequencing
and bioinformatics reinforced the subject of genomics—structural and
functional. Today, genome sequencing has traveled much beyond biology
and involves biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second-generation sequencing methods. The
development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, the development of
collaborative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series “Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and 3 basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization are growing rapidly every day. However, the information is
scattered in research articles and review papers in journals and dedicated
Web pages of the consortia and databases. There is no compilation of plant
genomes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are, therefore, focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, the potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books beside my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

Kalyani, India Chittaranjan Kole
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Preface

The globe artichoke (Cynara cardunculus var. scolymus), together with
cultivated cardoon (C. cardunculus var. altilis) was domesticated in the
Mediterranean region from the wild cardoon (C. cardunculus var. sylvestris).
The species is a member of the Compositae (a.k.a. Asteraceae), which is the
largest and one of the most ecologically successful botanical families,
including species of great economic importance such as sunflower, lettuce
and chicory. Italy, is the top globe artichoke producing country and harbours
its richest primary gene pool, while Sicily Island is considered the place
where globe artichoke domestication occurred. Over time, globe artichoke
cultivation has spread to other Mediterranean countries and more recently to
the Americas and China. The primary product of globe artichoke is the
immature inflorescence, but, as well as other members of the C. cardunculus
complex, it is a multi-use crop exploitable also a source of phenolics,
sesquiterpene lactones and inulin as well as for the production of lignocel-
lulosic biomass and seed oil for both edible and biofuel purposes.

In this book emphasis is given to the recent development of the globe
artichoke ad cultivated cardoon genome sequences, made available to the
scientific community by a Consortium including two Italian Universities,
namely the University of Torino (DISAFA) and the University of Catania
(Di3A) in collaboration with the Genome Center of Davis (USA). The
availability of globe artichoke genome sequence has already made it possible
to deepen the knowledge on the structure and function of its genome orga-
nization, to perform the resequencing of genotypes of globe artichoke varietal
types, in order to dissect the path from sequence variation to phenotype, as
well as to accomplish comparative genomic studies within the Compositae
family. Furthermore, has laid the groundwork for future genomic assisted
breeding programs and the application of genome manipulation technologies.

This book also provides exhaustive information on C. cardunculus bot-
any, domestication, propagation, genetic resources, uses and pathways
involved in the synthesis of bioactive compounds. Moreover, it includes a
survey of the state of the art on the development of genetic maps and location
of genes and QTLs affecting traits of economic interest.

Torino, Italy Ezio Portis
Alberto Acquadro

Sergio Lanteri
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1Cynara cardunculus L.: Historical
and Economic Importance, Botanical
Descriptions, Genetic Resources
and Traditional Uses

Gaetano Roberto Pesce and Giovanni Mauromicale

Abstract
The chapter begins with a brief etymological
discussion, followed by an overview of
ancient sources that speak of Cynara cardun-
culus. According to these testimonies, the
domestication of the globe artichoke could
have begun in the first century CE. Then the
most recent statistics on globe artichoke in the
world are explained; they show that, in recent
years, its cultivation is spreading even in
countries that are not traditionally producers.
The chapter also provides the botanical clas-
sification and the description of the species,
highlighting that three botanical varieties are
distinguishable, namely globe artichoke, cul-
tivated cardoon and wild cardoon. The latter is
thought to be the progenitor of both the
cultivated forms. There is also a remarkable
diversity of forms and cultivars of globe
artichoke and cardoon, as explained in the
paragraph about genetic resources. The chap-
ter ends with a description of the traditional
uses of globe artichoke and cardoon.

1.1 Historical Outline, Spread
in the World and Economic
Importance

The English name «artichoke» derives from
northern Italian «articiocco» (Skeat 1887),
which in turn derives, like the Spanish «alca-
chofa», the Portuguese «alcachofra» and the
Italian «carciofo», from the Arabic فوشرخ
(kharshuf) through the Hispanic Ara-
bic «al-harsúf». The adjective ‘globe’ refers to
immature inflorescence (head, capitulum) with
the appearance of a pine cone and a globe shape,
to distinguish it from two other vegetables,
named artichoke: Jerusalem artichoke (Helian-
thus tuberosus L.) and Chinese artichoke (Sta-
chys sieboldii Miq.) grown for their edible stem
tubers. The genus name Cynara could derive
from the Greek jῠ ́xm (kyon—dog) (Craig 1858).
The reference to the dog has a negative conno-
tation, because of the objectionable thorns, which
are likened to a dog’s teeth (Small 2009). The
name Cynara could be also related to Kimάqo1
(Kinaros), an island of Aegean Sea, for a kind of
globe artichoke native to that island (Quattrocchi
1999). However, as we shall see, the word
jimάqa (kinara), less frequently jtmάqa (ky-
nara), is found in literature to probably indicate
the globe artichoke. The specific epithet car-
dunculus comes from Latin carduus with
diminutive suffix-unculus, namely little cardoon.
Scolymus, namely the former specific epithet of
globe artichoke and its current botanical variety,

G. R. Pesce � G. Mauromicale (&)
Di3A (Dipartimento di Agricoltura, Alimentazione e
Ambiente), University of Catania, via Valdisavoia 5,
95123 Catania, Italy
e-mail: g.mauromicale@unict.it
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is the latinization of rjόktlo1 (scolymos),
which belongs to the semantic field of ‘thorn’
(rjόkow—scolops). On this, Hesiod (eighth–
seventh century BCE), in his ‘Works and Days’,
and Theophrastus (fourth–third century BCE), in
his ‘Enquiry into Plants’, used the word
rjόktlo1 to refer to Scolymus hispanicus L.
(Liddell and Scott 1996). Again in the cited
work, Theophrastus referred to a plant calling it
jάjso1 (kaktos), maybe the cardoon, and stated
that it only grows in Sicily and not in Greece. But
if we take a leap forward by a few centuries, we
read that Athenaeus (second–third century CE) in
his ‘Deipnosophists’ challenged Theophrastus.
He was indeed sure that jάjso1 (kaktos) was
what the jimάqa (kinara) was for the Greeks. He
also stated that the plant called jάjso1 (kaktos)
is the same plant that the Romans called jάqdo1
(cardos, carduus in Latin). After all, Athenaeus
wrote, jάjso1 (kaktos) and jάqdo1 (cardos)
differ only by two letters. Consequently, Athe-
naeus made no difference between jimάqa (ki-
nara) and carduus. From this overview, a certain
vagueness emerges in the ancient references, and
for this reason De Candolle (1885) suggested that
cultivated globe artichoke was unknown in
classical times. However, Columella (first cen-
tury CE) in his ‘On Agriculture’ talked about
cinara, defining it hispida (spiny), and was the
first to provide a description of what is probably
the globe artichoke, for at least two reasons. The
first is the fact that he focused his attention on the
capitulum. The second is that he spoke about
cultivation practices that seem more suited to the
globe artichoke than to the wild cardoon. He also
wrote about making cheese using the wild car-
doon flower (agrestis cardui flore) as rennet. In
Chap. 43 of book XIX of his ‘The Natural His-
tory’, Pliny the Elder (first century CE) wrote
about carduus, cultivated in Carthage and espe-
cially in Cordoba (apud Carthaginem Magnam
Cordubamque praecipue). He also wrote that this
crop is very profitable, although he did not
understand why it was so appreciated; in fact, he
thought that it was a monstrosity that not even
beasts would eat. According to Foury (2005),
Pliny was speaking of the globe artichoke.
Indeed, the use of the word ‘monstrosity’ could

derive from the wonder in front of a novelty
represented by the large capitulum. A little fur-
ther on (book XXI, Chap. 59), Pliny wrote about
the cactos, clearly copying what Theophrastus
had written. Foury (1989) deduced, based on
Columella and Pliny’s writings, that the cultiva-
tion of globe artichoke started around the first
century CE. Probably in the same period, the
domestication of globe artichoke was ongoing,
but not accomplished (Sonnante et al. 2007b). In
this regard, Sicily is supposed to be one of the
centres of domestication of the globe artichoke
(Mauro et al. 2009). Pedanius Dioscorides (first
century CE), who was a physician, pharmacolo-
gist and botanist, in his ‘On Medical Material’,
gave just a quick nod to jimάqa (kinara), but
Galen (second century CE), in his ‘On the power
of foods’, spoke more widely about the globe
artichoke, pointing out that some call it jimάqa
(kinara) and others jtmάqa (kynara), blaming
the latter as a solecism. He also noted that many
people consumed the plant’s capitulum, which
they called ‘vertebra’ [ruόmdt  ko1/rpόmdt  ko1
(sfondylos/spondylos)]. The word ‘vertebra’ to
refer to the capitulum also appears in the Dio-
cletian’s Edict on Maximum Prices of 301 CE,
both in Greek and in Latin [ruόmdtkoi jimaqῶm
(sfondyloi kinaron), sponduli]. In the third or
perhaps fourth century CE, a compilation of
recipes under the name of Apicius, ‘On the
Subject of Cooking’, was compiled. It contains
three recipes for cardoons (cardui) and seven
recipes for funduli or sfondili, which are,
according to Foury (2005), receptacles. Some
Roman mosaics conserved in the Bardo Museum
in Tunis datable to the Imperial period (second
and third century CE) show heads of globe arti-
chokes (both spiny and spineless) (Fig. 1.1). We
have little knowledge about globe artichoke in
the Middle Ages, because of a surprising
historical-documentary eclipse. After the fall of
the Western Roman Empire (end of the fifth
century), the Eastern Roman Empire continued to
prosper and expand; there, vegetables were in
great demand and their cultivation spread outside
the city walls from the second half of sixth
century (Foury 2005). Chapter 39 of XII book of
‘Geoponica’ (tenth century) speaks about the
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cultivation of jimάqa (kinara). Among other
things, the chapter contains some curious tips on
how to get tasty ‘fruits’ (capitula); it is attributed
to Marcus Terentius Varro, although you cannot
find it in his ‘Agricultural Topics in Three
Books’. After the Umayyads conquered the Ibe-
rian Peninsula (eight century), agriculture
improved from a technological point of view and
was enriched with the introduction of new cul-
tivated species. This would reasonably suggest
that the cultivation of the globe artichoke was
maintained in those territories, as a legacy of the
Roman Empire, and that it was not introduced
from the East (Foury 2005). In paragraph 658 of
‘Compendium on Simple Medicaments and
Foods’, Ibn al-Baitar (first half of the thirteenth
century), described a plant called «harshef»,
which actually includes two forms: one wild and
the other cultivated. The latter, called «kenguer»
or «kenarya» in Andalusian, is described in
paragraph 1976 of the same work. Clearly, it is
hard to miss the similarity between the Andalu-
sian «kenarya» on the one hand and the Latin
cinara or the Greek jimάqa (kinara) on the other.
According to Foury (2005), it is quite probable
that the cinara described by Columella, and
therefore our globe artichoke, survived in the
Hispanic–Berber refuge until the fifteenth cen-
tury. The technical skill of the Andalusian

agronomists and gardeners has probably led to
the improvement and diversification of the globe
artichoke, above all through the propagation by
seed frequently used at the time. Mauro et al.
(2009) hypothesize that globe artichoke was
selected to become the plant we know today in
the domestic vegetable gardens and in the
monasteries, in the period between the ninth and
sixteenth centuries. Around 1466, on the
threshold of the Modern Age, globe artichokes
had been transported from Naples to Florence,
from where, according to Jean Ruel, they passed
to France at the beginning of the sixteenth cen-
tury. Hermolao Barbaro says that in 1473, in
Venice, globe artichoke appeared as a novelty. In
the early Modern Age (sixteenth century), globe
artichoke spread in Europe, as witnessed by
paintings not only from Italy, but also from
Flanders and Bohemia (Fig. 1.2).

The most recent statistics on globe artichoke
in the world show that the most important pro-
ducer country is Italy (Fig. 1.3) with almost
44,000 ha and *406,000 t year−1. Italy alone
accounts for about 27% of the world production
(FAOSTAT 2018). Traditionally, globe artichoke
is cultivated in Mediterranean countries, where it
is almost 80% of the world’s globe artichoke
growing areas, with nearly three-quarters share
of the output (Fig. 1.3), but other countries—

Fig. 1.1 Roman mosaics depicting globe artichokes (second and third centuries). Bardo National Museum, Tunis
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especially Peru, Argentina and China—produce
significant amounts (FAOSTAT 2018). In this
regard, Fig. 1.4 provides the charts of globe
artichoke production in the current main pro-
ducing countries. These charts just give us an
idea of the production trends in the period from
1961 to 2016 (FAOSTAT 2018). It is noticeable

that traditionally producing countries, such as
France, Greece, Spain and even Italy, have a
decreasing trend, while other countries, among
which Egypt stands out, have increased their
production in the last few years. In the same way,
it should be noted that even countries outside the
Mediterranean basin (such as Argentina, China
and Peru) are increasing their production. In
general, it can be said that even if the globe
artichoke is still mainly produced in the countries
of the Mediterranean basin, it is slowly spreading
in the rest of the world. Bianco (2012) has
summed up this situation aptly: ‘Artichoke: an
international soul, but a Mediterranean heart’.
The FAO (2018) also provides data on the globe
artichoke trade, which however are largely
indicative. Figure 1.5 represents the main com-
mercial flows of the globe artichoke; the values
shown are the averages of the three-year period
(2014–2016). In order to represent the most
significant trade movements, only flows greater
than US$500,000 were taken into consideration.
Figure 1.5 clearly shows that France is the main
importing country, Spain being the main
exporting country. The most important trade flow
is between these last two countries, more pre-
cisely from Spain to France. Spain is almost a net
exporter (it imports very little product), while
France and Italy are at the centre of a dense
network of imports and exports. The figure also
shows that globe artichoke exchanges in the
American continent are separate from the rest of

Fig. 1.2 Giuseppe Arcimboldo, ‘Vertumnus’ (1590–
1591). This painting portrays Emperor Rudolf II of
Habsburg as Vertumnus, a Roman deity (circled in red, a
globe artichoke). It is kept in Skokloster Castle in Håbo,
Sweden

Fig. 1.3 Globe artichoke annual production and harvested areas in the main producing countries. Considered period
2014–2016. Source FAOSTAT (2018)

4 G. R. Pesce and G. Mauromicale



Fig. 1.4 Charts of globe
artichoke production in the
main producing countries. In
each chart, the year of greatest
production is coloured in
black. Considered period
1961–2016. Source
FAOSTAT (2018)
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the world, or at least the significant ones as
defined above. This diagram does not include
Algeria, Argentina, China, Morocco and Peru,
which are among the major producer countries;
they allocate their production mainly to domestic
consumption or, in some cases, their exports are
not taken into account by official sources. The
comparison between Figs. 1.6 and 1.7 shows the
variation of the gross production values of globe
artichoke in the different continents over a period
of twenty years (between 1994–96 and 2014–
16). The total value does not change very much
(from 1058 to 991 million US dollars), while it is

clear that the hub of production moves a little
from Europe to the other continents. In fact, the
gross production value of Europe has decreased
by 6%, while those of Africa, Americas and Asia
have increased respectively by 252, 52 and
134%.

Regarding the cardoon, unfortunately there is
not the same abundance of official statistics as for
the globe artichoke. The areas devoted to car-
doon cultivation (officially about 2–3000 ha,
though this value is underestimated) are localized
in Spain, Italy, France and Greece (Ierna and
Mauromicale 2010).

Fig. 1.5 Diagram of main trade flows of globe artichoke
in the world (only flows exceeding $500,000 are consid-
ered). Values are expressed as thousands of US dollars,

and the width of the arrows corresponds to the size of the
flows. Considered period 2014–2016. Source FAOSTAT
(2018)
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1.2 Botanical Classification
and Description of the Species

The genus Cynara, belonging to the Asteraceae
family, is native to the Mediterranean region,
sharing its distribution with the olive (Olea
europea). The members of the genus are the
Cynara cardunculus L. species complex, con-
sisting of the globe artichoke [var. scolymus (L.)
Fiori], the cultivated cardoon (var. altilis DC.)
and the wild cardoon [var. sylvestris (Lamk)
Fiori], and other six wild species. The three C.
cardunculus forms are fully cross-compatible
with one another, and form fertile intervarietal
hybrids (Basnizki and Zohary 1994). The pre-
dominant allogamy of C. cardunculus led to the

formation of populations whose kinship is diffi-
cult to understand. Studies on the isoenzymatic
relationships (Rottemberg et al. 1996), the
intercross (Rottemberg and Zohary 1996), as
well as on genetic and molecular relationships
intra- and intervarietal (Lanteri et al. 2004a, b;
Portis et al. 2005a, b, c; Mauro et al. 2009) lead
to the conclusion that the cultivated botanical
varieties of C. cardunculus L. are phylogeneti-
cally very close to the wild cardoon, which is
probably the common ancestor of the first two.
Presumably, from the latter species two divergent
lines were implemented: one selected for the
width of the leaf midrib, leading to the cultivated
cardoon, the other for the head size, leading to
the globe artichoke (Basnizki and Zohary 1994;
Lanteri et al. 2004b).

1.2.1 Globe Artichoke

Globe artichoke (Figs. 1.8 and 1.9) is a perennial
herbaceous plant that can be reproduced by
achenes (improperly called ‘seeds’) or usually
vegetatively propagated by side offshoots origi-
nating from underground buds, ovoli (under-
ground semi-dormant dried offshoots with apical
and lateral buds) or by division of rooted basal
stem portions. Tissue culture procedures are
occasionally used for nursery production of
disease-free plantlets. However, these in vitro
multiplication methods have not yet been opti-
mized, and success is still poor, at least for early
Mediterranean genotypes such as ‘Violet de
Provence’, ‘Violetto di Sicilia’ and ‘Blanca de
España’. Plants, when grown from achenes, have
a primary taproot and numerous adventitious
secondary roots, whereas plants from offshoots,
ovoli or other vegetative parts have fibrous
adventitious roots that enlarge over time (while
the smallest disappear), losing their absorption
function in order to become storage organs and
provide support (Bianco 1990). Their total depth
is about 40 cm. While the plant grows, a rhi-
zomatous stem, commonly called ceppaia in
Italian, becomes increasingly evident at the base
of the main stem, and on its surface several buds
differentiate, originating offshoots. Offshoots do

Fig. 1.6 Gross production values of globe artichoke
expressed as constant 2004–2006 million US dollars in
the different continents. Considered period 1994–1996.
Source FAOSTAT (2018)

Fig. 1.7 Gross production values of globe artichoke
expressed as constant 2004–2006 million US dollars in
the different continents. Considered period 2014–2016.
Source FAOSTAT (2018)
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not all develop at the same time, but in sequence
because of apical dominance, hence on the same
ceppaia buds at different age and physiological
stage are usually present. Apical dominance
intensity varies depending on the cultivar (Mau-
romicale and Copani 1990) and decreases when
the main shoot differentiates the main head. The
latest offshoots, which did not produce heads, dry
up their aboveground fraction at the onset of
summer drought, becoming ovoli (Jannaccone
1967). During the vegetative phase, the caule is
very short, so the plant has some whorls of
leaves, clustered tightly at its base, giving it a
typical ‘rosette’ form. Leaf size, shape and
number are variable depending on the cultivar
and phenological growth stages. They are ashy
green coloured on the lower side, have thick
midribs and are typically fewer in the earliest
cultivars. The apical bud of each shoot switches
from the vegetative phase to reproductive phase.
The flower stem, variable in length depending on
the cultivar, on the time of year and on eventu-
ally supplied hormone treatments, is cylindrical,
ashy green coloured, longitudinally ribbed, erect
and has ramifications that vary in number. It has
trichomes and alternate lanceolate leaves. Stems
of first, second, third (and so on) orders also have
a capitulum at their distal end, whose size
decreases as the order of ramification increases.
The plant, depending on the cultivar, may pro-
duce from 3–4 to 20 capitula. The weight of a
single capitulum can vary greatly depending on
the cultivar and its position in the plant, but in
general it can be said to range between 100 and
300 g. In most cultivars, a well-developed
capitulum contains from 800 to 1400 florets
(Bazniski and Zohary 1994). The latter are her-
maphrodite, tubular, proterandrous and
blue-violet coloured. The fruit is a
tetragon-shaped or flattened cypsela or achene,
dark-coloured or greyish, uniform or mottled,
whose weight ranges between 30 and 70 mg. The
calyx, metamorphosed into a feathery organ
(pappus), favours dissemination. Commonly the
two terms ‘cypsela’ and ‘achene’ are used
interchangeably; however, in the course of this
chapter, the term ‘achene’ is used. The three
botanical varieties of C. cardunculus have the

same floral biology, as explained later in the
paragraph on the cultivated cardoon. Since the
main product of the globe artichoke is the
capitulum, it is worthwhile dwelling on the
flowering transition of the vegetative apex. In
this regard, Morone Fortunato et al. (1981) made
microscopic observations during the formation of
the capitulum on four cultivars of globe arti-
choke. The vegetative apex of the globe arti-
choke (Fig. 1.10) is formed by a tunica, with 8–9
cell layers, and a less homogeneous corpus than
the tunica. The tunica is made up of two parts:
one is the central apex, consisting of two initial
cells recognizable because of their greater
diameter. The other is located between the initial
cells and the primordia of the leaves. This part is
made up of smaller cells that divide more
frequently.

The corpus instead is divided into three zones:

(a) the zone of the mother cells, which represent
the initial cells of the corpus, located under
the initial cells of the tunica;

(b) the rib-meristem, consisting of the cells
arranged in columns. They are larger the
further they are from the apex; in this zone,
the divisions generally occur according to a
plane perpendicular to the axis of the apex;

(c) the flank-meristem, consisting of cells that
envelop the rib-meristem, this zone con-
tributes to the development of the leaves
primordia and procambium.

Fig. 1.8 Globe artichoke field (photograph taken by
Mauromicale)
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The meristematic apex in the vegetative phase
appears as a small dome set within the hood of
the young leaves. In the very early stages of the

reproductive transition, there is an increase in
mitotic activity at the border between the central
area of the mother cells and the rib-meristem.

Fig. 1.9 Biodiversity in globe artichoke (photograph taken by Mauromicale)

Fig. 1.10 Schematic
representation of globe
artichoke vegetative apex
according to Morone
Fortunato et al. (1981)
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Gradually, this activity expands in the central
zone of the mother cells, where the cells become
small and rich in protoplasm. The mitotic activity
does not appear in the cells of the rib-meristem
and in the underlying pith. Therefore, the apex
has a parenchymatous pith, surrounded by some
layers of meristematic cells that gradually
decrease to form a mantle–core structure (this is
the reproductive transition). The apex, which was
previously globose, flattens and expands pro-
gressively, highlighting the mantle formed by the
two meristematic layers, which overlap the
parenchymatous heart. In this stage, on the
peripheral area of the apex surface, the flower
primordia make their appearance and develop in
a centripetal sense. When the florets have
developed on the whole thalamus, then the dif-
ferentiation is complete.

Macroscopically, the flower organogenesis of
the head of the cultivar Violet de Provence is
shown schematically through the following
sequence of phenological stages (Foury 1967):

R: indicates the caulinar apex transition from the
vegetative phase to the reproductive one;
A: the head is perceptible to the touch but it is
completely enveloped in a leaf rosette that sur-
rounds the caulinar structure;
B: the lengthening of the stem and the deploy-
ment of the leaves allow seeing the head at the
centre of the leaf rosette;
C: the head is fully visible, and the inflorescence
reaches a length of 2–4 mm;
D: the flower stem is fully stretched, and head
has reached the optimum size for harvesting;
E: external bracts begin to diverge and the tha-
lamus, which was concave, begins to flatten,
while central flowers (florets) reach a length of
about 2 cm;
F: the central bracts open, and in the centre the
first florets appear;
G: appearance of the flowers and anthesis of
peripheral flowers.

Baggio et al. (2011) describe 15 development
scale stages of ‘Nobre-UPF’, a Brazilian cultivar.
Seven of them are equivalent to the first observed
by Foury (1967), while the other eight stages

comprise the phases from the full-opening of the
capitulum to the fruit dispersion.

1.2.2 Cultivated Cardoon

Commonly known as cynara, cardoon is a
perennial (*10 years) field crop for numerous
purposes and non-conventional use (Gominho
et al. 2018). It is well adapted to the xerothermic
conditions of southern Europe. The cardoon has
an annual development cycle, in which the plants
grow and develop during autumn, winter and
spring, with summer dormancy. The under-
ground plant part consists of the main taproot, of
a variable number of secondary fibrous roots as
well as of a rhizome, more or less expanded,
containing buds, both single and gathered in
groups. The one-year roots keep the absorption
function until the spring, when they swell and
gradually take on the reserve and support func-
tions, while a new adventitious root system takes
place adopting the absorption function. The car-
doon’s root system is highly developed, being
able to reach a depth of more than 1 m, which
allows the plant to explore a significant volume
of soil. In plants older than a year, the under-
ground stem becomes increasingly evident; it is a
rhizome, also commonly called ceppaia, which
contains conducting cells and reserve par-
enchyma. Several buds differentiate on the rhi-
zome surface, giving rise to side shoots called
offshoots, which can grow up to form a new
plant, thus expanding the rhizomatous fraction.
In the epigeic part, cultivated cardoon has a
‘rosette’, since its stalk is very shortened (3–
4 cm) and it has a high number of leaves (over
40), alternate and pinnate. Leaves can reach a
length of more than 1 m (especially those basal);
they are characterized by a well-developed peti-
ole and a large midrib. The leaf lamina, crossed
by numerous veins, could assume different
shapes in different cultivars as well as within the
same plant (heterophyllia). It is dark green
coloured or ashen on the top page, greyish on the
bottom page, because of its thick hairiness. At
flowering, the plant has one or more erect flower
stems, of variable height (1.5–3 m
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approximately), each of which has a diameter of
about 2–4 cm (Fig. 1.11). Stems are longitudi-
nally ribbed, tomentose and very branched; they
also have small leaves, alternate and lanceolate.
Each branch has an inflorescence (head or
capitulum) at its distal end, which has a round or
oval shape depending on the cultivar. The plant
has a large number of heads (10–30), the largest
and earliest of which (main head) is on the top of
the main stem; the heads of the next order (first,
second, third and so on), progressively emitted,
are gradually smaller. Each capitulum has several
hundreds of flowers (florets), which are her-
maphrodite, tubular and fitted in a
well-developed receptacle (thalamus). At the full
anthesis, the florets have very long stigmata
(*5–8 cm). Florets are usually blue-violet
coloured, although there are mutant genotypes
having florets white or lilac coloured. Analo-
gously to the globe artichoke, the fruit is an
achene, endowed with a plumy structure—the
pappus—which favours the dispersion by wind
action (anemochorous dissemination). Thousand
‘seeds’ weight ranges between 20 and 40 g.
From a biological standpoint, the cultivated car-
doon is a perennial geophyte/hemicryptophyte
herbaceous species, whose field duration is
indefinite, thanks to the vitality of the rhizome. In
the areas characterized by Mediterranean subarid
climate, where the crop expresses its full pro-
duction potential, the crop cycle is autumn–
winter–spring, with a vegetative stasis phase in
the summer, more or less prolonged, while in
middle latitudes the vegetative stasis occurs
between spring and autumn. In southern Italy, the
cultivation cycle begins with the germination of
achenes in the autumn, followed by a long veg-
etative phase, which lasts until the beginning of
following spring. During this phase, the gradual
transition to reproductive phase of the shoot apex
occurs, and the first head starts to differentiate at
late winter-early spring. The first head initially
appears as a swelling in the centre of the leaf
rosette and becomes more evident because of the
main flower stem elongation. At the same time,
other heads progressively differentiate on the top
of the branches of main floral stem. The anthesis
starts in the late spring (late May–early June)

and, of course, affects first the main head, then
the other heads according to their order. At
advanced flowering stage, each head has several
hundred florets at a different development stage.
In every single head, the flower development
starts from the most peripheral florets and pro-
ceeds centripetally until the centre. In C. car-
dunculus, the flowering is dicogamous and,
specifically, proterandrous. Indeed, the stigma
becomes receptive from 4–5 to 8 days after
anthesis, that is when the pollen, whose germi-
nation lasts 3–4 days, has already lost its vitality.
Pollination is entomophilous, and reproduction is
mainly by cross-fertilization, because of the
previously mentioned proterandry mechanism.
However, a small amount of self-fertilization
between different inflorescences of the same
individual (geitonogamy) is inevitable, due to
their progressive ripening. Ripening of the ach-
enes takes place starting from 50 to 60 days after
anthesis and is accompanied by the progressive
desiccation of the aboveground biomass. When
achenes reach ripeness, they begin to be dis-
seminated by wind (anemochorous dispersal),
thanks to the disintegration of the receptacle and
the peculiar structure of the pappus. Given the
lack of dormancy mechanisms, except in some
special cases (temperatures higher than 29–30 °C
accompanied by anoxia), the ‘seed’ is readily
germinable when favourable environmental
conditions are met (sufficient soil moisture and
temperatures between 14 and 24 °C). The vege-
tative regrowth after the summer is assured by
the underground rhizome buds, which have
remained dormant during the hot and dry season.

Archontoulis et al. (2010) described the cul-
tivated cardoon phenological growth stages
based on the Biologische Bundesanstalt, Bun-
dessortenamt, CHemische Industrie (BBCH)
scale. They defined nine principal growth stages
as listed below:

• Principal growth stage 0: germination/
sprouting/bud development

• Principal growth stage 1: leaf development
• Principal growth stage 2: formation of side

shoots/tillering
• Principal growth stage 3: rosette growth
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• Principal growth stage 4: development of
vegetative plant parts

• Principal growth stage 5: inflorescence
emergence and development

• Principal growth stage 6: flowering and
capitulum formation

• Principal growth stage 7: development of
capitulum and seeds

• Principal growth stage 8: capitulum and seed
ripening

• Principal growth stage 9: senescence.

1.2.3 Wild Artichoke or Wild Cardoon

Wild cardoon is a typical geophyte species,
perennial, capable of both sexual reproduction
and agamic propagation. It has well-developed
roots, with a taproot able to penetrate to a depth
of about 1.5–2 m allowing the plant to tolerate
water deficits, and a variable number of sec-
ondary roots. It has a rhizome, more or less
expanded, containing buds, both single and

gathered in groups. The stem is robust, simple
and striated, it can be hairy or hairless, but
without thorns. The basal leaves, arranged as a
large rosette, are deeply engraved, pinnate, up to
35 cm long, white and hairy on the bottom sur-
face, and with long spines at the edge (1–3 cm).
Stem leaves are simple, alternate and spiny. The
flowering axis is erect, branched, rugged, striated
longitudinally and has alternate leaves. The main
stem has branches with heads at their distal ends.
The plant height is variable, from 40 cm up to
120–130 cm. The flowers (florets), hermaphro-
dite, tubular, characteristic of the Asteraceae, are
grouped in an inflorescence (head or capitulum).
Florets at full ripening can be 8 cm or longer,
they are violet coloured, but there are mutant
genotypes with white (Fig. 1.12) or pink florets.
The fruits are tetragon-shaped or flattened ach-
enes, dark greyish and mottled, combined with
the calyx metamorphosed into a pappus, which
promotes the anemochorous dissemination.Fig. 1.11 Development in height of cultivated cardoon

(photograph taken by Mauromicale)

Fig. 1.12 Wild cardoon with white-coloured florets
(photograph taken by Mauromicale)
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1.3 Genetic Resources

Due to its long-term cultivation in Italy, France
and Spain, it is here that the globe artichoke and
cardoon germplasm is the richest. Many cultivar
and landraces are cultivated in specific areas
because very often they are well adapted to
particular environmental local conditions. The
CPVO/UPOV ‘Protocol for tests on distinctness,
uniformity and stability’ (CPVO-TP/184/2),
entered into force in 2013 and submitted to a
proposal for a partial revision in 2017, applies to
both globe artichoke and cultivated cardoon and
provides the characteristics to be used in dis-
tinctness, uniformity and stability (DUS) tests for
morphological characterization. The latter is
fundamental for rationalizing germplasm collec-
tion, removing redundant germplasm and a large
number of synonyms. In fact, the number of
globe artichoke and cultivated cardoon cultivars
grown in the world cannot be easily determined,
as some of them are synonyms. A cultivar in one
location is frequently known by other names in
other localities. For example, the Italian globe
artichoke cultivar Violetto di Sicilia has about 41
synonyms (Bianco 2005). In the bibliography of
globe artichoke compiled by Bianco (1968), 286
cultivars are listed. Variability between cultivars
was recorded for many traits, such as plant size,
leaf shape, earliness of bolting, head number per
stem, shape, size and colour of the head, ratio of
edible parts, shelf-life and presence of thorns or
spines (Dellacecca et al. 1976). However,
according to Bazniski and Zohary (1994) and
Mauromicale and Ierna (2000), only 11–12
vegetatively propagated cultivars can be consid-
ered to be of major commercial importance
(‘Violet de Provence’, ‘Violetto di Sicilia’,
‘Romaneschi’ group, ‘Blanca de Tudela’, ‘Gros
Camus de Bretagne’, ‘Green Globe’, etc.). The
globe artichoke germplasm currently available is
grouped and classified according to different
criteria, which are based on the harvest time and
on the morphometric features of heads. Regard-
ing the harvest time, usually autumn-harvested
cultivars and spring-harvested cultivars are dis-
tinguished in two different groups. The cultivars
belonging to the first group, called ‘early’,

provide an almost continuous production from
autumn to spring (from October to April) and
include ‘Violetto di Sicilia’ and various similar
cultivars (‘Masedu’, ‘Molese’, etc.). Other early
cultivars are ‘Spinoso Sardo’, ‘Violetto Spinoso
di Palermo’, ‘Violet de Provence’ and ‘Blanca de
Tudela’. The cultivars belonging to second
group, called ‘late’ or ‘spring’, yield only
between March and May–June, and include
‘Romanesco’ types and ‘Violetto di Toscana’,
widespread in Campania, Lazio and Tuscany,
respectively. ‘Camus de Bretagne’ and ‘Blanc
Hyérois’ are also included. On the other hand,
from the standpoint of head characteristics, cul-
tivars are usually grouped according to the colour
of the outer bracts, the size, the shape and the
presence of thorns on bracts. Regarding the latter
characteristic, cultivars are divided into ‘spine-
less’ (‘Violetto di Sicilia’, ‘Violet de Provence’,
‘Romanesco’, ‘Violetto di Toscana’, etc.) and
‘thorny’ (‘Violetto Spinoso di Palermo’, ‘Spi-
noso Sardo’, ‘Spinoso di Albenga’, etc.) (Mau-
romicale 1987). The cultivars belonging to the
early group are also called ‘reflowering’ (which
bloom between autumn and spring), while the
ones belonging to late group are called
‘non-flowering’ (which bloom only during
spring). A first attempt to make a classification
was carried out by Porceddu et al. (1976), who
gathered the globe artichoke germplasm into four
main groups (Fig. 1.13):

i. The ‘Spinosi’ group (‘Violetto Spinoso di
Palermo’, ‘Spinoso Sardo’, ‘Spinoso di
Albenga’, etc.);

ii. The ‘Violetti’ group (‘Violetto di Toscana’,
‘Violetto di Chioggia’, ‘Nostrano’, ‘Vio-
letto di Pesaro’, etc.),

iii. The ‘Romaneschi’ group (‘Campagnano’,
‘Castellammare’, ‘Tondo di Paestum’,
‘Camard’, ‘Blanc Hyérois’, ‘Camus de
Bretagne’, etc.),

iv. The ‘Catanesi’ group (‘Violetto di Sicilia’,
‘Violet de Provence’, etc.).

This classification, with appropriate correc-
tions, has been updated by molecular investiga-
tions, carried out by amplified fragment length
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polymorphism (AFLP) (Lanteri et al. 2004b).
This study has shown that the genetic variability
observed within accessions belonging to same
varietal type was higher than that found between
different accessions of the same varietal type,
confirming the multiclonal composition of many
seed-propagated cultivars. The globe artichoke
genome was recently decoded (Scaglione et al.
2016). The assembly covers 725 of 1084 Mb that
constitute the genome of the species. The
sequence codifies for about 27,000 genes. The
understanding of the genome structure of the
globe artichoke is crucial to identify the genetic
basis of agronomic characteristics and the future
application of selection programs. In the
Mediterranean areas, globe artichoke cultivation
is characterized by the diffuse use of local
genotypes, which are often marked by a multi-
clonal composition, with a very broad genetic
base and also with a high degree of heterozy-
gosity (this is the reason of the widespread
recourse to the agamic propagation). Despite the
availability of such a wide biodiversity, globe
artichoke cultivation in these areas is still mostly

based on the large-scale cultivation of a few
cultivars. In recent years, however, a strong
germplasm innovation is taking place, thanks to
the introduction, in some areas, of new agamic
propagated or seed-propagated cultivars. The
increase in biodiversity, indeed, is the best way
to: (i) meet the market requirements; (ii) better
satisfy the productive chains (fresh consumption
and processing industry); (iii) give temporal
continuity to product quality; and (iv) improve
farmers’ incomes.

The globe artichoke breeding program estab-
lished in many countries, especially in France
(since 1965), Israel, USA, Italy and Spain by
some seed companies, has focused on the cre-
ation of seed-propagated cultivars. Some of the
seed-propagated cultivars are open-pollinated,
while most are F1 hybrids. Currently, many
seed-propagated cultivars (‘Opal’, ‘Concerto’,
‘Madrigal’, ‘Harmony’, ‘Opera’, ‘Capriccio’,
‘Romolo’, ‘Imperial Star’, ‘Green Globe’, etc.)
are grown in the world both for fresh products
and for industrial processing, as they allow the
crop to be treated as annual, reduce the cost of
planting, the use of pesticides, the use of fertil-
izers and needs for watering. Significantly, seed
propagation allows new varietal types to be both
propagated and diffused more rapidly than veg-
etatively propagated ones. The development of
in vitro culture techniques, to obtain healthy,
genetically uniform and rapidly propagated
material, has recently allowed, in Italy, to spread
some cultivars (‘Apollo’, ‘Romanesco Clone
C3’, ‘Exploter’, etc.). Regarding cultivated car-
doon, there are not many cultivars on the market
today. They appear in the catalogues of a few
seed companies, and they are the result of
selection for ‘leaves’ production for human
consumption. The objectives of such selection
are the size of the plant, the colour and the tex-
ture of the petioles and leaf lamina. These
genotypes, unlike globe artichoke, are marked by
a lower degree of heterozygosity (from which
derives the possibility of gamic propagation) and
a minor genetic variability (Portis et al. 2005b).
Commercial cultivated cardoon genotypes are
obtained mostly through mass selection based on
the maternal parent only; this is the reason why

Fig. 1.13 The four main types of globe artichoke,
grouped on the head shape basis. a ‘Thorny’, b ‘Violetti’,
c ‘Romaneschi’, d ‘Catanesi’
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within each cultivar there is some genetic and
phenotypic variation, unlike the globe artichoke
F1 hybrids. Genetic improvement has until now
marginally concerned this crop, especially
regarding energy uses. Cultivated cardoon for
energy purposes may be chosen among tradi-
tional genotypes characterized by large biomass
production. This is the reason why specific pro-
grams of cultivar constitution are needed, in
order to implement cardoon cultivars specifically
suitable for biomass and achenes production. In
this regard, some researchers of the University of
Catania have selected ‘Altilis 41’, a genotype of
cultivated cardoon suitable for the production of
biomass for energy purposes. In Italy, the most
common cultivars of cultivated cardoon are
‘Bianco avorio’ (vigorous, spineless) and ‘Gobbo
di Nizza’, both grown in Piedmont. ‘Bianco
pieno migliorato’, ‘Pieno inerme’ and ‘Gigante
di Romagna’ are cultivated in Emilia Romagna.
In Spain, unlike Italy, cultivars are distinguished
based on the use, so there are cultivars for fresh
consumption and others for the processing
industry. In France, the most used cultivars are
‘Blanc améliorée’ and ‘Rouge d’Alger’.

The 36th complete edition of EU common
catalogue of varieties of vegetable species
(European Commission 2017) and its 4 supple-
ments (2018) include 56 globe artichokes and 33
cultivated cardoon cultivars.

1.4 Congener Species

The taxonomy of the species belonging to genus
Cynara is not so simple, because of the mor-
phological similarity within Cynareae tribe,
which requires the use of distinctive, not always
evident, characteristics (Foury 2004). According
to Rottenberg and Zohary (2005), Cynara genus
comprises the botanical varieties of C. cardun-
culus L., as well as other six (maybe seven)
species, all native to the Mediterranean Basin.
The other species of the genus belong to the
Mediterranean native flora and, like the wild
cardoon, are perennial herbaceous plants with
bushy habitus, thorny and with diploid

chromosome number 2n = 2x = 34 (at least in
the accessions studied to date); some of these
species have highly endemic distribution (Baz-
niski and Zohary 1994).

According to Wiklund (1992), other species
of the genus Cynara are:

• Cynara humilis L.;
• C. cyrenaica Maire & Weiller in Maire;
• C. algarbiensis Coss. ex Mariz;
• C. cornigera Lindley in Sibthorp & Lindley;
• C. baetica (Spreng.) Pau;
• C. syriaca Boissier;
• C. auranitica Post in Post & Autran.

In the above list, C. syriaca and C. auranitica,
which in other classifications are considered as
synonymous, are regarded as different species.
Furthermore, C. tournefortii Boiss. & Reuter is
not in this list, as Wiklund (1992) has treated it as
a separate taxon.

Reproductive barriers separate the C. car-
dunculus complex from the other Cynara spe-
cies. The crosses between C. cardunculus and
any of the other species C. syriaca, C. algarbi-
ensis, C. baetica or C. humilis all produce few
seeds, and the hybrids are generally sterile
(Rottenberg and Zohary 1996). These four wild
Cynara species are therefore regarded as mem-
bers of the secondary wild gene pool of globe
artichoke and cardoon (Rottenberg and Zohary
2005). On both morphological (Wiklund 1992)
and cytogenetic (Rottenberg et al. 1996) grounds,
the closest of these species to the cultivated
complex is C. syriaca. The monophyly and
evolution of the Cynara spp. have been investi-
gated between various internal transcribed spacer
(ITS) regions (Robba et al. 2005; Sonnante et al.
2007a), leading to the suggestion that the C.
cardunculus complex is more differentiated and
evolved than other wild species (Mauro et al.
2009). Cynara species are generally robust,
herbaceous plants. Plant size ranges between 0.5
and three metres, in some samples. Leaf colour is
green with varying intensity. C. cornigera has
variegated leaves, similar to those of Silybum
marianum. The typical head is common to all
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species and is constituted of glabrous bracts
forming an involucre that contains small flowers.
Flower is generally blue-purple, but can also be
white.

1.5 Traditional Uses

1.5.1 Globe Artichoke

The main product from globe artichoke plant is
the head, mostly used for fresh consumption and
to a small extent destined for the processing
industry. The Commission Implementing Regu-
lation (EU) No 543/2011, following the Com-
mission Regulation (EC) No 1221/2008
(repealed), establishes a general marketing stan-
dard for globe artichoke and for other 25 fruit
and vegetable products. According to this stan-
dard, globe artichokes for fresh consumption
must have minimum quality requirements and
must therefore be intact, sound (free affected by
rotting or deterioration), clean, practically free
from pests, practically free from damage caused
by pests, free of abnormal external moisture and
free of any foreign smell and/or taste. Globe
artichoke is also marketed in various types of
processed products. The processing industry
mainly uses small capitula harvested at the end of
the season (April and May in Mediterranean
countries), when the market price is low. Physi-
cal, chemical and biotechnological processes
may be involved in the transformation. Globe
artichoke can physically be treated with high or
low temperature (heat treatments, freezing), or
chemically processed with organic acids—to
lower the pH of the governing liquid—or salt—
to lower the activity of water. The biotechno-
logical processes consist in the production of
lactic acid through the spontaneous or controlled
fermentation carried out by bacteria. The stabi-
lizing heat treatment often heavily affects the
nutritional and organoleptic characteristics of the
processed product, which, in the end, differ sig-
nificantly from the fresh ones. With low tem-
perature treatments, products with organic
characteristics similar to fresh ones are obtained,
but they are characterized by a shorter shelf-life

compared to the heat-treated product and, fur-
thermore, require an adequate cold chain for their
distribution. Among the traditional processed
products, globe artichokes in oil represent the
most important. They can be obtained from
semi-finished products. In this case, the previ-
ously calibrated capitula are blanched in a citric
solution and then subjected to turning and trim-
ming to obtain ‘hearts’ or ‘bottoms’. The latter
may or may not undergo lactic fermentation,
depending on the brine concentration. The
semi-finished products thus obtained, stored in
drums and sent to the industries for further pro-
cessing, are then subjected to a washing to
eliminate the excess salt before being placed in
glass cans that are filled by a governing liquid
consisting mainly of oil. Finally, the hermetically
sealed jars are subjected to heat treatment. Arti-
chokes in oil with better organoleptic character-
istics can be obtained without the previous
semi-processing step. In this case, the turned
and trimmed capitula undergo a blanching in a
citric solution and a short treatment with an
acetic acid solution. Subsequently, the glass cans
are filled and the oil is added to the product at a
temperature of about 90 °C. Pasteurization fol-
lows the vacuum sealing. During storage, the
globe artichokes in oil may show white inulin
crystals (Le Roux et al. 1978; Almela et al.
2004). The deep-frozen hearts of globe artichoke
are also widespread industrial products. Their
production starts with the turning and trimming
of capitula, followed by their immediate immer-
sion in citric or ascorbic acid solution, in order to
prevent the browning on the cutting surfaces.
The so obtained hearts are then immersed in
boiling water. After the blanching, the product is
pre-chilled and then deep-frozen at −40 °C.
Other globe artichoke processing products are
dehydrated, freeze-dried, pre-cooked, creams,
pickles and vegetable soups. There are also new
products that are still under study, such as min-
imally processed and ready-to-use globe arti-
chokes. Nowadays, there is an increasing
demand for fresh and ready-to-use products.
However, minimal processing operations can
cause undesirable changes in the sensorial,
nutritional and health-promoting properties of the
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product (Shahidi 1997). Furthermore, globe
artichoke has a high polyphenol content, and this
feature makes it very susceptible to browning.
Most studies on minimally processed globe arti-
chokes have focused on efficient ways to reduce
browning and the growth of microorganisms, as
well as on the use of innovative packaging and
the choice of the most appropriate genotype (Del
Nobile et al. 2009; Amodio et al. 2011; Restuccia
et al. 2014; Pandino et al. 2017).

1.5.2 Cultivated Cardoon

Cultivated cardoon features in many Italian
dishes, but its use is not so common. Neverthe-
less, there are several cultivated cardoon culti-
vars, often linked to the areas where they are
mostly produced. The offshoots represent the
edible product, which have thick and fleshy leaf
veins. To this end, offshoots undergo the
‘whitening’ technique before their harvest. This
technique is carried out during the autumn
months (from September to November) and aims
to promote the etiolation of leaf veins in order to
make them tender and juicy. Traditionally, this
technique consists in tying the leaf rosette in the
upper third, then covering it with opaque sheets
(plastic, paper etc.). When offshoots are
‘ripened’, they are gradually collected from
November to April. The manual harvest is car-
ried out by cutting the plant at the collar. The
marketable yield, i.e. without the outer leaves
and the upper blade, reaches 15–20 t ha−1. As
previously mentioned, the cultivated cardoon is
consumed mainly fresh or after cooking, but it is
also consumed preserved in oil, while the frozen
product loses its characteristic taste and is
therefore not recommended. Like its closest rel-
atives, the cultivated cardoon is also used to
obtain vegetable rennet.

1.5.3 Wild Cardoon

The wild cardoon is traditionally used as veg-
etable rennet for production of typical cheeses in
some countries such as Portugal, Spain, Morocco

and Italy. The mechanisms and the procedures of
cheese production using C. cardunculus rennet
are discussed in the Sect. 4.7.
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2Cynara cardunculus Propagation

Nicola Calabrese, Vanina Cravero and Mario A. Pagnotta

Abstract
The propagation in Cynara cardunculus is
carried out following different procedures of
both vegetative and seed propagation. In the
countries of the Mediterranean basin, where
the globe artichoke is grown on about 80% of
the world’s surface, the propagation is usually
made by vegetative methods using offshoots,
‘ovoli’ or rhizome parts. Conversely, wild and
cultivated cardoons are commonly propagated
by seed. The vegetative propagation of arti-
choke is often cause of agronomic and
pathological disadvantages; to overcome these
problems, new genotypes coming from
‘in vitro’ multiplication or from seed propa-
gation methods have been successfully intro-
duced in the last twenty years in all producing
countries, and now their spread is constantly
increasing. Recently, in the seed propagation

group, F1 hybrids are commercially used. In
the present chapter, the vegetative and seed
propagation methods, the techniques to obtain
healthy seedlings for multiplication, the influ-
ence of environmental factors on the seed
production and seed germination parameters
are widely described. The genetic at the base
of new varieties development and the methods
applied to obtain globe artichoke F1 hybrids
are also reported together with their proce-
dures and advantages versus disadvantages.

2.1 Introduction

Globe artichoke (Cynara cardunculus var.
scolymus L.) is a species that is consumed from
850 BC. The first cultural methods date back to
twelfth century (Coulter 1941). It is an alloga-
mous species, with two alternative propagation
systems: by seeds (sexual) and vegetative (also
called asexual, agamic or clonal).

Globe artichoke is native to the Mediterranean
region; however, during migration process, Ital-
ian, Spanish and French immigrants introduced
this culture in other European areas and even in
America (especially in Argentina, Peru, Chile
and California).

In the main producing countries, Italy, Spain,
Egypt, France, Tunisia, Algeria and Turkey,
where cultivation dates back to several centuries
ago, the globe artichoke propagation is usually
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carried out by vegetative methods, by means
offshoots, ‘ovoli’ (underground dormant shoots)
or rhizome parts, often self-produced by the
farmers who use poorly selected plant material
taken directly from the commercial globe arti-
chokes open fields (Ledda et al. 2004; Mau-
romicale et al. 2004; Macua et al. 2005; Ouselati
and Ghezal 2009). The multiplication by seed is
common in China, USA, Peru and other coun-
tries where the commercial cultivation of the
artichoke has occurred more recently.

Cultivated cardoon is usually propagated by
seed; the current cultivars have been obtained by
public institutions or private companies starting
from mass selection on the basis of the pheno-
typic conformity of the maternal plant pheno-
type. The commercial cultivars show high
genetic heterogeneity as shown by Portis et al.
(2005).

Wild cardoon is not a commercial product. It
is naturally propagated by seed, especially in
environments that are little modified by men.

The plant material used for the artichoke
vegetative multiplication is characterized by
large variability in terms of age, physiological
stage, shape, size, position on the mother plant
and number of buds present on rhizome (La
Malfa and Foury 1976; Bianco 1990). This
method, very simple to apply, has caused over
time serious agronomic and pathological prob-
lems, with also economic negative effects for the
producers. Several studies have reported a pro-
gressive decreasing of yield and quality charac-
teristics of heads and the spread of diseases
caused mainly by viruses and fungi (Rana et al.
1992; Gallitelli et al. 2004; Amenduni et al.
2005; Cirulli et al. 2010).

The ‘in vitro’ multiplication enables the pro-
duction of healthy seedlings with higher multi-
plication rate (Ancora et al. 1981), solving the
sanitary problems associated with the traditional
propagation methods (Pécaut et al. 1983). Nev-
ertheless, the high cost of micro-propagated
plants, and in addition to the early cultivars, the
loss of precocity of production are still a limit to
their greater diffusion (Saccardo 2009). As to

these reasons, seed-propagated cultivars, open
pollinated or hybrids, are currently available for
the growers and represent a good alternative to
the traditional ones, and their diffusion is rapidly
increasing all over the world.

Studies on new seed-grown cultivars under-
lined the high yield and good heads quality
(Mauromicale et al. 1989; Calabrese et al. 2004;
Miguel et al. 2004; Baixauli et al. 2007; Macua
and Lahoz 2016a). Seed-propagated plants are
usually grown as annual crops with positive
agronomic and environmental effects.

The new F1 hybrid is characterized by con-
temporary harvests, high productivity, good
quality of heads and suitability for processing
(Calabrese et al. 2007, 2011; Lombardo et al.
2012; Di Venere et al. 2016; Macua and Lahoz
2016b).

2.2 Vegetative Propagation

2.2.1 An Overview

Vegetative propagation is any form of asexual
reproduction (without fertilization process that
involves gametes or sex cells fusion) occurring in
plants in which a new plant grows from a frag-
ment of the mother plant or from a specialized
reproductive structure. It can occur naturally or
be induced. This kind of reproduction is based on
the totipotential cells which allow that geneti-
cally identical copies are generated from a single
mother plant. The set of descendant plants
obtained by vegetative propagation from a single
plant is known as clone.

Cloning allows to perpetuate high-
performance genotypes, selected for their supe-
riority in some traits of men interest, without
worrying of the segregation of possible
heterozygote genes. Members of a clone show
phenotypic uniformity, and they will have similar
appearance, size, flowering, ripening and harvest
dates (Gutierrez Caro and Ipinza Carmona 1998).
All variability observed between plants has
environmental origin.
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2.2.2 Globe Artichoke Vegetative
Propagation

In globe artichoke, different organs are used for
vegetative propagation depending on the geo-
graphical region customs: offshoots, ovoli or
stumps (Fig. 2.1).

Offshoots are shoots developed from buds
formed on the underground stem which are able
to develop roots, and are the most used procedure
of globe artichoke vegetative propagation.
A single mother plant develops many offshoots
over time, so they may have differences on size.
Using these offshoots to establish a new planta-
tion or to replace missing plants could have
negative impact as low implantation rate and
variations in plant development (Harwood and
Markarian 1967). Offshoots selected for propa-
gation should have 2–3.5 cm basal diameter
(García 2005), 15–20 cm length (Tesi et al.
2003) and a well-developed root system (Bianco
1990).

Ovoli are underground parts of shoots with
one apical and several lateral buds. They are
collected during summer when the aerial part of
the mother plant is dried (Bianco 1990). A single
plant could produce more than 20 ovolis; nev-
ertheless, by cutting the apical bud or by tamping
operation, this number can be increased. Ovolis
that reach 13–14 cm length and 1–3.5 cm
diameter gives the best results for propagation
use (Ciancolini 2012).

Stumps are also obtained at the end of the
productive cycle of the plant. They are basal stem

pieces with attached root sections which have
several buds able to generate new plants. This
propagation system generates high heterogeneity
between plants and late production (Bianco
1990).

According to records, both kinds of propaga-
tion (sexual and asexual) were used equally and
simultaneously at the beginning of the culture;
however, sexual multiplication was turned down
during the seventeenth century due to the low
quality and heterogeneity observed between
plants obtained by seed (see Sect. 2.4.2). The
increase of vegetative propagation gave rise to
clones with good adaptive characters which
originated most of the cultivars currently used
(Pécaut 1993).

2.2.3 Clones Around the World

Many artichoke clonal populations are grown in
different geographical areas, where they are
usually named according to the locality of culti-
vation (Bianco 1990). Like this, a unique cultivar
could be called differently depending on the
cultivation region, while, in the same way, dif-
ferent cultivars could take the same name. An
example is the cultivar “Violetto di Sicilia”
which was cultivated in Sicily, Apulia and Sar-
dinia and for which 41 alternative names are
known. Currently, also 23 different names are
known around the world for “Romanesco”, 14
for “Spinoso Sardo”, 10 for “Spinoso di
Palermo” and seven for “Violetto di Provenza”
and “Violetto di Toscana”. Likewise, “Blanca de
Tudela” (originated in Tudela, Spain) was called
“Blanco de San Juan” when it was introduced in
Argentina (due to the culture location in San Juan
Province). Later, it was introduced in Chile
where it was named “Argentina”. Similar situa-
tion was observed for “Romanesco” and “Pre-
coce di Jesi”; both Italian cultivars were called
“Frances” and “Precoz Italiano”, respectively,
when they were introduced in Argentina
(García et al. 2005).

Fig. 2.1 Vegetative propagation organs: a offshoots,
b ovoli and c stump
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2.2.4 Clones Improvement
and Cultural Practices

While only few cultivars were spreading all
around the world, new intraclonal variability has
been generated throughout all the culture history
due to the allogamous nature of the species and
the emergence of mutations with positive or
neutral effects on the culture, which remained
over the time. This variability is showed as
heterogeneity in the culture and in the produc-
tion. Several farmers and breeders have made
efforts to practise intraclonal selection in order to
restore the uniformity of the crops. In this way,
positive results have been obtained in France
over the cultivar “Violeta de Provenza” (Pochard
et al. 1969), in Spain over “Blanca de España”
(Trigo-Colina 1980), in Italy over “Violetto di
Sicilia” (Abatte and Noto 1979; Mauromicale
1987) and in Argentina over “Francés” (Cointry
et al. 1999). In all cases, traits related to yield and
earliness were improved.

In most production areas in which the asexual
multiplication system is applied, the cultural
practices carried out include soil mechanical til-
lage between lines, manual weeding between
plants (especially during the culture establish-
ment), phytosanitary treatments, plant growth
regulators application, irrigation (by flooding,
dripping or spray), fertilization, and autumn and
spring thinning. However, to determine the best
dates of implantation and harvest, it is necessary
to establish two main groups of countries: those
belonging to the northern hemisphere and those
belonging to the southern one. In Mediterranean
countries (Spain, Italy, France, Morocco, Alge-
ria, Greece and Egypt), plantations are carried
out in summer (July–September) to obtain spring
production; nevertheless, depending on the cli-
mate and the cultivars earliness, farmers can
apply specific cultural practices in order to
change the harvest period obtaining early pro-
duction (autumn–winter). In USA, the culture is
implanted during spring obtaining harvest in
autumn in the first culture year. In the southern
hemisphere, there is a greater variability with

respect to the planting and harvest dates. In
Chile, planting is carried out in summer
(December–February) when it is made from
stumps while, when offshoots were used, it is
carried out at the end of this season (March). In
Peru, it is necessary to distinguish the coast to the
mountain areas; in the first one, implantation is
carried out at the beginning of autumn (end of
March–April) and harvest is performed in spring
(August–November), whereas in the mountain
areas the culture is implanted at the beginning of
spring (September) to harvest between January
and March (summer–autumn). In Argentina, also
different areas should be taken into account; in
La Plata, offshoots are planted in spring obtain-
ing harvest from late autumn, whereas in Rosario
plantations are carried out in autumn (March–
April) also from offshoots and in Cuyo, stumps
are planted in summer (January–February)
(García et al. 2005).

2.2.5 Clones Propagation
and Agronomical Issues

Gibberellic acid application is the most common
practice adopted worldwide to obtain early pro-
duction, especially in late cultivars (Pochard
1964).

Traditionally, globe artichoke is growing as a
perennial crop that is maintained between three
and six (or more) years in the field. A rosette of
leaves is formed during the vegetative period,
followed by a floral stem elongation. Roots and
the underground part of the stem become fleshy
and form the storage organ. At the end of the
productive cycle, the leaves rosette dry and die.
The aboveground biomass is cut to stimulate new
buds development. Some of them grow as soon
as the stem apex becomes reproductive, others
when the harvested stem is cut; however, most
buds stay dormant (Pécaut 1993). The culture is
usually handled as single plant in order to avoid a
high-density plantation. Year to year, offshoots
are removed and used to replace any losses or
increase the plantation size. Sometimes, two

24 N. Calabrese et al.



offshoots per plant are left to allow staggered
harvest, since the most vigorous offshoot will
begin the productive phase before than the less
developed one (García et al. 1998).

This kind of clonal multiplication is rather
easy and inexpensive and has the advantage of
maintaining over the time, genotypes with
desirable qualitative traits (such as spine
absence) of more complex ones (such head size)
(Porceddu et al. 1976). Also, it is possible to
perpetuate certain gene combinations generated
by crosses between clones which show high
heterosis levels (Hammer 1988; Balloux et al.
2003).

However, show a series of disadvantages such
as:

• Low multiplication rate—most cultivars pro-
duce three–five offshoots/plant/year, and the
most prolific eight–ten (Harbaoui and
Debergh 1980; Pécaut et al. 1983).

• Great heterogeneity in plant vigour and pro-
duction due to differences in the propagation
organs development and their rooting ability
(La Malfa and Foury 1971; Mauromicale
et al. 1989).

• High transplanting cost (Mauromicale et al.
1989), in the fixed costs composition, trans-
planting represents 17% of the total direct
costs and 7–10% of the incomes, regardless
of offshoot quality (Calabrese et al. 2004).

• High thinning costs: require 12 daily
wages/ha (15% of variable costs) (Hang
1993).

• Fungi, bacteria and viruses spreading which
produce several plant damages such as
chlorosis or necrosis on leaves, stunting,
wilting and collapsing of plants (Cardarelli
et al. 2005a), causing drastic performance
reductions and great economic losses.

Costs generated by thinning could be elimi-
nated handling the culture as bush. Nevertheless,
this practice would result in an increase of the
culture density and could be detrimental for the
culture performance, causing decrease in head
size and number (Pécaut and Foury 1992;
Schrader 1992; García et al. 1998).

2.2.6 Micropropagation

Micropropagation techniques allowed overcome
most of these issues (Basniski and Zohary 1987;
Calabrese and Bianco 2000). Moreover, in gen-
eral, plants obtained by micropropagation tend to
be more vigorous, earlier and more productive
(Cointry et al. 1999). Nevertheless, this kind of
propagation is expensive; efficient propagation
protocols are only available for some few culti-
vars and cause somaclonal variants, especially in
early cultivars like “Violeto di Provenza” (Pécaut
and Martin 1992; Cardarelli et al. 2005b) which
often show heteroblasty. Three variants have
been described for this cultivar; “Pastel” with
pinnate leaves and late production, “Bull” with
entire leaves, similar precocity to wild type but
with spherical heads and “Pastel–Bull” with
pinnate leaves, spherical heads and late produc-
tion. “Bull” and “Pastel–Bull” forms are tetra-
ploid, whereas “Pastel”, as well as the wild type,
is diploid (Cointry et al. 1999). These variations,
observed in “Violeto di Provenza” micropropa-
gation, were later confirmed in other cultivars
like “Catanese” (Rossi and De Paoli 1990),
“Niscemese”, “Liscio Sardo Prococissimo” and
“Tudela” (Pécaut and Martin 1992). The soma-
clonal variation is different across genotypes and
across subculture (Rey et al. 2013b). A micro-
propagation strategy has been proposed in order
to proceed with variety registration (Rey et al.
2013b) or to make efficient and economical the
in vitro germplasm conservation (Tavazza et al.
2015).

2.3 Seed Propagation of Globe
Artichoke and Cultivated
Cardoon

2.3.1 Overview

The seed propagation of artichoke and cardoon
occurs through achenes, a monocarpellate, inde-
hiscent dry fruit that contains a single seed
(Bianco 1990). Commonly, artichoke and car-
doon achenes are called, marketed and used as
seeds because of their similarity to the seeds.
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This kind of propagation represents a valid
alternative to the vegetative reproduction,
because it allows a greater rationalization of the
cultivation techniques, increases the yield and
improves the plants health status (Foury and
Martin 1976; Mauromicale et al. 1989; Welbaum
1994; Calabrese and Bianco 2000; Calabrese
et al. 2007).

In particular, the seed propagation promotes:
(i) the use of healthy and certified transplants (in
accordance with European and international
rules) useful also for the traceability of fresh and
processed products throughout all supply chain;
(ii) the development of the nursery activities;
(iii) the possibility to grow artichoke and cardoon
as annual crops that, compared to the multi-year
cropping cycle, enables a best crop rotation farm
programmes reducing the environmental impact;
(iv) the introduction of new genotypes more
suitable for specific purposes (fresh market,
processing, pharmaceutical and industrial prod-
ucts); (v) the cultivation in unfavourable
pedo-climatic conditions as salinity of water
irrigation and soil, use of unconventional irriga-
tion waters, high/low temperatures during har-
vesting; and (vi) the development of long vertical
taproots in direct-seeded plants, which penetrate
into the soil deeper and utilize moisture and
fertilizers more efficiently. Seed propagation
prevents the transfer and the spread of soil-borne
pathogens and a large number of virus infections
that are common using offshoots, ‘ovoli’ or rhi-
zome parts. In short words, the seed propagation
makes the artichoke cultivation friendlier both to
the growers and to the environment.

The studies to obtain seed-propagated culti-
vars began in France in the 1960s (Foury 1967,
1969; Pochard et al. 1969; La Malfa and Foury
1976) and later in Israel (Basnizki 1985; Bas-
nizki and Zohary 1987). The first commercial
seed-propagated cultivar was Talpiot, obtained
from repeated self-pollination of the Italian cul-
tivar Precoce di Jesi (Basnizki and Zohary 1987)
followed by H044, H223, H137, H271, Orlando,
Giorgio and Agribas (Mauromicale et al. 1989;
Calabrese et al. 1994; 2004). In the same years in
the USA, new seed cultivars as Emerald, Desert

Globe, Imperial Star, Imperial Condor, etc., were
marketed.

In recent years, a considerable number of new
seed-propagated cultivars, open pollinated or
hybrids, have been developed and successfully
introduced in many countries, and they are
gaining in popularity. Currently in the European
plant variety database, a total of 55 varieties of
globe artichoke are listed, 30 of which are
hybrids, 18 registered from Italy, 7 from the
Netherlands, 5 from Spain (http://ec.europa.eu).
In the same database, 18 varieties of cardoon (9
from Italy, 6 from France and 3 from Spain) are
also registered.

Estimates made in Italy in the 2017 indicate a
surface of about 2000 ha (equal to 5% of the total
artichoke harvested area) destined to
seed-propagated cultivars, instead they reach
about 2% of the total cultivated area in Spain and
Egypt. In China (11750 ha), Peru (6100 ha) and
USA (2750 ha), all surface is covered by
seed-propagated cultivars (FAO 2018).

The achenes germination, the contemporary
of the emergence and the morphological char-
acteristics of the seedlings are influenced by
numerous factors like: environmental conditions
that occur during the achenes formation (Foury
et al. 1978; Ortega 2002); parents genotype
(Foury 1994); mother plant and seed age (Dam-
ato et al. 2007b); germination temperature
(Mauromicale and Licandro 2002; Damato and
Calabrese 2005b; Vannella et al. 2005);
presence/absence of light during germination
(Basnizki and Mayer 1985); chemical and
physical characteristics of the germination sub-
strate (Raccuia et al. 2004); seeds osmotic con-
ditioning (Ierna et al. 2004; Damato and
Calabrese 2007); treatment with growth regula-
tors (Schrader 1990); control of parasites present
on the seed teguments (Vilchez et al. 2005; Ziani
et al. 2010).

Studies carried out in nursery to optimize the
growing techniques of seedlings to be used for
transplanting have shown that fertilization (Elia
and Santamaria 1994; Santamaria et al. 2007),
addition of mycorrhizae to the substrate (Cam-
panelli et al. 2011, 2014) and the size of alveolate
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trays greatly influence the biometric characteris-
tics and the growth of seedlings.

The results of research concerning the arti-
choke and cardoon seed germination, as well as
the transplants growing techniques, are reported
below.

2.3.2 Factors Affecting Seed
Germination

2.3.2.1 Temperature
The achenes germination is strongly influenced
by the temperature. In general, the results of
numerous studies have shown that, despite the
diversity of the individual experimental condi-
tions, the optimal germination temperature is
20 °C; however, it remains at satisfactory levels
when the temperature is between 15 and 25 °C
(Basnizki 1985; Foury 1994; Ierna et al. 2004;
Damato and Calabrese 2005b; Lekić et al. 2011).

Basnizki and Mayer (1985) report that the
rate and the speed of germination are higher at
15–20 °C, while with alternate temperatures
25–15 °C, the germination is slightly slower and
it is considerably reduced at 10 and 30 °C. Light
suppresses germination, but the light sensitivity
differs among genotype.

Roots formation at 35 °C shows an abnor-
mally thickening, and their ability to function is
questionable. Germination is greater if it occurs
in the dark; the presence of light stops or slows
down considerably the germination. At temper-
atures above 30 °C, the achenes exuded a greyish
mucilage which acts as barriers to gaseous dif-
fusion, especially to O2, blocking the germina-
tion. The excretion of mucilage might be a way
to prevent germination in non-optimal condi-
tions. In fact, by eliminating the mucilage and
bringing the temperature to the optimum germi-
nation values, the achenes germinate normally
(Basnizki and Mayer 1985).

The percentage of non-germinated seeds
increases progressively with the increase in
temperature and reaches 42% at 30 °C. The
percentage of abnormal seedlings is lower at
temperature of 20 °C (Damato and Calabrese
2005b). The achenes of hybrid cultivars,

compared to open pollinated cultivars, show
higher germination rate (84 vs. 65%) and two
days earlier germination (Calabrese et al. 2007).

These indications are useful because the arti-
choke sowing and the seedlings growing cycle in
the nursery often take place in late spring–sum-
mer. In these seasons, it is essential to control the
temperature with appropriate cooling systems
both in the seed germination rooms and in the
nurseries.

2.3.2.2 Salinity
Salinity of irrigation water or soil is a widespread
stress factor limiting seed germination, seedlings
growth and productivity of cultivated plants.
According to the study on salt tolerance of Mass
and Hoffman (1977), the artichoke in terms of
seed germination can be classified as moderately
tolerant, even if the tolerance depends on geno-
type. Seed germination and seedling growth may
be adversely influenced by both the high tem-
perature (>30 °C) and the use of saline irrigation
water (Basnizki 1985).

Mauromicale and Licandro (2002) observed
that artichoke germination declined with
decreasing osmotic potential of the germination
medium, but with lower magnitude at 20 °C than
at 30 °C. This indicates that artichoke signifi-
cantly increases its sensitivity to salt stress at
no-optimal germination temperature. The
threshold of osmotic potential that reduced ger-
mination by 50% was about −1.70 MPa at 20 °C
and increased to −0.90 MPa at 30 °C. Seedling
emergence was 96% using tap water and
decreased to 48% when the osmotic potential of
water was −0.5 MPa; no emergence was detec-
ted at −1.0 MPa. More than 50% of emerged
seedlings irrigated with water at osmotic poten-
tial of −0.5 MPa died after 4–5 days from
emergence. The most sensitive phase to salinity
during seed germination is immediately after the
appearance of the cotyledon leaves.

Seed germination responses of cardoon
genotypes subjected to different salt stress treat-
ments with NaCl or polyethylene glycol (0.3–
0.6–0.9 MPa) showed a severe reduction of
germination percentage in relation to the geno-
type and the increasing of conductivity (Argento
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et al. 2016). Similar results on seed germination
of wild cardoon genotypes were found by Rac-
cuia et al. (2004); the values at which germina-
tion percentage was reduced by 50% ranged
between −0.18 and −0.51 MPa in NaCl solution,
and between −0.18 and −0.68 MPa in poly-
ethylene glycol (PEG). The germination per-
centage was higher in PEG than in NaCl and
varied among genotypes.

2.3.2.3 Seed Priming
The ‘priming’ techniques allow seeds to germi-
nate more rapidly under unfavourable environ-
mental conditions, and it is an effective method to
overcome thermo-dormancy in many vegetable
species including artichoke. The priming tech-
niques are carried out on artichoke seeds before
the sowing with the aim to increase contempo-
raneity and speed of germination, synchronize
seedling emergence, and improve seedling vig-
our, and it is based on seeds hydration treatments
in liquid or humidified solid medium. Osmotic
priming is a controlled hydration technique that
brings seed to have water content which permits
pre-germination metabolic activity to spin off and
prevent radical emergence.

Positive results on artichoke achenes germi-
nation were obtained with matriconditioning by
Damato and Calabrese (2005a, 2007). The ger-
mination was higher (64%) with the achenes
conditioned for four days at −1.2 MPa. With the
sowing performed immediately after condition-
ing, the highest germination value (67%) and the
lowest abnormal seedlings (5%) were observed,
while when the sowing carried out 30 days after
conditioning, the germination value was only
36% and the abnormal seedling 9%.

2.3.2.4 Chemicals and Biological
Treatments

Soaking artichoke seeds in 500–1000–
2000 mg kg−1 ethephon solution for 5 min sig-
nificantly increased the rate and uniformity of
germination and did not affect the subsequent
seedlings growth. Gibberellins and cytokinin
seed treatments do not influence the germination
rate (Schrader 1990). Fluctuating temperatures
(25/15 °C) enhance seed germination in the

presence of abscisic acid (ABA), but ABA con-
tent is not different in seeds submitted at fluctu-
ating or constant (20 °C) temperatures (Huarte
and Benech-Arnold 2010).

As effects of coating treatments with chitosan,
a biopolymer with antifungal properties, on ger-
mination of artichoke achenes, microbial growth
control and seedlings development were reported
by Ziani et al. (2010). Highest germination rate
(78%) was obtained using a 4% chitosan solution
with pH values between 5.3 and 6 (also optimal
range of antifungal activity). Chitosan solutions
formed a protective film around the seeds that
reduced the number of fungal parasites except
Rhizopus spp. All chitosan treatments improved
the seedlings roots growth, whereas combination
of chitosan and thiram (TMDT) at low concen-
tration gave a strong antifungal protection and
improved seed germination and seedlings
growth.

Artichoke seed treatment with 8-hydroxy
quinoline sulphate, thiram, captan and sodium
hypochlorite gave excellent control against Rhi-
zopus, Alternaria and Aspergillus spp.; hot water
(57 °C) had intermediate effect compared to the
control. Better germination rate resulted in seeds
treated with 8-hydroxy quinoline sulphate, thi-
ram and captan (Vilchez et al. 2005).

Artichoke seed inoculation by different com-
binations of plant growth promoting rhizobacte-
ria (PGPR) on germination and seedling growth
characteristics was investigated by Jahanian et al.
(2012). The highest germination percentage and
the mean time of germination were observed
with seeds inoculated by combination of Pseu-
domonas putida, Azotobacter and Azospirillum.

Seed germination and seedlings emergence of
different cardoon genotypes under cadmium
(Cd) and arsenic (As) stresses decreased with the
increasing of As concentration in the medium
from 80% at 10 and 50 µM to 30% at 200 µM.
High concentrations of As, even in combination
with Cd, stopped the radicle emergence from the
germinated seed. Low concentration of As and
all concentrations of Cd caused a reduction of
the seedling growth. The response to heavy
metals stresses also varied among genotypes
(Pappalardo et al. 2016).
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2.3.3 Seed Yield

Artichoke and cardoon are largely
cross-pollinated crops; honey bees are the prin-
cipal pollination vectors (Foury 1967). The
flowering in artichoke and cardoon plants fol-
lows a regular pattern and can last even 40 days.
The main head flowers about three weeks before
third-order heads (Basnizki 2007). Head flower-
ing is centripetal, and allogamy is favoured by
protandry.

The fertilization occurs 18–24 h from polli-
nation. The initials of cotyledons become visible
6–8 days later; they continue to develop for the
next 25–30 days while the formation of the
pericarp is delayed; at the end of cotyledons
growth, the pericarp cell walls begin to thicken,
to lignify and to produce pigmentation (Foury
1967). The achene physiological maturity usually
occurs 40–50 days after pollination, and then
they can germinate. The colour of pericarp varies
from uniform light grey to dark brown with more
or less pronounced streaks; the average size is
7 mm in length and 4 mm in width. The achene
weight depends on genotype and environmental
factors during flowering (Bianco 1990); usually,
the weight of 1000 achenes ranges from 30 to
70 g.

Seed production in artichoke usually is not
high. The number of seeds per heads is extremely
variable and depends on the genotype, the cli-
matic conditions during the flowering period, the
presence of pollinating insects, the plant growing
techniques and, especially, on the cultivation
methods of the mother plants (Bianco 1990;
Foury 1994).

In optimal pollination situation (best results
are under dry weather conditions), only about the
half of the florets of the head produce seeds
(Basnizki and Zohary 1994). Under open polli-
nation, the number of seeds per head ranges from
105 to 700 for cv. Balady and Violetto, respec-
tively (Bianco 1990). The seed yield per head
also differs between primary, secondary and
tertiary heads even if the experimental results
are disagreeing. Basnizki and Zohary (1994)

reported that seed set was greater in the primary
heads than in heads of secondary order and in
well-developed plants, and the seed yield from
primary heads commonly accounts about 50% of
total plant seed yield. Foury et al. (1978)
observed no differences in seed yield between
primary and secondary heads while Ortega
(2002), by cutting of primary heads before bolt-
ing, found that seed yield was higher on quater-
nary and tertiary than secondary heads.

Damato et al. (2007a) referred that artichoke
seed yield can be also affected by plant density:
the seed production from main head was highest
at 1.3 plant m−2 (71 kg ha−1), whereas at 1.0
plant m−2 the highest seed yield (35 kg ha−1)
was harvested from lateral heads. Two-year
artichoke plants produced 2.4 and 1.7 t ha−1

with plant density of 2.8 and 4.8 plant m−2,
respectively (Jevdjovic et al. 2001). At the same
plant density, the seed yield of one-year crop
plants was 0.8 and 0.5 t ha−1, respectively.
Similar results were described by Damato et al.
(2007b) that noticed a progressive increase of
seed yield 49, 158 and 173 kg ha−1 from one-,
two- and three-year crops, respectively. Harvest
dates, removal central or lateral heads at different
timing and GA3 rate did not influence seed yield.
Ierna and Mauromicale (2010) also reported that
the crossing of artichoke with cultivated and wild
cardoon improved its performance, allowing a
twofold grain production.

Several studies carried out in Italy and other
Mediterranean countries demonstrated the high
variability of wild and cultivated cardoon
response in terms of seed production perfor-
mance. Genotype, plant density, weed control,
fertilization, age of the crop, moderate drought
during the growing and flowering season can
affect cardoon seed yield (Foti et al. 1999; Pis-
cioneri et al. 2000; Gherbin et al. 2001; Curt
et al. 2002; Raccuia and Melilli 2007; Ierna et al.
2012; Raccuia et al. 2012; Vasilakoglou and
Dhimab 2014; Boari et al. 2016). In cardoon,
seed yield ranged from 0.2 to 2.8 t ha−1, seed
yield per plant varied from 7 to 126 g, and the
1000 seed weight from 26 to 46 g.
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2.3.4 Strategies to Improve Nursery
Growing Techniques

The use of seeds allows the new plantings to be
set by direct seeding, but transplanting, due to the
high cost of the hybrid cultivars seeds, is usually
used to improve stand establishment, plant uni-
formity, growth performance, sanitary status of
fields, marketable yield and to reduce the irriga-
tion water consumption. The use of healthy and
vigorous seedlings is a prerequisite for successful
transplanting and optimal production.

In nursery, the sowing is mechanically carried
out in alveolar plastic, polystyrene or cardboard
containers. Transplantation usually occurs after
35–50 days from sowing when the seedlings
have reached the stage of 3–4 true leaves and
have a good root system.

The optimization of fertilization contributes
greatly to the production of vigorous seedlings.
Elia and Santamaria (1994) stated that the pro-
duction of quality artichoke seedlings requires
nutrient solutions that contain at least 130 mg
L−1 of N and rates of 100 and 250 mg L−1 of P
and K, respectively. Studies carried out by San-
tamaria et al. (2007) on seedlings of Concerto
hybrid growing in nursery up to 44 days from
sowing showed that the transplant height, leaf
area and fresh weight were higher with urea
(between 200 and 275 mg L−1) than ammonium
nitrate. With N dose increasing, plant height,
number of leaves, leaf area, fresh weight, specific
leaf area (SLA) and SPAD index increased. Leaf
number was higher at 200 mg L−1 of N-rate,
while higher dry matter content was at 50 mg
L−1. The highest N-rate had a positive effect on
height, leaf area, fresh weight and SLA of the
transplants. Leskovar and Othman (2016a)
observed that transplants fertilized with low
N level (75 mg L−1), as compared to high N
level (150 mg L−1), positively improved root
surface area, root length, root branching and
thinner root diameter.

Growth and physiology under abiotic stresses
in artichoke transplants were studied by Shino-
hara and Leskovar (2014). Heat stress inhibited

shoot growth, while drought stress inhibited root
growth; seedling physiological parameters were
reduced by heat and drought stress combined.
Abscisic acid at 1000 mg L−1 enhanced drought
tolerance of transplants that was associated with
the maintenance of shoot water status via stom-
atal closure.

The effects of exogenous applications of
ethylene regulators at different concentrations on
germination and early root growth of globe arti-
choke were evaluated by Shinohara et al. (2017).
They suggest that exogenous ethylene could be
useful to alleviate heat stress on artichoke seed-
lings, with increasing root hair density, root area
and lateral roots, which in turn may improve
early growth during stand establishment.

The use of mycorrhizal inoculation in the
early stages of nursery cultivation enhances the
vigour and health of plants. The practice of
mycorrhizal inoculum is effective in improving
the intrinsic quality of the artichoke plantlets
produced in nurseries (Ruta et al. 2005). Myc-
orrhizal (Glomus viscosum) plants showed higher
leaves number and leaf areas, greater shoot
length, shoot, root density, root fresh and dry
mass. This also corresponded with increased
photosynthetic rates and stomatal conductance of
mycorrhizal plants. Mycorrhizal colonization
improves relative water content and increases
proline concentration in plant tissue (Campanelli
et al. 2011).

Grafting techniques have been studied both to
improve artichoke resistance to diseases, espe-
cially Verticillium wilt, and tolerance to abiotic
stress conditions. Seed-propagated artichoke
cultivars could be successfully grafted onto cul-
tivated cardoon rootstocks; the splice grafting
technique proved to be more suitable than cleft
grafting for globe artichoke. Under Verticillium-
infested soils, the disease incidence in grafted
plants was lower in comparison to ungrafted
plants, and the agronomical performance of
grafted globe artichoke was higher. The head
yield can also be increased under non-infested
soils, but in a different way depending on scion–
rootstock combination (Temperini et al. 2013).
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2.4 F1 Hybrids in Globe Artichoke

2.4.1 Overview of Crossing System
and the Genetic
at the Base of F1 Globe
Artichoke Hybrids

After the great success in terms of yield of F1
hybrids in maize, starting in the early 1930s and
continuing over years (Durvick 1984), F1 hybrid
procedures were tested in other crop plants from
rice to sunflower. The principle is to utilize
hybrid vigour, also called heterosis, that results
in a hybrid organism with higher value of char-
acteristics like size, growth rate, fertility and
yield, but also resistance to biotic and abiotic
environmental rigours, comparing to those of its
parents. More and higher are the differences
between the uniting gametes (i.e. the parents)
greater, on the whole, would be the hybrid vig-
our. Heterosis is often represented as the oppo-
site of inbreeding depression, in which in an
allogamous organism a series of self-crosses (or
crosses among related individuals) results in the
homozygosity of recessive alleles carrying neg-
ative characters. Hence, outcrossing should result
in heterosis. As much as the parents are different
as stronger will be the heterosis since different
alleles will be mean and the number of
heterozygote loci would be higher.

Recently, thanks to new tools such as geno-
mics, transcriptomics, proteomics and metabo-
lomics, questions about the causes of heterosis
have been readdressed. It has been set that hybrid
vigour is also due to ‘epistatic interactions’ and
‘epigenetics factors’ (Baranwal et al. 2012).
Hybrids gain advantages from the control of
circadian-mediated physiological and metabolic
pathways, leading to growth vigour and
increased biomass (Ni et al. 2009). DNA
methylation machinery, which maintains and
regulates epigenomic status, of the parental lines
interacts to obtain hybrids. The siRNA popula-
tion changes and non-additive expression of
more than half of the miRNA were observed in
Arabidopsis (Ha et al. 2009).

The Mendelian F1 generation is the result of a
cross between two pure lines (i.e. lines

homozygote at all their loci). In outcrossing
plants, the prolonged selfing face with plant
sterility, therefore sometimes the so-called F1
hybrids are just the first filial generation of off-
spring of distinctly different parental types
(Runge and Patterson 2006) and are not true
Mendelian F1. In fact, the hybrids are not
obtained by crossing two pure lines, but crossing
inbred lines, i.e. lines obtained after a series of
self-pollination. Another advantage of the Men-
delian F1 hybrids, in agreement with the first law
of Mendel, is their uniformity. Uniformity is a
requirement characteristic in all the varieties, but
it is not always “automatically” reached in the
globe artichoke F1 hybrids.

In choosing the parental lines for a F1 hybrid,
together with their characteristics, it is important
to evaluate their combining ability (Fasahat
et al. 2016). The combining ability, which could
be specific or general, was firstly introduced by
Sprague and Tatum (1942). Combining ability is
the estimation of a line (parents) ability to com-
bine with another, or others, line/s (parents) on
the basis of its offspring performance (Allard
1960). The general combining ability is due to
the activities/properties of the genes as well as by
the additive � additive interactions (Sprague and
Tatum 1942), while the specific combining
ability is mainly due to dominance effects and
eventually to epistatic interaction, including
additive � dominance and dominance � domi-
nance interactions (Fasahat et al. 2016). General
combining ability is calculated, for each trait, as
the deviation of the mean offspring performance
of a genotype from the grand mean of all off-
springs included in the particular mating design.
Specific combining ability is defined as the
deviation of the performance of hybrid combi-
nations from the performance expected on the
basis of the general combining ability of the
parental inbred lines. In hybrid breeding, the
particular combination of inbred lines out of
many possible combinations is selected which
exhibits the highest F1 performance. Conse-
quently, inbred lines to be used as parental are
generally selected in order to have the highest
specific combining ability. Different matting
designs are set up to determine the general
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combining ability (polycross or topcross) and the
specific combining ability (factorials or diallels)
(Zhang et al. 2015).

2.4.2 Historical Events in the Globe
Artichoke F1 Hybrids
Set up

The globe artichoke, cultivated in open fields,
produces seeds that are the result of random
crosses, and each single flower present in the
inflorescence (head) could be crossed with pollen
originated from different individuals. Therefore,
the open crosses, without any external control,
result in the production of extremely variable and
different seeds individuals (or plants), also within
the same head. The outcrossing habit of globe
artichoke is not due to self-incompatibility but it
is due to protandry, with a difference of about 2–
3 days between anthers and stigma maturation.

Pollen remains viable for 2–3 days depending on
environmental conditions. Moreover, in the
inflorescence, which could be containing 800–
1400 flowers, the flower maturity is centripetal
(i.e. peripheral flowers start first than central
flowers). Hence, self-pollination is possible both
within the same flower and within the same
inflorescence.

The development and utilization of globe
artichoke F1 hybrids have several milestones that
are summarized in Fig. 2.2 (Saccardo et al.
2013). The first passage which made possible to
start speaking about hybrids in globe artichoke is
due to the research of Foury and Pécaut that
beginning to set methods for control the globe
artichoke pollination and evaluating germplasm
more suitable for crosses (Foury 1969; Pécaut
1985, 1993). Pécaut and Foury (1992) were
about the first to report heterosis phenomena in
globe artichoke, even if it was already observed
by several workers. They examined 21 cross

Fig. 2.2 Milestones of the breeding for globe artichoke hybrids
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combinations among inbred (I3–I4) parental lines
and recorded an increase, of more than 80%, in
total yield of the globe artichoke F1 hybrids
compared with their parents (Pécaut and Foury
1992).

The first globe artichoke hybrids were utilized
in Israel and in USA thanks to the work of
Basnizki and Zohary (1987, 1994). Important
finding that made easier the crossing processes
avoid pollen contamination was the availability
of a male sterile gene(s). The procedures used by
Basnizki and Zohary could be summarized into
the following five steps: (a) selection of uniform
homozygous lines by selfing commercial lines;
(b) evaluation of the inbred lines’ combining
ability; (c) incorporation of the genetic male
sterility into some of the inbred lines; (d) testing
the F1 hybrids for commercial traits; and finally,
(e) registering the F1 hybrid varieties.

The first globe artichoke F1 hybrids, called
HU#044, HU#137 and HU#223, have been reg-
istered in Israel by Hazera Seed Co and the
HU#271 by the Nunhems Zaden BV in the
Netherlands. The hybrids were then evaluated in
several globe artichoke producers’ countries,
especially France and Italy. Generally, the F1
hybrids were found to be superior, both in terms
of yield and quality, with respect to traditional
clones (Mauromicale et al. 1989). Globe arti-
choke suffers strong inbreeding depression so the
inbreed lines are not highly homozygote, and this
results in a high risk of uniformity lack in F1
hybrids; hence, the hybrid uniformity is one of
the most important characteristics to be tested
prior to the quality and morphological traits
evaluation (Pagnotta et al. 2016). The hybrids
have been also tested for their ability to respond
to gibberellic acid treatment (Mauromicale and
Ierna 2000) and to processing procedures (Cal-
abrese et al. 1990).

Thanks to the molecular markers and the
globe artichoke linkage map developed by Lan-
teri et al. (2006), hybrids lines have been evalu-
ated also molecularly (Lo Bianco et al. 2011;
Saccardo et al. 2013; Pagnotta and Noorani
2014; Sharaf-Eldin et al. 2015; Pagnotta 2016).

Globe artichoke hybrids and crosses were also
used to evaluate, for some specific traits, the

inheritance ration and determine the number of
loci involved to coding the traits or to determine
the hereditability. Cravero et al. (2005) studied
the inheritance for head colour suggesting that
two loci with simple recessive epistasis effects
are involved and head tightness suggesting that
two loci with simple dominant epistasis are
involved in the expression of the different types.
Pagnotta et al. (2016) determined the hered-
itability values of earliness, plant height, spiny,
mucron, head shape, head colour, and head
compactness with values ranging from 19 to
54%, and with differences between maternal and
paternal hereditability.

As mentioned above, the genetic male sterility
in globe artichoke made the crossing process
much easier avoiding selfing. The first male
sterile plants were found in a segregant popula-
tion developed in France (Pécaut 1985). The
genetic base was firstly attributed to a single
recessive gene ms1 (Principe 1984), and subse-
quently, a polygenic control of three recessive
genes (ms1, ms2 and ms3) was suggested (Bas-
nizki and Zohary 1994; Stamigna et al. 2004).
Apparently, two male sterile genes were recently
successfully transferred from globe artichoke to
cultivated cardoon with a two loci segregation
(15:1) ratio (Lopez Anido et al. 2016). Male
sterile genes did not affect the floral morphology,
the anther dimension or the timing of flower but
only the pollen fertility, which seems to be due to
a low nutritional activity of the anther tapetal
cells resulting in a post-meiotic block (Lo Bianco
et al. 2012). On the contrary, female reproductive
organs are different; the male sterile lines have
the ovaries and ovules more elongated with
respect to the male fertile ones (Lo Bianco et al.
2012).

Nowadays, several globe artichoke hybrids
are produced and cultivated around the world.
The most widely cultivated are from Nunhems
(Opal, Concerto, Madrigal, Harmony, Sym-
phony), Agriseeds (Rinaldo, Amos, Napoleon),
Semiorto/Topseeds (Romolo), among others.
The join collaboration between the Tuscia
University (Viterbo, Italy) and the Big Heart
Seed Company (Brawely, CA-USA) started at
the beginning of the century in order to obtain
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new F1 hybrids stable and with characteristics of
interest for Italian market (Saccardo 2009; Sac-
cardo et al. 2016; Rey et al. 2016). Thanks to the
environmental conditions present in the Imperial
Valley (CA-USA), seed production was higher.
The dry atmospheric condition without drought
stress thanks to abundant water availability
ensure good fertility, while the lack of wild and
cultivated Cynara species ensure isolation by
distance avoiding pollen contamination. Some F1
hybrids have now been registered and will be
soon ready for commercial production (Pagnotta
and Noorani 2014).

The joint programme resulted in several hun-
dred hybrid produced every year which are gen-
erally evaluated in California and Italy
environments, using proper descriptors as repor-
ted by Ciancolini et al. (2012), in order to select
the most suitable for the market needs. Out of 150
cross-combinations produced in 2010, the 10 best
hybrids (uniform and good shape), derived from
crosses between seven male sterile clones and five
fertile homogeneous parents, were evaluated
molecularly and for agro-morphological traits
(Rey et al. 2013a). Some of the produced hybrids
are also evaluated in other countries; among other
in: Chile, Argentina, Peru, Texas (Leskovar and
Othman 2016b), Turkey, Egypt, Morocco, Saudi
Arabia (Sharaf-Eldin et al. 2015). Currently, the
joint programme produces more than 500 crosses;
around 30 of them, with interesting agro-
morphological traits, uniform and early producers.

Selected hybrids are under evaluation to test
their reproducibility and possibility of success in
the global seed market before proceeding with
their registration. The different market requests in
terms of globe artichoke typologies and quality
characteristics, which vary between the fresh
market (green, purple, spiny, ovate, round heads)
and the processing industry market characterized
for green ovate typologies, allow the
production/registration of a wide range of globe
artichoke hybrids covering the different market
requests.

2.4.3 Globe Artichoke F1
Hybrids: Advantages
and Disadvantages
of Their Obtaining
and Growing

The globe artichoke F1 hybrids have several
advantages over traditional cultivars, among the
others:

(a) Conversion of the globe artichoke cultivation
from perennial into annual (or biennial), with
an easier management of farming crop rota-
tions and higher flexibility.

(b) Reduced cost (up to one-tenth) of the plantlet
obtained by seeds compared with the
micro-propagated ones.

(c) Facilities for plant production nurseries.
(d) Reduced cost of labour during annual oper-

ations and treatments.
(e) Uniformity in plants development since it is

not dependent of the size of the propagation
organ.

(f) High plant sanitary. Plantlets are virus-free
and being annually, this would persist during
all the cultivation.

(g) High resistance to pests. Plants are more
vigorous and resistant.

(h) Efficient use of both water and fertilizers,
thanks to a deeper roots system.

(i) High potential for organic cultivation due to
vigorous, healthy and efficient use of soil
fertilizer despite low chemical inputs.

However, there are some important points to
take into consideration during hybrid selection
and production, including:

(a) Difficult to obtain good parental lines. Cor-
rect management of the selfing avoiding high
inbreeding depression.

(b) Avoid pollen contamination and right size of
cages to let pollinator insects working with
low mortality.
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(c) Difficult to produce high seed yields and
hence economical production of F1 hybrid
seed.

(d) Correct management of the production cycle
for seed-propagated plants.

2.4.4 Procedures to Obtain Globe
Artichoke F1 Hybrids

Parents choice is done looking to specific com-
bining ability and traits characteristics, but there
are great limitation to this principle since, as
mentioned elsewhere, the line used as mother
should carry the male sterile gene (MS) while the
line used as father (MF) should support selfing.
In order to obtain a more homozygote line after a
series of selfing, some outcrosses are also per-
formed to avoid a too high inbreeding depression
and sterility. When parental lines are obtained
and chosen, they could be multiplied by micro-
propagation. Another important point to be con-
sidered for parental lines selection is the timing
of flower. In case of great difference, the pollen
should be collected and stored in refrigeration,
but this implies limitation for an industrial seeds
production.

The amount of seeds produced by each plant
is an essential key factor which affects seeds cost.
It is genotypically determined with a great vari-
ation among genotypes (also under open condi-
tion) (see Sect. 2.3.3). It could range from 105 to
700 seeds per head (Bianco 1990). Seeds pro-
duction is also affected by climatic conditions,
rain and humidity affect negatively the pollen
vitality, and by the different heads order, primary
heads produce more than secondary and tertiary
heads.

The choice of parental lines could be helped
by their morphological and molecular character-
ization which contribute to an accurate classifi-
cation of plant genetic resources to be used in
globe artichoke F1 hybrid (Crinò et al. 2008;
Mondini et al. 2009; Lo Bianco et al. 2011; Crinò
and Pagnotta 2017; Pagnotta et al. 2016, 2017).

To perform the crosses, there are several
procedures which could be following depending
also the amount of seeds production would be
performed. Male sterile lines are extremely
important to avoid selfing, while to avoid
cross-pollination with undesirable pollens usu-
ally a net is put around the head(s) or plants are
placed in cages. Procedures go from crossing of
single heads which could be done manually by
bring the pollen collected on the paternal flowers
to the maternal one (close under net) and disperse
it using a brush, or cutting the paternal head and
put it directly on the maternal one. Of course,
during all the steps, from pollen collection to
dispersion, it should be avoided pollen contami-
nation. In natural conditions, the main pollination
system is entomophily so MS and MF plants
could be closed into cages with net and in the
cages could be introduced pollinator insect,
generally Bombus, cut-bees or honey bees. The
species of insect to be used is mainly determined
by the cost and their availability in the area of
seeds production.

Pollination efficiency could be further opti-
mized by establishing the most suitable pollina-
tion time over the day. Significant differences in
seed production were found between the morning
(8–13 h) and the afternoon (14–19 h) pollination
times.
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3Globe Artichoke Tissue Culture
and Its Biotechnological Application

Cinzia Comino, Andrea Moglia, Annamaria Repetto
and Raffaela Tavazza

Abstract
Plant tissue culture techniques have made
significant contributions to the advance of
agricultural sciences in recent times, and
today, they constitute an indispensable tool
in modern agriculture. In particular, micro-
propagation is one of the most widely used
techniques for rapid vegetative in vitro prop-
agation. This chapter aims to review advances
and current knowledge in key areas of plant
tissue culture and biotechnology as applied to
globe artichoke.

3.1 Introduction

Plant tissue culture is based on the principle of
plant cellular totipotency that is the inherent
potentiality of a plant cell to regenerate a whole

plant. This capacity is retained even by a differ-
entiated cell. Single cells, protoplasts, pieces of
leaves, stems or roots can thus be used to gen-
erate a new plant on a nutrient culture media of
known composition. Several factors considerably
influence the phenomenon of morphogenesis
during in vitro culture. These include genotype,
explant type, growth regulators, nutrients, other
additives and physical factors. The establishment
of efficient in vitro tissue culture protocols is
an essential prerequisite to fully exploit the
advantage of the plant cell totipotency for genetic
improvement. Globe artichoke conventional
breeding and propagation methods, although
well developed, could not meet up with the
ever-increasing industry demands. Biotechnol-
ogy techniques involving plant tissue culture and
recombinant DNA technologies are powerful
tools that can complement conventional breeding
and expedite globe artichoke improvement.
Unfortunately, the rate of progress in these
biotechnology techniques in globe artichoke is
relatively slower than in other members of
Asteraceae, due to its high genotypic dependence
and recalcitrant nature. Nevertheless, considerable
success has been achieved in the area of micro-
propagation, virus eradication, clonal fidelity
assessment, germplasm storage, protoplast cul-
ture, production of secondary metabolite, genetic
transformation and cryopreservation.

In this chapter, we present the current state of
globe artichoke cell culture regarding its appli-
cation, problems, and potential.
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3.2 In Vitro Propagation

3.2.1 Overview

Micropropagation is the tissue culture technique
used for the rapid vegetative in vitro propagation
of ornamental, crop plants, and fruit trees. This
method produces multiple numbers of vegetative
shoots from a single clone within a short time
and space. Commonly, there are four necessary
phases for obtaining a successful micropropaga-
tion (i) establishment of aseptic in vitro culture,
(ii) shoots’ multiplication, (iii) rooting, and
(iv) acclimatization. Since the traditional propa-
gation of globe artichoke through “ovoli,” off-
shoots or stumps produce a low rate of
multiplication, heterogeneity of plants, and trans-
mission of diseases (Pecaut et al. 1983), in vitro
culture remains the only way out for speed mass
propagation of globe artichoke. Besides, micro-
propagation has many advantages over conven-
tional vegetative propagation: production of
disease-free material, independence from sea-
sonal cycles, high rate of plant propagation,
homogeneity and vigor of the obtained plant
material, conservation of germplasm. Conversely,
the disadvantages include cost factors, possible
occurrence of genetic instability and possibility of
contamination of cultures.

De Leo and Greco (1973) were the first to
apply this technique to globe artichoke, estab-
lishing suitable culture conditions for rapid
propagation of élite materials. Since then, several
reports have been published describing the use of
different plant tissue and in particular of shoot
apices to produce homogeneous and disease-free
globe artichoke plants (Murashige 1974; Ancora
1986; Rossi and De Paoli 1990; Frau et al. 2004).

The propagation methodology was afterward
adjusted to improve efficiency using new culture
media (Tavazza et al. 2004; Elia et al. 2006),
growth regulators (Tavazza et al. 2004) and
mycorrhization (Ruta et al. 2005), thus facilitat-
ing the large-scale production of numerous cul-
tivars and their clones.

Micropropagation proved to be a valid tech-
nique particularly for the propagation of spring
cultivars (Saccardo et al. 2007), and today, it
allows the multiplication and distribution to the
farmers of clones of different cultivars (Ancora
1986; Ancora and Saccardo 1987). Clones
obtained in this way have shown improved field
performance for both qualitative and quantitative
traits. Besides, the use of the micropropagated
materials has led to change the globe artichoke
cultivation from poliannual to annual (Saccardo
and Ancora 1984). The application of the
micropropagation technique in autumn cultivars,
such as the ‘Spinoso sardo,’ is hindered by the
loss of earliness of micropropagated plants
occurring at an increasing rate with the subcul-
ture number (Cadinu et al. 2004, 2006; Tavazza
et al. 2004; Elia et al. 2006). These plants also
show a specific “wild” phenotype because of the
presence of highly pinnate-parted leaves and the
late budding of the inflorescence, in contrast to
the normal phenotype (Fig. 3.1). The causes that
determine the appearance of the off-type plants in
autumn cultivars are still under study. Phenotypic,
cytological, biochemical deviations expressed in
the progeny of plants regenerated from in vitro
culture are known as ‘somaclonal variation’
(Larkin and Scowcroft 1981). Genetic (e.g.,
single-base-pair changes, chromosome modifica-
tions, and changes in ploidy) as well as epigenetic
alterations (e.g., DNA methylation) are often

Fig. 3.1 ‘Spinoso sardo’ wild and normal phenotype: a in vitro; b in the field plants
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associated with in vitro propagation. DNA
methylation analysis of plants showing these
phenotypes performed using a restriction-enzyme-
based method has been recently reported (Comino
et al. 2017).

3.2.2 Sterilization of the Explants

Surface sterilization of explants is a tricky step
since it has to remove bacterial and fungal con-
taminants with minimal damage to plant cells
(Husain and Anis 2009). The most widely used
sterilization procedures for globe artichoke are
given in Table 3.1. Before sterilization, vegeta-
tive apices of shoots from field plants are washed
in running water and, after elimination of outer
leaves, immersed in the antioxidant solution.
This latter step is essential, since sterilization
procedures may elicit a wound response in
addition to that caused by excision, and a con-
sequent production of phenolic compounds that
can be deleterious for the in vitro growth leading
to tissue browning.

3.2.3 Culture Media

Composition of plant tissue culture medium
should supply all cell growth needs and can vary
depending on the type of plant tissues or cell used
for culture. A typical nutrient medium contains
inorganic salts (micro- and macro-elements),
vitamins, organic supplements, growth regulators,
carbon source and gelling agents in the case of a
solid medium. The Murashige and Skoog (MS)
medium (1962) is the most widely used for in vitro
propagation of many plant species. Some media
have been devised for specific tissues and organs.

Plant growth regulators play an essential role
in determining the development route of cells
and plant tissues in vitro. The type and concen-
tration of hormones depend mainly on the
plant species, the tissue or the organ chosen and
on the goal to be achieved. Auxins, cytokinins,
and gibberellins are the most commonly used
growth regulators. The use of media with a
low hormone concentration is usually required
during the globe artichoke culture establishment
(Tavazza et al. 2009). Moreover, a high

Table 3.1 Surface sterilization procedures used for globe artichoke explants

Procedure References

Immersion in ethanol 70% 5 s, sodium hypochlorite 20% (w/v) 20 min, three rinses in
sterile water containing ascorbic acid 0.01% (w/v)

Ancora (1986)

Immersion in mercuric chloride 0.5% (w/v) 3 min, sodium hypochlorite 20% (w/v) 20 min,
three rinses in distilled water containing citric acid 0.015% (w/v) and ascorbic acid 0.01%
(w/v)

Ordas et al. (1990)

Rinse under running water 15 min, immersion in ethanol 70% 30 s, sodium hypochlorite
20% (w/v) 30 min, and three rinses in distilled water containing citric and ascorbic acid

Iapichino (1996)

Immersion in sodium hypochlorite 10% (w/v) 20 min, ethanol 70% 2 min, three rinses in
distilled water

Repetto et al. (1996)

Immersion in mercuric chloride 0.5% (w/v) 5 min, sodium hypochlorite 17% 10 min, three
rinses with distilled water

Brutti et al. (2000)

Rinse under running water, immersion in sodium hypochlorite 2.5% (w/v) containing 2 ml
of “Tween 20” 20 min, three rinses in distilled water containing citric acid and ascorbic
acid 0.15% (w/v) 30 min

Elia et al. (2006)

Rinse under running water 30 min, immersion in ethanol 70% 5 s, Sodium hypochlorite
2% (w/v) with two drops of “Tween 20” for 20 min

El-Zeiny et al.
(2013)

Immersion in mercuric chloride 0.5% (w/v) 3 min, sodium hypochlorite 0.5% (v/v) with
3–4 drops of “Tween 80” 20 min, three rinses with distilled water

Tavazza et al.
(2013a, b)

Washing with a solution of citric acid and ascorbic acid 2% (w/v) 15 min, immersion in
sodium hypochlorite 1.5% (w/v) 15 min, three rinses with a solution of citric acid and
ascorbic acid 2%(w/v)

Barba and Taglienti
(2015)
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concentration of cytokinins promotes the shoots
regeneration while a high concentration of auxins
favors rhizogenesis (Tavazza et al. 2004; Morone
Fortunato et al. 2005). Cyclodextrins are also
used for rhizogenesis (Brutti et al. 2000; Caval-
laro et al. 2004). A balance between auxin and
cytokinin leads to the development of a mass of
undifferentiated cells called callus (Rout 2004).

The pH of the media is critical as it can
influence both the growth of plants and the
activity of growth regulators. It must be set
between 5.4 and 5.8.

3.2.4 Meristem Culture

Culture is usually initiated by dissecting away
the shoot tip until obtaining only the apical
dome, together with one or two leaves primordial
(Fig. 3.2a); the exposed meristem is then excised
and placed onto a suitable culture medium. The
size of the excised explants is critical for virus
elimination: The percentage of virus-free plants
obtained is inversely proportional to the size of
the meristem explant used.

A meristem or a shoot apex can form a culture
according to many factors: (i) age and physio-
logical status of the mother plant; (ii) position of
the explant within the plant; (iii) size of the
explant used to initiate the culture. Furthermore,
in vitro behavior is a characteristic linked to the
genotype, so that often cultivars of the same
species have a different attitude in in vitro envi-
ronments (Hartmann and Kester 1983). If suitable

culture conditions are adopted, elongated shoots
develop from the meristem (Fig. 3.2b).

The plants are grown in climatic cells with
controlled environmental parameters: tempera-
ture of 22 °C, photoperiod of 16 h of light and
8 of darkness and light intensity of 4000 lx.
A summary of media used thus far for the
establishment of globe artichoke in vitro cultures
is reported in Table 3.2.

3.2.5 Shoot Multiplication

Once an actively growing culture is established,
plantlets are transferred to a proliferation med-
ium. During the proliferation phase, through
appropriate hormonal concentrations, the devel-
opment of axillary buds from the original shoot is
promoted (Fig. 3.3). Axillary-derived shoots can
then be subcultured onto the same medium to
promote their elongation and the proliferation of
new buds. This process may be repeated several
times until a large number of plants are obtained
or can go on indefinitely. The prolongation of the
number of subcultures may, however, lead to the
appearance of somaclonal variations (Cadinu
et al. 2006).

In plant tissue culture, the rate of shoot
multiplication can be determined by enhanced
axillary branching. Multiplication rates depend on
cultivar, clone, and explant source. In globe arti-
choke, several media have been used to stimulate
shoot multiplication, usually supplemented with a
low auxin/cytokinin ratio (Table 3.3).

Fig. 3.2 Establishment of globe artichoke aseptic culture: a excision of a meristematic apex from offshoots;
b meristematic apex, after 1 month of culture
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Table 3.2 Media used for the establishment of globe artichoke in vitro cultures

Medium References

MS + NaH2PO4 50 mg L−1 + Myo-inositol 100 mg L−1 + Tyrosine
100 mg L−1 + Adenine 40 mg L−1 + IAA 0.5 mg L−1 + Kin 10 mg L−1

Ancora (1986)

Macro- and micro-DKW + MS vitamins + BAP 0.1 mg L−1 + IBA 0.01 mg L−1 De Paoli and Rossi
(1987)

MS + IBA 0.1 mg L−1 + BAP 0.5 mg L−1 + 2iP 0.01 mg L−1 Repetto et al. (1996)

MS macronutrient with 50% reduction of NH4NO3 and KNO3 + Heller micronutrients
+ B5 vitamins + Myo-inositol 100 mg L−1 + NAA 0.1 mg L−1

Brutti et al. (2000)

TL macro- and microelements + B5 vitamins + 25 mg L−1 + Myo-inositol 100 mg L−1 +
Thiamine HCl 0.4 mg L−1 + 2iP 1 mg L−1 + IAA 1 mg L−1 + GA3 0.025 mg L−1

Castiglione et al.
(2006)

MS + B5 vitamins + IBA 1 mg L−1 + GA3 0.1 mg L−1 EI-Boullani et al.
(2012)

MS with a quarterly nitrate concentration + BA 0.03 mg L−1 + GA3 0.05 mg L−1 Bedini et al. (2012)

MS + Kin 5.0 mg L−1 + IAA 0.5 mg L−1 El-Zeiny et al. (2013)

Gik (basal medium described by Tavazza et al. 2004) + Kin 2 mg L−1 + IBA 0.1 mg L−1 Rey et al. (2013a, b)

Base substrate (Morone Fortunato et al. 2005) + 2iP 1 mg L−1 + IAA 1 mg L−1 + GA3

0.025 mg L−1
Ruta et al. (2013)

Fig. 3.3 Axillary shoot formation

Table 3.3 Media used for the proliferation of globe artichoke

Media References

MS + Kin 5 mg L−1 + IAA 0.5 mg L−1 Okasha and Ragab (1994)

MS + IBA 0.1 mg L−1 + Kin 0.5 mg L−1 + 2iP 0.1 mg L−1 Repetto et al. (1996)

BM + Kin 2 mg L−1 + 2iP 1 mg L−1 + NAA 10 mg L−1 Brutti et al. (2000)

MS + Kin 2 mg L−1 + IBA 0.1 mg L−1 Tavazza et al. (2004)

MS + Kin 0.1 mg L−1 + GA3 0.05 mg L−1 Babes et al. (2004)

MS with a quarter nitrate concentration + BA 0.03 mg L−1 + GA3 0.05 mg L−1 Bedini et al. (2012)

Substrate (Morone Fortunato et al. 2005) + BAP 0.05 mg L−1 Ruta et al. (2013)
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3.2.6 Root Induction

The rooting phase is the final step of micro-
propagation with the obtaining of a seedling-like
shoots morphologically complete (Fig. 3.4).
Recalcitrance to form adventitious roots can be a
major obstacle in vegetative propagation. In fact,
the formation of a functional root system is
fundamental for the acquisition of a plantlet’s
ability to manage water and mineral nutrients
under the post in vitro conditions.

Rooting of shoots has been a major problem
in globe artichoke propagation. According to
some studies, in globe artichoke rhizogenesis is
stimulated in vitro by the auxin (Harbaoui and
Debergh 1980; Draoui et al. 1993; Tavazza et al.
2004; Morone Fortunato et al. 2005) or by gib-
berellic acid (Morzadec and Hourmant 1997) and
facilitated by complementary conditions such as
(i) percentage of sucrose (Morone Fortunato and
Ruta 2003; Tavazza et al. 2004), (ii) addition
of activated carbon (Bigot and Foury 1984;
El-Zeiny et al. 2013) or of cyclodextrine (Brutti
et al. 2000; Cavallaro et al. 2004), (iii) type of the
inert component, and (iv) size of the seedling
(Morone Fortunato and Ruta 2003; Morone
Fortunato et al. 2005). Besides, it has been sug-
gested that the phenotypic features and the
quality of in vitro shoots could play a key role in
the globe artichoke-rooting phase (Ancora et al.
1981; Morzadec and Hourmant 1997).

Rooting of about 60% of the proliferated
shoots (cv. ‘Romanesco’) has been obtained on
MS (half strength) supplemented with NAA
(Ancora et al. 1981). The use of NAA in place of
IBA or IAA gives rise to short, thick roots, which
are not easily damaged upon transfer to soil. An

increase in the percentage of rooted plants
(cv.‘Brindisino’) has also been observed by
Rossi and De Paoli (1990) exposing the shoots to
a liquid medium containing NAA and IAA at
high concentrations before transfer into rooting
medium. IBA is sometimes preferred for adven-
titious root induction in globe artichoke since it is
more stable than IAA during the sterilization
process of the medium (Hartmann and Kester
1983) and encouraged the root formation (num-
ber and length) more than in IAA (El-Zeiny et al.
2013); in time IAA is also broken down by light
exposure.

The auxin liability often limits expected effect
on in vitro culture of plant tissue. To overcome
this problem, additives like cyclodextrins can be
used. These additives are cage molecules that
have the property of including organic molecules
such as auxins and protecting them from pho-
todegradation or oxidation, thus improving the
rhizogenesis of globe artichoke. A double
rooting phase, i.e., a preculture medium (MS
medium with half nitrate concentrations, IAA,
and paclobutrazol (PBZ) followed by a rooting
medium (MS medium, cyclodextrin, and NAA),
was used by Okasha and Ragab (1994) to
facilitate rooting of globe artichoke plantlets.
By using this last rooting medium, Repetto
obtained in ‘Spinoso sardo’ 80% of rooting
plants (unpublished data). The enhancement of
in vitro rooting in cv. Early French was observed
in a medium supplemented with NAA and
cyclodextrins (Brutti et al. 2000). An increase in
rooting percentage (100 and 62%) following
treatment with cyclodextrins was also achieved
by Dridi (2003) and Cavallaro et al. (2004),
respectively.

Fig. 3.4 In vitro rooted
plants ready for
acclimatization
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Light generally has a negative effect on root
formation. High irradiances inhibit root forma-
tion more than low irradiation. By using a 5-day
culture in darkness, in the presence of IBA,
López-Pérez and Martínez (2015) obtained a high
percentage of rooting from globe artichoke plants
of cvs. ‘Blanca de Tudela’ (73.3%), ‘Calico’
(80%), and ‘Salambo’ (93.3%). Decreasing light
intensity from 40 to 20 µE m−2 s−1and reducing
explant density from 6–7 to 3–4 shoots per
132 cm2 area of culture medium EI-Boullani
et al. (2012) succeed to increases the multiplica-
tion rate of a Moroccan artichoke accession by
twofold.

3.2.7 Plant Establishment

Once a satisfactory root system has formed
(Fig. 3.4), plantlets are transferred to sterile
compost and acclimatized under greenhouse
condition. The acclimatization phase of micro-
propagated plantlets is one of the most delicate
steps of micropropagation and can create high
levels of stress since the leaves of the in vitro
plantlets, photo-synthetically not very active, are
not well adapted to an in vivo climate.
Acclimatization can take place by allowing the
in vitro plants to get used to lower relative
humidity gradually. After 7–10 days, hardened
plants are transferred individually in pots before
moving to field condition. The in vitro plants,
once transplanted in open field, showed a vege-
tative vigor and productivity far superior respect
to the plants raised traditionally. “Ovoli” of
‘Spinoso sardo’ obtained from micropropagated
mother plants, developed plants able to provide
commercial productions 31% greater respect to
those obtained from non-micropropagated ones
and characterized by a greater precocity and a
contemporaneity in the emission of the head. In
the first four weeks of harvesting, 9% of the
micropropagated plants were in production, ver-
sus only 2.3% of non-micropropagated ones. The
quality of the product also showed differences
such as a longer stem length in the first-order
flower heads, which is a valuable factor for raw
consumption, and a greater caliber and weight of

the third-order heads. Even though micropropa-
gation ensures the production of the high-quality
commercial plant, acclimatization of in vitro
globe artichoke plantlets still represents a critical
phase of micropropagation process due to the
remarkable loss of seedlings during transfer from
in vitro to ex vitro environment. To increase the
survival capacity of the plants and overcome
transplant stress, the technique of mycorrhizal
inoculation seems to be the most promising.
There are progressively more reports that
demonstrated the effectiveness of mycorrhization
on micropropagated plantlets during the delicate
acclimatization phase and its positive impact on
their post-transplanting performance (Morone
Fortunato et al. 2005; Ruta et al. 2005).

3.3 Production of Virus-Free Plants

3.3.1 Overview

The shoot tip culture is the most used method to
produce virus-free plants. It is based on the
assumption that pathogen concentration is not
uniform throughout the infected plant. Cells
non-invaded by pathogens are often found in the
apical meristem of a rapidly elongating stem. In
addition, in most cases, this explant maintains the
genetic stability of the genotype. Shoot meristem
tip culture alone or in combination with ther-
motherapy, or cryotherapy is being widely used
to arise virus-free plants from infected stock
plants.

3.3.2 Virus Eradication in Globe
Artichoke

To date, twenty-four plant viruses, belonging to
13 genera, are known to infect globe artichoke
(Gallitelli et al. 2004), most of which were
recorded from Europe and the Mediterranean
basin. In the last fifty years, fifteen viruses
belonging to Nepovirus, Potyvirus, Tospovirus,
Tombusvirus, Fabavirus, and Cucumovirus were
reported, identified and characterized in Italy
(Barba et al. 2013). The current health status of
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globe artichoke germplasm is severely compro-
mised by numerous viral infections (Foddai et al.
1983; Pasquini et al. 2003; Rana and Martelli
1983) in particular by the artichoke latent virus
(ArLV), the artichoke Italian latent virus (AILV),
the artichoke mottled crinkle virus (AMCV) and,
in recent years, the tomato spotted wilt virus
(TSWV).

Viral diseases significantly reduce the yield
and quality of this crop affecting globe artichoke
industry. The nursery activity demands com-
mercialization of pathogen-free propagation
materials as required by EU legislation (Gallitelli
and Barba 2003). It is, therefore, imperative the
production and maintenance of virus-free plant-
ing material.

Two approaches, often used in combination,
namely in vitro thermotherapy and meristem tip
culture, have been widely used to produce veg-
etatively propagated virus-free plants. The
application of these techniques in early cultivars
of globe artichoke is underutilized due to the loss
of earliness. Nevertheless, in vitro/vivo ther-
motherapy followed by meristem tip culture
proved to be a suitable technique to obtain ArLV
and AILV-free plants of the early flowering
cultivars cv. ‘Brindisino’ without the risk of
running into this problem (Gallitelli et al. 2006;
Acquadro et al. 2010). In the ‘Spinoso sardo’, out
of the 1512 plants arising from meristem tip
culture, 52% have been shown to be free of the
most pathogenic viruses, i.e., ALV, AILV, and
AMCV. For the late globe artichoke ecotypes,
meristem tip culture allowed to obtain ArLV,
AILV, TSWV-free mother plants belonging to
the most important cultivars grown in Latium
(‘C3’, ‘Grato 1’, ‘Grato 2’, ‘Castellammare’) and
in Campania regions (‘Tondo di Paestum’,
‘Bianco di Pertosa’) (Barba et al. 2004; Morone
Fortunato et al. 2007). In addition to meristem tip
cultures and thermotherapy techniques for virus
elimination, a new method ‘the cryotherapy’ has
come to attention (see Sect. 3.5.4). In cryother-
apy, plant pathogens such as viruses, phytoplas-
mas, and bacteria are eradicated from shoot tips
by exposing them briefly to liquid nitrogen; the
lethal injury of the cells during cryo-treatment is
utilized to kill infected tissue. Cryotherapy has

proven to be a novel and efficient biotechnolog-
ical tool for the eradication of some globe arti-
choke viruses (Tavazza et al. 2013a; Taglienti
et al. 2013). An advantage of this technique is
that pathogen eradication is independent of the
size of shoot tips used and applies to a virus
infecting meristem, where meristem tip culture
fails. Moreover, cryotherapy allows retrieving
virus-free plants in a shorter time compared to
meristem tip cultures and thermotherapy in both
globe artichoke ecotypes (Taglienti et al. 2013).
However, so far, this technique is available only
for a limited number of globe artichoke cultivars,
and further studies are needed to expand
cryotherapy to additional genotype and to increase
the proportion of pathogen-free regenerants.

3.4 Plant Tissue Culture
for Biotechnology

3.4.1 Overview

The application of plant tissue culture technolo-
gies for agricultural biotechnology is vast. Gen-
erally, biotechnology utilizes living systems for
creating or developing valuable products. Plant
tissue culture is the most prominent technique of
plant biotechnology, with diverse applications in
several fields. Plant tissue cultures are used as an
important source of primary and secondary
metabolites, and in recent past, plant genetic
transformation has gained importance for increas-
ing quality and yield of plants, and inmanipulating
them for improved agronomic performance.

3.4.2 Callus Induction and Culture

In nature, unorganized cell masses, known as
callus or tumors, are generated in plants in
response to stresses, such as wounding or
pathogen infections. The discovery that the
exogenous application of auxin and cytokinin
allows the induction of callus (callogenesis) in
various plant species, determined the widely use
of callus in both basic research and industrial
applications (Ikeuchi et al. 2013).
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Callus induction and its in vitro culture have
been widely described (Ordas et al. 1990;
Kchouk et al. 1997a; El-Bahr et al. 2001; Ruta
et al. 2013; Menin et al. 2013).

In 1990, Ordas et al. described callus induc-
tion using in vitro culture of bracts. A range of
callus types, i.e., friable, green or light brown in
color, was induced with varying frequencies
depending on both the hormone combination and
the size of the flower buds used for the explant.
In particular, it was found out that supplemen-
tation with a combination of 2 mg L−1 BAP and
5 mg L−1 NAA promoted the quickest response
and the maximum amount of callus formation on
bracts from flower buds 2 cm long.

Ruta and colleagues (2013) reported on cal-
logenesis from explants of bracts of Catanese
type. They confirmed the callogenic formation in
response to both hormonal concentration and
combination. The highest percentage of calloge-
nesis was observed from explants cultured on
basal medium with the combination of the three
growth regulators: NAA, BAP, and GA3 (at the
concentration of 5, 0.2, 1 mg L−1, respectively),
and with a photoperiod of 16 h/8 h (light/dark).
No callus was observed with explants cultured in
basal-free hormone media or basal medium
added only with BAP and GA3.

Setting up of callogenesis from leaves has
been described in Menin et al. (2013) and
Bekheet et al. (2014a). Menin and colleagues
chose leaves as starting material because less
prone to necrosis (Kchouk et al. 1997a; Moglia
et al. 2012), and so they represent the most
suitable explants for tissue culture in vitro. The
leaf explants used for callogenesis originated
from virus-free, meristem culture-derived plant-
lets. In their study, they compared more than 100
combinations of media supplements (e.g., dif-
ferent growth regulators, presence of absorbers
of polyphenols, and inhibitors of polyphenol
oxidase), along with various light regimes, on
three globe artichoke genotypes to define the
optimal conditions for callus induction from leaf
explants. The optimum combination of plant
growth regulators to induce callus formation in
all varietal types was, after 1 week of culture,
1.0 mg L−1 BAP plus 3 mg L−1 NAA and

constant darkness (no other supplements like as
absorbers of polyphenols or inhibitors of
polyphenol oxidase). The calli were pale green in
color with a watery consistency.

Bekheet et al. (2014a) obtained calli from leaf
explants of globe artichoke Green Globe variety
cultured on MS medium supplemented with
5 mg L−1 NAA, 2 mg L−1 Kin, 0.1 mg L−1

GA3. Effects on callus growth after addition to
the culture medium of gelling agents (gelrite or
agar), picloram, salicylic acid (SA), and jasmonic
acid (JA) were also described. Callus on medium
gelled with gelrite usually showed higher growth
and better quality in comparison to that grown on
the same medium gelled with agar; supplemen-
tation of culture medium with picloram generally
enhanced callus growth values compared to the
control. The addition of SA (most effective
concentration 75 lM) or JA (50 lM) induced
significant increase of callus growth (presented
as fresh weight and dry matter), with SA being
more effective on the enhancement of callus
growth compared with JA.

Finally, Bekheet et al. (2014b) reported on the
induction of callogenesis from leaf, petiole, and
stem explants of in vitro grown shootlets. Results
indicated that callus was induced on all explants
within five weeks of culturing; however, among
the three explants examined, leaf segments were
the most suitable for callus induction giving the
best results of callus frequency with all combi-
nations of growth regulators used. The highest
value of callus frequency (80%) was registered
when leaf explant was cultured on medium con-
taining 5 mg L−1 Kin and 0.5 mg L−1 IAA.

Overall, all these results confirmed that the
efficiency of callogenesis in globe artichoke
varies widely according to the cultivar, the
starting tissues, and the combinations of growth
regulators.

3.4.3 Protoplast Isolation and Culture

Protoplasts are naked cell without the cell wall;
the plasma membrane is the only barrier between
the living cytoplasm and the exterior environ-
ment. The removal of the cell wall opens up a
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wide range of possibilities for the in vitro
manipulation of plant cells. Thus, they are con-
sidered the most promising tools for genetic
manipulation of plants. Normally, once cultured
on appropriate media, protoplasts can synthesize
new cell walls (Willison and Cocking 1972) and
regenerate complete plants.

Several techniques have been devised for
isolation and culture of isolated protoplasts
(Cocking 1972). Theoretically, they can be iso-
lated from a wide variety of plant tissues and
organs that include leaves, roots, fruits, and
embryos. Among these, the mesophyll tissues of
young plants are the most frequently used. Cell
suspension cultures also provide excellent source
materials for isolating protoplasts in species in
which attempts to induce sustained division of
mesophyll protoplasts have failed.

Cynara scolymus L. is one of those species in
which protoplasts from leaves of in vitro plants
failed to divide under a wide range of culture
conditions. Only one report on the successful
isolation of protoplasts from C. scolymus (Ordas
et al. 1991) is available. Viable protoplasts were
isolated from a cells suspension culture of cv.
Romanesco (Fig. 3.5a). The isolation method
yields up to 3 � 106 protoplasts per ml packed
cell volume (PCV). After three days in culture,
up to 85% of the protoplasts regenerated a new

cell wall; and in 1–3 additional days, they start to
divide. It is noteworthy that there is a direct
relationship between wall formation and cell
division (Razdan 2003).

As already reported for many plant species
(Nagata and Takebe 1971; Mbanaso and Roscoe
1982), also in globe artichoke, the high plating
density (2 � 105 prot. mL−1) and the use of agar-
ose plating culture technique enabled cell division
and stimulated the development of protoplast-
derived colonies, respectively (Fig. 3.5b).

Indeed, the use of soft agar allowed to avoid
clumping of protoplasts and to facilitate plating
efficiency determination (Vasil and Vasil 1987).
The latter, determined after four weeks, generally
was in the range of 1 ± 0.5%.

Protoplast yield, viability, and cell division
were influenced by several factors, e.g., age of
the cell culture, enzyme composition, culture
density (Loudon et al. 1989; Roest and Gilissen
1989).

The development of finely divided fast-
growing suspension was found to be essential
for efficient protoplast isolation and division
(Abdullah et al. 1986). Notably, the effectiveness
of enzyme solutions and the protoplast yield
and quality were varied considerably by the age
of the cell suspension culture. Concerning
enzymes, pectinase used to disperse cells

Fig. 3.5 Development of
protoplasts of globe artichoke
cv. ‘Romanesco’: a freshly
isolated protoplasts from
10-day-old suspension
culture; b protoplast-derived
colony 21 days after isolation;
c callus formation after
3 months of culture
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aggregates seems to be needful to release good
quality protoplasts.

Growing calli (5–7 mm in size), once trans-
ferred on medium containing 0.5 mg L−1 BAP
and 0.5 mg L−1 IBA, proliferated into compact
green calli which occasionally develop globular
structures, which, however, failed to regenerate
shoots (Fig. 3.5c).

Although the establishment of a cell suspen-
sion culture of globe artichoke by Ordas et al.
(1991) paved the way for isolation and culture of
protoplasts, the bottlenecks in protoplast-to-plant
regeneration still persist, highlighting once again
the recalcitrant nature of this species. Overcom-
ing the regeneration bottleneck in globe artichoke
would make feasible the use of biotechnological
techniques involving the actual manipulation of
genetic material.

3.4.4 Plant Regeneration

Plant regeneration is an essential step in the
success of any crop improvement program uti-
lizing in vitro tissue culture. A well-defined,
reproducible, and highly efficient plant regener-
ation procedure is a prerequisite for most of the
biotechnological approaches.

Plant tissue culture relies on the capacity of a
plant cell or tissue to develop an entire plant if
suitably stimulated (totipotency). Regeneration
begins with a process of morphogenesis. The
two primary morphogenic pathways leading to
whole plant regeneration involve either somatic
embryogenesis, or shoot organogenesis followed
by root organogenesis. Both developmental
pathways can occur either directly without an
intermediate callus stage, or indirectly following
an unorganized callus stage (Gamborg and
Phillips 1995). Several factors influence the
phenomenon of morphogenesis during in vitro
culture. These include genotype, physiological
stage of the donor plant, explant source, explant
age, explant size and growth regulators.

Globe artichoke has been shown to be recal-
citrant to plant regeneration under in vitro

conditions. In fact, in the face of several reports
published on in vitro propagation, advanced
biotechnological approaches are still lacking with
only a few works available.

Regeneration in globe artichoke culture has
been observed nearly exclusively via indirect
organogenesis. In comparison to organogenesis,
embryogenesis has been unfortunately neglected.
Scaramella Petri and Ricci (1979) occasionally
observed embryoid formation on floral stem
explants cultured on Bourgin and Nitsch (1967)
medium supplemented with 1 mg L−1 kinetin
and 0.5 mg L−1 NAA. The embryos were how-
ever unable to grow further.

Different globe artichoke explants were
explored for regeneration capability. Since young
tissues and organs have higher regeneration
capacity than the older ones, in globe artichoke
the capitulum was expected to be a suitable
material for shoot regeneration, based on the
positive results reported on related species, such
as Gerbera (Murashige et al. 1974; Pierik et al.
1975) andChrysanthemum (Roest andBokelmann
1975). However, the callus induced on receptacle
section of young capitula (Ancora et al. 1979;
MoroneFortunato et al. 1979) failed to differentiate
into shoots.

Among the explants, young, immature flower
buds (1.5–2 cm in size), collected from
2-year-old field-grown plants, have been found
to be more responsive to indirect shoot organo-
genesis (Ordas et al. 1990). Bract-derived callus
gives rise to shoot differentiation (31%) within
5–6 weeks (Fig. 3.6a) when cultured on MS
medium containing 30 g L−1 sucrose and a
combination of auxin and cytokinin (2 mg L−1

NAA and 5 mg L−1 BAP). Morphogenesis was
initiated by cell proliferation in both epidermal
and sub-epidermal layers of the cut ends of the
bracts followed by shoot formation. De novo
differentiation of shoot primordia from callus
tissue was substantiated by histological analysis.
Shoot elongation and proliferation of axillary buds
were obtained following transfer on MS medium
containing 0.5 mg L−1 IBA and 0.5 mg L−1 BAP
(Fig. 3.6b).
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The size of the flower buds was found to
significantly affect callus induction and regener-
ation while no substantial differences among
bracts of the same flower bud were observed.

Regeneration competence of other explants
such as hypocotyls, shoot apices, leaves, roots
was also explored without success. A sudden but
casual induction of shoots in calli derived from
cotyledon and receptacle explants was reported
by Devos et al. (1975) after several subcultures
on a medium containing 10−6 M BAP and
10−7 M 2,4-D.

Differential regeneration capacity of adventi-
tious shoots on different explants from the same
plant has been documented several times. This
differential response observed between tissue
sources may be due to tissue competency, which
in turn could be due to different levels of pre-
existing inductive factors in the tissue.

So far, the immature flower buds, collected
from field-grown plants, represent the only
explant competent for regeneration and this is a
limit for their routine use in in vitro studies. In
fact, the seasonality of the species (one biological
cycle/year), the specific developmental stage of
the immature flower buds, and the low regener-
ation frequency still represent a bottleneck.

3.4.5 Genetic Transformation

The difficulty in obtaining regenerated globe
artichoke plants has hampered the possibility to
fully exploit transgenesis as a tool for genetic
improvement (Ordas et al. 1991; Kchouk et al.
1997b). In fact, although globe artichoke
cotyledons and leaf tissues represent the most
suitable explants for in vitro culture (Menin et al.
2012, 2013), with cotyledons giving better rates
of neoformation than leaves in a shorter time
(Kchouk et al. 1997a), the obtainment of whole
regenerated plants is a very inefficient process.

Transgenic calli of globe artichoke were
obtained from leaf explants of in vitro plantlets
(cv. ‘Romanesco’ and cv. ‘Violet d’Hyeres’)
by using Agrobacterium tumefaciens strain
C58pGV2260 containing GUS-INT and NPT-II
genes (Gonzalès et al. 1994; Kchouk et al.
1997b) (Fig. 3.7a). However, no shoot regener-
ation was obtained from GUS-positive calli
using regeneration media containing different
BAP, NAA, and IBA concentrations. In another
attempt, leaf explants of in vitro clones of the
varietal type ‘Romanesco’ were agroinfected
with the A. tumefaciens strain AGL0 01-124
containing the binary vector pCAMBIA 2301

Fig. 3.6 Plant regeneration
from bracts of globe artichoke
cv. ‘Romanesco’:
a development of shoot buds
into a leafy-shoot after
5–6 weeks of culture;
b regenerated plantlets
in vitro
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(Menin et al. 2012). The calli originated from
leaf explants were subjected to histochemical
analysis, and about 30% of them resulted posi-
tive to the b-glucuronidase gene (GUS) assay.
The detection of blue spots in the transformed
calli showed that stable transformation took
place unevenly in the transformed tissues. No
shoots were obtained from these transformed
calli due to the low regeneration rate.

Finally, to bypass tissue culture-related
regeneration difficulties, particle bombardment
approach of gene delivery was investigated in
globe artichoke by Gonzalès et al. (1994).
Transfer and expression of the GUS gene were
obtained into three-target tissue: leaf explants,
axillary buds, and morphogenic bract-derived
callus. 66.6% of axillary buds, 32.3% of mor-
phogenic calli (Fig. 3.7b) and 20% of leaf
explants resulted positive to GUS assay 24 h
after bombardment although no transgenic plants
were recovered from the organized tissue.

3.4.6 Secondary Metabolite
Production from In Vitro
Culture

Pharmaceutical interest in globe artichoke is
related to its high content in polyphenolic com-
pounds, mono- and dicaffeoylquinic acids (1,5-
O-dicaffeoylquinic acid) which possess antiox-
idative, hepatoprotective, diuretic, and choleretic
activity (Lattanzio et al. 2009; Wang et al. 2003).
Globe artichoke leaves can accumulate up to
50 g CQA kg−1 dry weight (DW), mainly as

chlorogenic acid (CGA; 5-O-caffeoylquinic acid)
while, in mature inflorescences, the CGA content
reaches only 1–2 g kg−1 DW (Wang et al. 2003;
Lattanzio et al. 2009).

The extraction of secondary metabolites
requires a large amount of plant material, and
their production by plants may greatly vary in
relation to the physiological stage of the tissues
as well as the genotype and its interaction
with environmental and seasonal factors. The
biotechnological production of high-value
metabolites by the plant in vitro system may be
considered an attractive alternative to classical
extraction technologies.

A previous study compared the content of
CGA and 1,5-diCQA in leaf tissues and calli
obtained from leaf explants of two globe arti-
choke genotypes (SAROM and C3-RR) belong-
ing to the varietal type ‘Romanesco’ (Moglia
et al. 2012; Menin et al. 2013). In both varietal
clonal types, the content of 1,5-diCQA of the
calli was three to fourfold greater than in the leaf,
while the content of CGA accumulates prefer-
entially in globe artichoke leaf tissue, in accor-
dance with what was reported in cultivated
cardoon (Trajtemberg et al. 2006).

The synthesis of plant secondary metabolites
is induced by pathogen attack, physical wound-
ing, or UV irradiation. An increase in diCQAs
content in foliar disks of globe artichoke was
detected following UV-C exposure (Moglia et al.
2008). The effect of UV-C irradiation was thus
tested on callus tissues of Romanesco SAROM
and slight enhancement of both mono- and diC-
QAs acids accumulationwas observed, suggesting

Fig. 3.7 Transformation of globe artichoke. a GUS
expression in stably transformed, leaf-derived callus of
cv. ‘Violet d’Hyéres’ four weeks after Agrobacterium
transformation. b Histochemical localization of GUS

activity in morphogenetic callus, 48 h after particle
bombardment of cv. ‘Romanesco’ with the plasmid
pBI121
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the possibility to use UV-C-irradiated globe arti-
choke callus culture for the production of phenolic
esters (Moglia et al. 2012; Menin et al. 2013).

Two suspension cultures, an anthocyanin-
producing and a not-producing cultures, and the
sourced callus of globe artichoke ‘Grato 1’
genotype (Fig. 3.8) were evaluated in terms of
their polyphenol content (TP), total anthocyanin
content (TA), and antioxidant activity (Menegh-
ini et al. 2016; Pandino et al. 2017a). The cell
suspension cultures showed enhanced antioxi-
dant activities compared to calli. Anthocyanin-
producing suspension cultures accumulated
higher TP and exhibited very strong DPPH free
radical scavenging activity and reducing power
compared to the non-producing suspension cul-
ture, due to the presence of anthocyanins in the
cultures. 1,5-O-diCQA together with 5-O-CQA
were the predominant caffeic acid derivatives
underlined in plant cell extracts. Pandino et al.
(2017a) highlighted the similarity in polyphenol
profiles between globe artichoke ‘Grato 1’ sus-
pension cultures and the leaves from field-grown
plants, and that cell suspension cultures of ‘Grato
1’ accumulated significantly higher levels of total
phenolic content than leaves.

In another study (Bekheet et al. 2014a, b), the
in vitro hypolipidemic and antioxidant effects of
extracts of globe artichokes callus cultures have
been analyzed in comparison with that of milk
thistles: Globe artichoke callus extract showed
more potent hypolipidemic and antioxidant
effect.

It was reported that mycorrhizal inoculation
might represent an efficient strategy to increase
plant phenolic compounds in globe artichoke
plants (Palermo et al. 2013). Micropropagation/
mycorrhization lead to a higher content of CQAs
in globe artichoke plants as compared to control
plants, which have been raised using conven-
tional vegetative propagation (Pandino et al.
2017b).

3.5 Germplasm Maintenance
and Conservation

3.5.1 Overview

The basic principle of the germplasm conserva-
tion technology is to preserve the maximum gene
pool of a determined plant species, considering

Fig. 3.8 Establishment of
anthocyanin-producing
suspension culture of globe
artichoke cv. ‘Grato 1’:
a callus formation from
in vitro leaves after 2 months
of culture; b cell-line
selection; c callus-derived
suspension culture after
4 months of culture

54 C. Comino et al.



their actual and potential use for the future
(Razdan 2003).

A broad range of materials can be conserved,
including traditional varieties, landraces, modern
cultivars, breeding lines, wild and weedy species,
alongside the new category of biotechnology
products, as cell lines with special attributes, and
genetically transformed materials. This new
germplasm is often of high added value and very
difficult to produce (Engelmann et al. 1994).

The development of efficient techniques to
ensure their safe conservation is therefore of
paramount importance.

There are essentially two complementary
basic strategies for the conservation: namely
in situ and ex situ. The former is the preservation
of species of living organisms in the habitat
where they naturally occur; the latter involves a
set of conservation techniques for the transfer of
a target species outside their natural habitats. It
entails the preservation and maintenance of
samples of living organisms in the forms of
whole plants, seed, pollen, and tissue or cell
culture.

The most widely used method for conserving
plant genetic resource depends on seed. How-
ever, several categories of crops present prob-
lems related to seed storage, thus these species
are mainly propagated vegetatively to maintain
clonal genotype.

The globe artichoke is an example of such a
crop where conservation in seed form is unsuit-
able due to its high heterozygosity level; plants
are usually conserved in field genebanks.
Although the latter strategy provides easy access
to conserved material for use, its maintenance
requires greater space, labor, and cost. Besides,
field genebanks run the risk of destruction by
environmental and biological hazards (Bianco
1990; Babes et al. 2004).

In vitro conservation has been proposed as a
safer alternative to the field genebank (De
Langhe 1984; Withers 1989), and, more gener-
ally as an efficient technique complementary to
in situ practices to preserve recalcitrant and
vegetatively propagated species (Dodds 1991).
This technique has the advantage of requiring
less space for storage. The main purpose of

in vitro conservation technology is the mainte-
nance and exchange of germplasm in the
disease-free and genetically stable state through
tissue culture. The maintenance of the true-to-
type nature of in vitro plants is an important req-
uisite to uphold certain agronomic and horticul-
tural traits when using elite genotype, not just for
conservation, but also for commercial purposes.

The use of shoot tips or axillary buds as a base
for multiplication and conservation greatly
reduces the risk of genetic variation (Murashige
1974). However, the possibility of occurrence of
somaclonal variants even in such cultures cannot
be ruled out (Devarumath et al. 2002). Soma-
clonal variation can result from either preexisting
variation in explant tissues or induced variation
during tissue culture (Skirvin et al. 1994). Fac-
tors such as genotype, media composition, phy-
tohormones, explant source and number of
subcultures may affect the extent of somaclonal
variation during tissue culture. Therefore, a rig-
orous analysis of the genetic stability of the
plantlets produced through tissue culture is
essential.

In vegetatively propagated crops, morpho-
logical criteria have been applied to assign a
genotype; however, such differences are difficult
to detect in in vitro propagated plantlets.

For conservation purpose, molecular markers
have come up as the most desirable tool for
establishing genetic similarity or dissimilarity of
in vitro propagated plants (Rey et al. 2013a, b;
Tavazza et al. 2015).

Different in vitro conservation methods can be
employed, depending on the use and storage
duration required (Engelmann 1997, 2011).
These fall into three categories: (i) short-term,
(ii) medium-term, and (iii) long-term conserva-
tion. For short-term (normal growth) and
medium-term (slow growth) storage, used for
germplasm evaluation and distribution, the aim is
to reduce the growth and to increase the intervals
between subcultures. Conversely, long-term
conservation (cryopreservation) foresees the
conservation of the plant material for an unlim-
ited period but not its distribution.

Each conservation method has its advantages
and disadvantages, and complementary strategies
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are required to maximize the conservation of
genetic diversity, which varies between species.

3.5.2 Short-Term Conservation

Globe artichoke genetic resources comprise a
diversity of genetic material contained in tradi-
tional varieties, modern cultivars, and crop wild
relatives.

Since 2007, globe artichoke landraces have
been collected, characterized and preserved to
conserve these gene pools both in the field and
in in vitro collections (Trionfetti et al. 2007;
Pagnotta 2012; Tavazza et al. 2013b).

The techniques to set up an in vitro collection
such as meristem tip culture and micropropaga-
tion and the procedures/conditions for the estab-
lishment and multiplication of axillary shoot
cultures have been previously described.

In vitro conservation of globe artichoke
germplasm can partly be achieved by regular
subculture on fresh media, making possible to
maintain cultures virtually indefinitely under
normal growth conditions. However, on normal
growth medium, in vitro plantlets have to
be frequently transferred (3–4 weeks) which
involves not only manpower and high costs, but
also the possible hazard of contamination, and,
sometimes, the loss of the entire sample. For these
reasons, micropropagation has been considered
only for short-term storage of globe artichoke
germplasm. Nonetheless, such method of storage
has the advantages that the stored material is
readily available for evaluation and distribution
can be easily evaluated to be alive, and cultures
may be quickly replenished when necessary.

Globe artichoke is a perennial crop, and the
morphological variations generated in tissue
culture could be visible only at the maturity.
Hence, an early detection of genetic variations
among the tissue culture raised plantlets is con-
sidered paramount for conservation purposes.

Rey et al. (2013a, b) evaluated the usefulness
of molecular markers, such as inter-simple
sequence repeats (ISSR) and simple sequence
repeats (SSR), in assessing the differences
between mother and in vitro plants of six clones

of globe artichoke and the possible variation
occurring during the cycles of micropropagation.
ISSRs proved to be useful in evaluating the
genetic stability/variability of both in vitro and
in vivo propagated plants reflecting the findings
of other studies (Leroy et al. 2001; Martins et al.
2004; Martin et al. 2006; Joshi and Dhawan
2007).

Notably, ISSRs showed that the greatest
number of changes occurred in the early stages of
subculturing. Statistically significant differences
were revealed among globe artichoke clones,
suggesting either that some clones are more
susceptible to somaclonal variation, or that the
in vitro instability is a consequence of a clone
versus culture medium interaction. Nevertheless,
the general trend of changes across the subcul-
ture was similar, reaching a maximum rate
between the second and fourth subcultures (Rey
et al. 2013a, b).

It should be noted that the changes detected
by molecular markers are not necessarily
impacting on morphological aspects since could
be located all over the genome including not
coding regions.

These results provide an important basis for
giving evidence that the clonal fidelity of
micropropagated plants of globe artichoke cannot
always be assured even when organized meris-
tem tissues are used as explant sources. Assess-
ment of genetic fidelity of micropropagated
plants at an early stage helps fine-tuning of
conservation protocol parameters and judges the
suitability of multiplication protocol for large-
scale applications.

3.5.3 Medium-Term Conservation:
Slow Growth

For medium-term conservation, the aim is to
reduce the growth of in vitro plantlets and to
increase the interval between subcultures. This is
achieved by modifying the physical environment
of culture, the medium composition or both
(Engelmann 1997).

Several parameters influence the efficiency of
in vitro slow growth storage protocol such as the
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type of the explants, their physiological state, the
time elapsed after the last subculture, and the
type of culture vessel used.

Choice of treatment is largely species-
dependent and substantiated by the ability of
specific cultures to endure the stresses incurred;
thus, it is essential to optimize regimes for each
species for the timing of subculture and
regeneration.

The most successful strategies have involved
temperature reduction, often combined with a
decrease in light intensity or dark growth. The
storage temperature is strictly dependent on the
cold sensitivity of the species. At low tempera-
tures, the aging of the plant material is slowed
down but not completely stopped as in cryop-
reservation. Lowering temperature and light
exposure have physiological consequences, such
as the reduction of respiration and metabolism,
water loss, and wilting, which allow for safe
conservation (Hughes 1981). In globe artichoke,
in vitro slow growth was achieved by combining
temperature reduction with the absence of light.
Shoot buds of cv. Balady (Egyptian local culti-
var) and cv. Violetto di Sant’Erasmo, could be
stored up to 3-months at 6 °C (Bekheet 2007;
Bekheet and Usama 2007) or 4-months at 4 °C
(Benelli et al. 2010) respectively without any
detrimental effect on viability and regrowth
of the shoots. Although the rates of regrowth
slightly decrease as storage duration increased
(6, 9 and 12 months), the recovery percentage
was enough to obtain high frequencies of healthy
shoots (Bekheet 2007; Bekheet and Usama 2007)
genetically identical to the control as highlighted
by RAPD analysis.

The inclusion of non-metabolisable sugar
alcohol mannitol or sorbitol along with an
increased or decreased sucrose concentration in
the culture medium was reported to be effective
in plant growth reduction and in extending the
subcultural interval (Wang and Hu 1985; Roca
et al. 1989). Mannitol or sorbitol increases the
osmotic pressure of the medium, and as a result,
the water availability to the growing cultures is
reduced (Dodds and Roberts 1985; Thompson
et al. 1986). The application of controlled
osmotic stress has been used with success for the

conservation (12 months at 18 ± 2 °C) of seven
late type’s globe artichoke genotype (Tavazza
et al. 2015). In this work, two concentrations of
sucrose (2 and 3% w/v) in combination with
either mannitol (4% w/v) or sorbitol (2 and
4% w/v) were tested. After 12 months of storage,
culture survival across genotypes ranged from
65 to 85% and all the media supported 100%
regrowth (Fig. 3.9). No culture abnormalities
were observed throughout and after minimal
growth maintenance. On the contrary, Bekheet
(2007) reported that under osmotic stress, a high
percentage of globe artichoke cultures suffered
from leaf etiolation.

The best storage parameters for slow-growing
globe artichoke germplasm were defined in terms
of their genetic and field performance once
retrieved from storage. Themedium supplemented
with 20 g L−1 sucrose and 20 g L−1 sorbitol
proved to be that where the seven genotypes dis-
played phenotypes similar to the control, coupled
with the lowest percentage of changes (2.43%) at a
molecular level (Tavazza et al. 2015).

Slow growth strategies are applicable for
medium-term conservation (Reed 1995; Reed
and Change 1997) and are now routinely used for
the storage of shoot culture in many industrial
laboratories and international/regional centers
(e.g., CIAT, CIP, CATIE). Such method enables
increasing the efficient use of resources, which
can be used for multiplication, evaluation, and
distribution (Williams 1984) and for reduction of
labor cost and staff time.

3.5.4 Long-Term Conservation:
Cryopreservation

Cryopreservation, i.e., storage of biological
material at an ultra-low temperature, typically that
of liquid nitrogen (−196 °C), currently offers the
only safe and cost-effective option for long-term
conservation of plant germplasm (Engelmann
1997; Wang and Perl 2006). Under cryostorage
condition, all cellular divisions and metabolic
processes are completely arrested (Reed 2008);
plant material can be stored without any change
for a theoretically unlimited period.
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The overall process for cryopreservation
consists of three phases: conditioning plants,
cryogenic phase, and recovery processes.

To date, cryopreservation has been success-
fully applied to many horticultural plants, e.g.,
garlic (Keller 2002; Volk et al. 2004), asparagus
(Mix-Wagner et al. 2000), chicory (Benelli et al.
2011), and potato (Kaczmarczyk et al. 2011). For
cryopreservation of vegetatively propagated
species, shoot-meristematic tissues are usually
preferred over non-organized tissues, such as
calli and cell suspension, because they are
genetically more stable (Helliot et al. 2002;
Benelli et al. 2012). Among different cryogenic
techniques (Feng et al. 2011), vitrification is by
far the most widely used cryopreservation pro-
tocol; it is easy, high reproducible and can be
successfully applied to a wide range of tissue and
plant species. Recently, the “vitrification/one-
step freezing” method (Sakai et al. 1990) was
applied to cryopreserve globe artichoke shoot
tips, dissected from in vitro plantlet (Taglienti
and Barba 2012; Tavazza et al. 2013a; Taglienti
et al. 2013). This technique involves the fol-
lowing steps: cold-hardening, preculture of
samples on medium enriched with cryoprotective
substances, treatment with a loading solution
(LS) (e.g., a mixture of 2 M glycerol and 0.4 M
sucrose; Matsumoto et al. 1995), dehydration
with a highly concentrated Plant Vitrification

Solution 2 (PVS2) (Sakai et al. 1990), rapid
freezing and thawing, removal of cryoprotectants
and recovery. To make this protocol suitable for
globe artichoke, it is essential to perform pre-
liminary experiments with every clone to assess
their viability and regrowth capacity after each
preparation step (Reed 2000).

In late genotypes of globe artichoke, cold
hardening of in vitro stock culture (4–5 weeks),
as well as the shoot tip size, is regarded as the
two factors affecting globe artichoke shoot tip
survival after cryopreservation and the key for
attaining post-LN growth (Tavazza et al. 2013a).
In fact, the authors reported that without cold
acclimation step, shoot tips did not survive
dehydration and subsequent LN exposure. The
size of the shoot tips was also critical, and
medium size tips (3–4 mm in length) proved to
be the best responding starting material. Con-
versely, the preculture procedure did not affect
regrowth of cryopreserved shoot tips.

The latter result is in contrast to previous
findings (Taglienti and Barba 2012) reporting
that it was necessary to preculture shoot tips
(1.0 mm in size) for 48 h on a medium supple-
mented with 0.3 M sucrose before freezing. This
difference could be ascribed to the shorter cold
acclimation of plantlets used by the authors.

The temperature of treatment and duration
of exposure to the vitrification solution are

Fig. 3.9 In vitro
development of retrieved
globe artichoke plants after
12 months of conservation by
slow growth culture:
a 12-month-old conserved
plantlet grown in the presence
of sorbitol; b plants recovery
and axillary bud proliferation
after 4 weeks
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important factors affecting survival and regrowth
of cryopreserved explant (Niino et al. 1997).
Exposure to a PVS2 at a low temperature (0 °C)
has been shown to minimize toxicity (Fig. 3.10a).
For the two late genotypes used, the best survival
percentages were obtained with an exposure time
of 90 min at 0 °C. Under these conditions, shoot
tips’ survival after cryopreservation achieves
55–61% depending on the genotype (Fig. 3.10b).
Moreover, the exposure time to PVS2 solution
seems to be associated with the size of the excised
shoot tips and appears to be genotype-specific at
the same temperature.

A rapid growth recovery after warming denotes
that the structural and physiological integrity of
shoot apices has been preserved during the cry-
opreservation process. Globe artichoke surviving
shoot tips had a slight delay in the development
after the incubation on the recoverymedium. Then,
they showed the same regrowth rate (31–36%) as
the control and developed shoots directly into
plantlets, which proved to be stable regarding
chromosome number (Fig. 3.10c).

Taglienti et al. (2013) by modifying the vit-
rification technique (Sakai et al. 1990) estab-
lished a protocol for cryopreservation of early
globe artichoke genotype obtaining a high
regeneration rate (70–95%).

Finally, cryopreservation of shoot tips can
also be used to eliminate pathogens (Wang
et al. 2009; Wang and Valkonen 2009). The
“vitrification/one-step freezing” method was

notably effective (100%) in eliminating the
endemic artichoke latent virus (ArLV) from both
early and late globe artichoke genotypes
(Tavazza et al. 2013a; Taglienti et al. 2013).
Variations in survival, regeneration rates and
virus eradication efficiency were observed either
between late and early genotypes or within each
genotype when tested under the same culture
conditions (Taglienti et al. 2013). It is therefore
essential that procedures be optimized for geno-
typic differences in dehydration and chemical
sensitivity (Reed 2000).
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4Cynara cardunculus as a Multiuse
Crop

Giovanni Mauromicale, Gaetano Roberto Pesce,
Maria Dolores Curt, Jesús Fernández, Javier González,
Jorge Gominho, Rafael Tabla, Isidro Roa and Ezio Portis

Abstract
The main use of Cynara cardunculus L. is
food, but there are also alternative uses, of
which this chapter gives an overview. All the
possible alternative uses of C. cardunculus
have emerged only in recent decades, with the
exception of the florets as vegetable rennet,
which has a very ancient tradition behind it.
The need for renewable energy sources has led
to studying C. cardunculus as an energy plant,

from which biomass for direct combustion,
biomethane, bio-ethanol and oil can be
obtained. The latter is also suitable for human
consumption. The aboveground biomass
could also provide fiber for paper pulp
production, as well as various livestock feed
resources. The chapter, lastly, includes the
above-mentioned use as vegetable rennet and
the possible use as an ornamental plant.

4.1 Biomass for Energy

Increased use of renewable energy may offer
significant opportunities for Europe to reduce
greenhouse gas emissions and secure its energy
supplies. In the long term, bio-energy crops
could play a key role in achieving these objec-
tives and, among them, perennial crops could
provide the greatest potential (Bentsen and Felby
2012). This development will be driven by fur-
ther productivity increases of agri-energy sys-
tems and the introduction of energy crops with
higher yields (Mauro et al. 2015). The crops
intended for the production of bio-energy differ
from conventional food and fodder crops, as they
are optimized to have high-energy efficiency
together with a low environmental impact
(Wiesenthal and Mourelatou 2006). The adapt-
ability of wild and cultivated cardoons to the
climatic conditions of Southern Europe is the
main reason for their good performance in mar-
ginal lands and in dry conditions, namely in
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environments that are less suitable for traditional
cultivations. Thanks to the autumn–winter–
spring cycle, plants can exploit the autumn–
winter rainfall available in the Mediterranean
environment (Ierna et al. 2012). Moreover, the
oldest roots, which have a reserve function,
support the sprouting of the dormant buds after
the summer dormancy. Furthermore, there is a
side effect in the cultivation of C. cardunculus as
an energy crop, i.e., its positive effect on soil
fertility, especially in marginal lands. C. car-
dunculus has been shown to significantly
increase soil organic matter, total nitrogen,
assimilable P2O5 and exchangeable K (Mau-
romicale et al. 2014). The increase in soil organic
matter may be due to the dry leaves detachment
during late harvest in both cultivated and wild
cardoons (Ierna et al. 2012). Additionally, the
residues of the deep and well-developed roots
increase the organic matter in the soil. The main
roots are able to develop at depth and to produce
profuse branches, while secondary roots, origi-
nated by annually formed stems, run horizontally
at different soil depths, giving rise to a tangled
root mass (Fernández and Curt 2005). In addi-
tion, plants at later stages of development would
have a greater predisposition for the translocation
of N to belowground parts (Fike et al. 2006).
Deep roots are able to extract (down to 40 cm of
depth and beyond) deep nutrient reserves (N, P,
K) and return them to the top 30 cm of the soil as
root residue biomass or use them for above-
ground biomass production. The long time
(9–10 months per year) of C. cardunculus sea-
sonal growth cycle, with extensive living of
aboveground vegetation and root systems, is able
to reduce losses of dissolved phosphorus, nitro-
gen, potassium and other nutrients by soil ero-
sion and by leaching with drainage water.

4.1.1 Aboveground Biomass Yield

Being a perennial species, C. cardunculus is
suitable for growing in a short cycle (up to
3 years) or in a multiyear long cycle (over
10 years). In the first case, the crop can be

included in a rotation plan with grasses or
legumes; in the second, the crop may be appro-
priately grown in abandoned marginal lands,
with benefits to both the soil and environment.
Ierna and Mauromicale (2010) evaluated six
genotypes of C. cardunculus, including one
cultivated cardoon cultivar, one globe artichoke
line, one wild cardoon ecotype and three F1
progenies: ‘globe artichoke � wild cardoon’,
‘globe artichoke � cultivated cardoon’ and
‘cultivated cardoon � wild cardoon’. Their
experiment was carried out under low-input
conditions. Results ranged from *12.0 t ha−1

year−1 of globe artichoke to*25.0 t ha−1 year−1

of F1 globe artichoke � wild cardoon, with
cultivated cardoon slightly less at *21.5 t
ha−1 year−1 (Table 4.1). The productivity of
genotypes has been further studied also in rela-
tion to different levels of mineral fertilization
(Ierna et al. 2012). Interesting here is that dif-
ferent genotypes responded differently to mineral
fertilization, but botanical varieties and, within
these, genotypes proved to be factors determin-
ing notable variations in yield per hectare
(Table 4.1). Weather conditions, in particular
rainfall, can affect biomass production. This was
clearly shown by Fernández et al. (2005) in their
9-year experiment in which biomass productivity
of cultivated cardoon, in rain-fed conditions, was
extremely variable from one year to the next
according to rainfall (Table 4.1). Again, regard-
ing the relationship between precipitation and
biomass production, Pesce et al. (2017), in their
3-year experiment on three genotypes of cardoon
under minimal input regime, found that, contrary
to expectations, the production of biomass from
cardoon in the third year was significantly lower
than that in the second year, precisely because of
the scarce rainfall (Table 4.1). Like all perennial
biomass crops, cardoon has low yields in the first
year, which can be considered a crop stabiliza-
tion stage (about 60% of maximum yield), and
reaches the maximum values at the 5th or 6th
year of cultivation. Angelini et al. (2009) carried
out a long-term (11 years) trial on two genotypes
of cultivated cardoon to which, every year,
mineral fertilizers (N, P2O5 and K2O) were
applied, as well as hoeing to keep the soil
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weed-free. The crop yield for each cultivar was
very poor in the first year (mean 5.2 t ha−1), but
from the first to the second year the production of
dry biomass increased considerably, remaining
high until the fifth year (on average *19 t ha−1

year−1). Thereafter—from the sixth year onward—
it decreased (Table 4.1). Unlike in cardoon, the
production of biomass in globe artichoke seems to
be greater in the first year (Foti et al. 1999; Ierna
and Mauromicale 2010). Another long-term
experiment (7 years) was conducted in Sicily
(Mauromicale et al. 2014), but in this case under
minimal input and also taking into account the
wild cardoon. In this trial, results are in line to
those found by Angelini et al. (2009). Under
minimal input, wild cardoon, although less pro-
ductive than the cultivated one, showed greater

stability in annual biomass production (Table 4.1).
The most important feature of a biomass plant
should be the maximization of the biomass yield,
in order to minimize the area for the production of
energy crops (de Wit et al. 2011). In this direction,
Portis et al. (2018) made efforts to identify the
genetic basis of biomass accumulation in C. car-
dunculus. However, if on the one hand the lower
productivity of the wild cardoon is a drawback, on
the other, its constancy is an advantage not to be
underestimated. Indeed, a more stable biomass
production over time allows a more reliable
quantification of the land for the cultivation of
energy plants (Bentsen and Felby 2012), as well as
the possibility of ensuring a programmable bio-
mass production, in order to reliably supply energy
production plants.

Table 4.1 Aboveground biomass yield of C. cardunculus as affected by genotype and crop age

Genotype References
1st year 2nd year 3rd year 4th year 5th year 6th year 7th year 8th year 9th year 10th year 11th year

3/10 V.S. (GA) 15.4a 13.3a 12.2a

374 F1 (GA) 12.8a 9.1a 7.7a

Gigante di Lucca (CC) 25.4a 35.8a 30.1a

Bianco Avorio (CC) 28.4a 36.2a 27.2a

Landrace of wild cardoon 19.3a 22.0a 15.1a

Cultivated cardoon 17.0 13.0 11.3 3.6 19.4 17.8 25.3 4.2 14.0 Fernandez et al . (2005)

Cultivated cardoon 19.5 21.3 23.6

Globe artichoke 13.2 11.1 12.8

Wild cardoon 7.4 17.9 16.6

Cultivated cardoon × wild cardoon 17.3 21.1 17.2

Globe artichoke × cultivated cardoon 11.8 19.4 27.7

Globe artichoke × wild cardoon 27.0 27.6 20.5

Bianco Avorio (CC) 22.7 31 34.2

Gigante di Lucca (CC) 20.7 24.8 29.3

Cardo di Nizza (CC) 19.9 25.5 27.3

Wild cardoon (CC) 7.8 19.4 15.8

Line 307 (GA) 5.8 8.9 7.6

Cultivated cardoon 5.2b 18.0b 18.1b 22.0b 18.5b 12.9b 8.0b 10.2b 8.4b 8.2b 9.8b Angelini et al . (2009)

Bianco Avorio (CC) 9.7 16.0 15.5 16.4 22.0 12.1 10.6

Wild cardoon 5.5 6.1 7.0 8.0 8.8 8.3 8.1

Altilis 41 (CC) 11.9 26.1 19.4

Bianco Avorio (CC) 11.8 21.3 17.2

Sylvestris Marsala (WC) 7.0 15.4 13.1

GA = Globe artichoke; CC = Cultivated cardoon; WC = Wild cardoon
a Value not including achenes' weight
b Average value between two cultivated cardoon genotypes

Foti et al . (1999)

Ierna and Mauromicale (2010)

Ierna et al . (2012)

Mauromicale et al.  (2014)

Pesce et al . (2017)

Biomass yield (t DM ha–1 year–1)

Sparkline chartsCrop age
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4.1.2 Biomass for Direct Combustion:
Heating Power

Some scientific papers have explored the possi-
bility of using the biomass (leaves, stems, flower
heads and achenes) of C. cardunculus as solid
biofuel, through direct combustion or pyrolysis
(Damartzis et al. 2011; Ierna et al. 2012; Kar-
ampinis et al. 2012). This species is suitable for
producing solid biofuel, because of its high bio-
mass production with a relatively small demand
for energy inputs, the low moisture content of its
biomass at harvest, the lignocellulosic nature of
its biomass and a high heating value. As a solid
fuel, C. cardunculus can be used for heating
applications or power generation (e.g., cofiring
blended with coal) (Fernández et al. 2006; Ierna
and Mauromicale 2010). Wild cardoon and cul-
tivated cardoon are more suitable for this purpose
than globe artichoke, for their greater produc-
tivity and hardiness. Combustion is the complete
oxidation of a substance, burning in the presence
of oxygen, which acts as a comburent. Com-
bustion is ultimately an exothermic reaction,
which causes the release of the fuel’s chemical
energy as heat. The most common technologies
for the generation of heat through solid fuels are

stoves, thermofireplaces and boilers. Foti et al.
(1999) found that there is no significant differ-
ence in the higher heating value (HHV) belong-
ing to the different botanical varieties of
C. cardunculus; indeed, they ranged from 16 to
17 MJ kg−1 of dry matter (these values do not
take the grain into account) (Table 4.2). Dahl and
Obernberger (2004) found that the HHV of
domestic cardoon pellet is 20.3 MJ kg−1

(Table 4.2). Fernández et al. (2006) found in
their experiments that HHV of domestic cardoon
amounts to *17.0 MJ kg−1, while its lower
calorific value (LHV) was equal to *15.9 MJ
kg−1 (Table 4.2). Grammelis et al. (2008) studied
C. cardunculus as a plant for the production of
solid biofuel in the Mediterranean environment.
They observed that the domestic cardoon bio-
mass has a HHV of 13.7 MJ kg−1, without the
achenes. This value increases up to 16.3 MJ
kg−1 if the achenes are also taken into account
(Table 4.2). Angelini et al. (2009) measured the
HHV of the biomass of two varieties of domestic
cardoon. The value per unit of mass reported by
these authors amounts to 14.9 MJ kg−1, a value
very close to that (14.8 MJ kg−1) found by
González et al. (2004), who studied cardoon
pellets (Table 4.2). As shown by Mauromicale

Table 4.2 Higher heating value (HHV) and lower heating value (LHV) of C. cardunculus biomass in relation to
botanical variety

Var. scolymus Var. altilis Var. sylvestris References

HHV
(MJ kg−1)

LHV
(MJ kg−1)

HHV
(MJ kg−1)

LHV
(MJ kg−1)

HHV
(MJ kg−1)

LHV
(MJ kg−1)

17.0a 16.3a 16.0a Foti et al. (1999)

20.3b Dahl and Obernberger
(2004)

15.0b González et al. (2004)

17.0 15.9 Fernández et al. (2006)

13.7a Grammelis et al.
(2008)16.3

14.9 Angelini et al. (2009)

18.2 18.0 Mauromicale et al.
(2014)

From 17.4 to
19.8

From 17.7 to
19.0

Mauro et al. (2015)

aNot including achenes
bPelletized biomass
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et al. (2014), there are no significant differences
in HHV among cultivated and wild cardoon
(18.2 and 18.0 MJ kg−1 DM, respectively)
(Table 4.2). Mauro et al. (2015) found that LHV
of biomass including achenes was very similar in
cultivated and wild cardoon, but they showed a
different pattern of variability during their
seven-year trial. In cultivated cardoon, LHV
increased from the first year (17.4 MJ kg−1 DM)
to the fourth (19.8 MJ kg−1 DM) and then
showed a decrease from the fifth onward (up to
17.4 MJ kg−1 DM). On the contrary, wild car-
doon reported a more stable LHV throughout the
entire experimental period, which ranged from
17.7 MJ kg−1 in the third year to 19.0 MJ kg−1

DM in the seventh (Table 4.2). The biomass of
C. cardunculus is also characterized by high ash
content (13.9%). Angelini et al. (2009) found
that the cultivated cardoon ashes contain SiO2

(14.5%), CaO (17.7%), K2O (21.5%) and Na2O
(10.0%). The alkali content is directly related to
the presence of alkali salts in the biomass
chemical composition, and they are unfavorable.
Among the alkali, potassium stands out. It is an
essential element for plant growth and is found in
high percentages in fast-growing crops. During
gasification, which is one of the phases of com-
bustion, the alkali salts vaporize, forming prod-
ucts such as KOH and KCl. Subsequently, when
the gas cools, these compounds condense in the
form of very small solid particles that must be
removed as their deposition can cause corrosion
of the metal surfaces and a decrease in plant
performance. This suggests its use in mixtures
with lignocellulosic biomasses of different origin.
The way the culture is managed can affect the
quality characteristics of the biomass of C. car-
dunculus. For instance, if during the harvesting
operations the soil excessively contaminates the
biomass, this has the same effect as large ash
content, with the known consequence of slagging
problems. In addition, an excessive fertilization
with KCl can lead to deposit formation in the
boiler (Dahl and Obernberger 2004). Cardoon
biomass has a high N content (1.5–2%)

(González et al. 2004; Angelini et al. 2009),
which however is not a good feature, because
fuel-bound nitrogen is responsible for most
nitrogen oxide (NOx) emissions produced from
biomass combustion. Cardoon biomass has a
volatile matter content of about 73% DM that can
be considered a desirable value for a good reg-
ulation of combustion or gasification processes in
large-scale plants (Angelini et al. 2009).

4.1.3 Energy Yield Per Hectare

If, on one hand, the difference in heating values
between the botanical varieties is small, on the
other, it appears more evident when considering
the quantity of biomass produced per hectare. Foti
et al. (1999) found that these values range from
195.5 GJ ha−1 recorded for globe artichoke,
311 GJ ha−1 for the wild cardoon, to 505 GJ
ha−1 of the cultivated cardoon (Table 4.3).
Angelini et al. (2009) showed that the energy
yield of cultivated cardoon per hectare amounted
to *193 GJ ha−1 year−1 (Table 4.3). This value
derives from the average between two cultivated
cardoon genotypes, one more and the other less
productive, as mentioned before. It is also the
average over an 11-year period, which means it
takes account of the low productivity of the last
years. In Ierna and Mauromicale (2010), energy
yield ranged between 204 GJ ha−1 reached by
globe artichoke and 413 GJ ha−1 of F1 hybrid
globe artichoke � wild cardoon (Table 4.3).
Ierna et al. (2012) continued the work of inves-
tigation on C. cardunculus as an energy crop,
comparing not only different genotypes, but also
the response to different levels of fertilization.
Three commercial varieties of cardoon (‘Gigante
di Lucca’, ‘Bianco Avorio’ and ‘Cardo di Nizza’),
an ecotype of wild cardoon taken from Sicilian
coastal areas and a synthetic globe artichoke
cultivar (‘Line 307’) developed from ‘Spinoso di
Palermo’ were compared. Three fertilization
levels were also compared: low (50–50–50 kg
ha−1 of N–P2O5–K2O, respectively), medium
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(100–150–150 kg ha−1 of N–P2O5–K2O) and
high (200–300–200 kg ha−1 of N–P2O5–K2O).
The highest energy yield was obtained by ‘Bianco
Avorio’, the lowest by ‘Line 307’. The perfor-
mance of the tested genotypes proved to be fer-
tilization level-dependent. Indeed, in ‘Bianco
Avorio’ and ‘Gigante di Lucca’, energy yield
peaked at medium fertilization level (554 and
466 GJ ha−1, respectively), while in ‘Cardo di
Nizza’ and wild cardoon energy yield peaked at
high levels (458 and 283 GJ ha−1, respectively),
‘Line 307’ being unresponsive to the fertilization
level (Table 4.3). In the Mauromicale et al.
(2014) experiment, the cultivated cardoon
accession doubled the energy yield of wild car-
doon over the whole seven-year cropping period
(275 vs. 138 GJ ha−1 year−1).

4.2 Biomethane Production

Anaerobic digestion (AD) is a technology to
obtain energy from agricultural biomass; its
objective is to produce biomethane, but it can
also produce positive secondary effects. The
agricultural sector, indeed, is the largest source of
non-CO2 emissions, like methane (CH4) and
nitrous oxide (N2O) (Environmental Protection
Agency 2012), and AD can reduce these emis-
sions, for example from slurry storage. It can also
lead to reduced impacts of pollution by waste
disposal. Furthermore, the process upgrades the
waste into a product and makes it a valuable
organic fertilizer, thus closing the cycle from soil
to crop, to product, to waste and back to the soil

Table 4.3 Energy yield per hectare of C. cardunculus biomass in relation to genotype

Genotype Total biomass energy yield
(GJ ha−1 year−1)

References

3/10 V.S. (GA) 228 Foti et al. (1999)

374 F1 (GA) 163

Gigante di Lucca (CC) 505

Bianco Avorio (CC) 505

Landrace of wild cardoon 311

Cultivated cardoon 354 Ierna and Mauromicale
(2010)Globe artichoke 204

Wild cardoon 230

Cultivated cardoon � wild cardoon 306

Globe artichoke � cultivated
cardoon

323

Globe artichoke � wild cardoon 413

Bianco Avorio (CC) 501a–554b–480c Ierna et al. (2012)

Gigante di Lucca (CC) 400a–466b–420c

Cardo di Nizza (CC) 420a–400b–458c

Wild cardoon (CC) 260a–220b–283c

Line 307 (GA) 140a–138b–141c

Cultivated cardoon 193 Angelini et al. (2009)

Bianco Avorio (CC) 275 Mauromicale et al. (2014)

Wild cardoon 138

GA Globe artichoke; CC Cultivated cardoon; WC Wild cardoon
aLow-level fertilization (50–50–50 kg ha−1 of N–P2O5–K2O)
bMedium-level fertilization (100–150–150 kg ha−1 of N–P2O5–K2O)
cHigh-level fertilization (200–300–200 kg ha−1 of N–P2O5–K2O)
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(Wellinger et al. 2013). In AD, several groups of
bacteria work together in converting organic
material into biogas. They feed on different
substrates and give rise to different types of
products, going through different phases.

The high polysaccharide and low lignin con-
tent of cardoon biomass provides opportunities
for biomethane production via AD; this is cur-
rently achieved largely from maize silage,
although bread wheat and triticale biomass is
also exploited on a smaller scale (Berglund and
Börjesson 2006; Dressler et al. 2012). The use of
crop residues or biomass obtained from a crop
such as cardoon, which has a minimal environ-
mental impact, improves environmental perfor-
mances of energy production through anaerobic
digestion (Duca et al. 2015).

In many studies, the specific yield of the mass
unit was measured and some authors pointed out
that biomass pretreatment can affect it. In fact,
Oliveira et al. (2012) have measured the yield in
biomethane of the stems of the cultivated cardoon
in the context of two trials in which two different
pretreatments were compared (Fig. 4.1). In one,
fine grinding (40–60 mesh) was combined with a
thermal treatment in distilled water to give rise to
self-hydrolysis. In the other, a coarser grinding
(10 mm) of the biomass was combined with a
thermochemical treatment, with the use of a
NaOH solution (1.4%, w/v) instead of distilled
water. In both trials, pretreatments were carried
out inside stainless steel reactors tightly closed
and placed together in a rotating structure within

an oil heated bath (160 °C) (Fig. 4.1). The
resulting pretreated material was mixed with the
inoculum and fed directly into the reactors under
a mesophilic temperature of 37 °C. The results of
this experiment have shown that the reduction in
the biomass particle size and thermal pretreatment
with NaOH have a positive effect on the methane
yield (Table 4.4). A full-scale experiment was
also carried out by Ros et al. (2013), using an
anaerobic continuously stirred tank reactor
(8–10 rpm) with 300 L working volume capac-
ity. It was at first filled with urban sewage sludge
(215 L), while a daily amount (20 L) of fruit and
vegetable processing sludge was added in order to
reach steady-state conditions in the reactor. When
the latter were achieved (after 55 days), a codi-
gestion of the fruit and vegetable processing
sludge with chopped fresh globe artichoke waste
(60/40) was started (Fig. 4.2). Thanks to the
addition of globe artichoke biomass, an increase
in the average daily biogas production was
achieved (from 244 to 354 L kg−1 dry DM
day−1) together with an improvement in the
quality of the latter, because the percentage of
methane increased from 40 to more than 70%.
These results give us the clear idea that globe
artichoke biomass can be used in biogas pro-
duction. Other authors have followed the path of
codigestion (Kalamaras and Kotsopoulos 2014),
blending the silage biomass of the domestic car-
doon along with the cattle manure (Fig. 4.3).
Once again, the result was encouraging:
cardoon silage in codigestion induced a specific

Fig. 4.1 Scheme of biomass treatment and anaerobic
digestion adapted from Oliveira et al. (2012). Trial I:
a grinding biomass. Size particles ranging from 60 to
40 mesh; b thermal pretreatment carried out with
distilled water using a fixed temperature of 160 °C, a
total solids content (TS) of 12.5% and a reaction time of
30 min; c putting pretreated biomass samples together

with the inoculum for 33 days. Trial II: a grinding
biomass. Size particles 10 mm; b thermal pretreatment
carried out with NaOH (1.4%, w/v) solution using a
fixed temperature of 160 °C, a total solids content
(TS) of 12.5% and a reaction time of 30 min; c putting
pretreated biomass samples together with the inoculum
for 33 days
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Fig. 4.2 Scheme of biomass treatment and anaerobic digestion adapted from Ros et al. (2013)

Table 4.4 Specific methane yield and methane yield per hectare obtained from C. cardunculus in relation to treatment
and genotype

Treatment/genotype Specific methane
yield

Methane yield per
hectare

References

40–50 Mesh grinding + thermal
pretreatment

620 L kg−1 VS 3560 m3 Oliveira et al. (2012)a

40–50 Mesh grinding untreated 500 L kg−1 VS 2871 m3

10-mm Grinding + thermochemical
pretreatment

590 L kg−1 VS 3388 m3

10-mm Grinding untreated 310 L kg−1 VS 1769 m3

Cattle manure + ensiled biomass (ratio
60:40)

308 L kg−1 VS – Kalamaras and Kotsopoulos
(2014)

Inoculum/substrate ratio 0.5 273 L kg−1 VS Fabbri et al. (2014)

Inoculum/substrate ratio 1.54 294 L kg−1 VS –

Inoculum/substrate ratio 2 409 L kg−1 VS –

‘Madrigal’ (GA) 293 L kg−1 DOM 7656 N m3 De Menna et al. (2016)

‘Spinoso Sardo’ (GA) 305 L kg−1 DOM 1648 N m3

‘C3’ (GA) 302 L kg−1 DOM 2960 N m3

‘Tema’ (GA) 305 L kg−1 DOM 4367 N m3

‘Violetto’ (GA) 263 L kg−1 DOM 1289 N m3

‘Altilis 41’ (CC) 205 L kg−1 DM 4074 N m3 Pesce et al. (2017)

‘Bianco Avorio’ (CC) 246 L kg−1 DM 4162 N m3

‘Sylvestris Marsala’ (WC) 249 L kg−1 DM 2867 N m3

GA Globe artichoke; CC Cultivated cardoon; WC Wild cardoon
aThese authors evaluated only the stems
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production of biomethane even higher than that of
maize silage (308 vs. 267 L kg−1 of volatile
solids, Table 4.4). Still on the subject of industrial
by-products of vegetable processing, interesting
considerations on the effect of the inoculum/
substrate ratio come from the work of Fabbri et al.
(2014). They studied globe artichoke waste
resulting from industrial transformation, com-
paring three different levels of inoculum/substrate
ratio (0.5:1, 1.54:1 and 2:1), on the basis of
volatile solids. Results showed that biogas and
methane production increase as the inoculum/
substrate ratio increases (Table 4.4).

Globe artichoke cultivation is characterized
by a large amount of field residues, comprised
between 80 and 85% of the aboveground bio-
mass. Most of this aboveground biomass is
either burned or buried, as it is not considered
valuable. In order to enhance this large mass of
field residues for energy purposes, De Menna
et al. (2016) did some tests to evaluate the
potential specific biomethane productivity of
field residues coming from some varieties grown
in Sardinia (Italy) and their productivity per
hectare. They also evaluated the effect of an
enzymatic pretreatment with cellulase, xylanase,
beta-glucanase and other carbohydrase activities
originating from a selected strain of Trichoderma
reesei. If on the one hand the enzymatic pre-
treatment did not bring about significant differ-
ences in the specific biomethane production, on
the other, the cultivar factor had a marked effect.
‘Madrigal’ and ‘Tema’ proved more suitable

than ‘Spinoso sardo’ or ‘Violetto’, especially
because of their greater yield per ha (Table 4.4).
Fresh residual biomass could be harvested and
utilized in biogas plants, allowing the integration
of food and fuel production and the optimization
of land use.

The potential of the cardoon as a biomethane
crop has also been investigated by assessing the
outcome of anaerobically digesting two culti-
vated forms and one wild one (Pesce et al. 2017).
Fermentation laboratory tests were performed on
ensiled biomass, as in the real-scale conditions.
Fresh material was first chopped at a size ranging
between 5 and 15 mm and then packed into a
sealed black polythene bag. The samples of
silage were fermented without any pretreatment
or additives. Unstirred laboratory-scale fer-
menters were kept at 40 °C within a water bath.
In each fermenter, the inoculum/substrate ratio
was 2:1 on a DOM basis (Fig. 4.4). The yield
of biomethane ranged from *200 (‘Altilis 41’)
to *245 (‘Bianco Avorio’ and wild cardoon)
N m3 per t DM (Table 4.4). But when calculated
on a per hectare basis, thanks to its higher per
unit area biomass production, the biomethane
yield of ‘Altilis 41’ equaled that of ‘Bianco
Avorio’ (respectively, 4074 and 4162 N m3,
Table 4.4); the wild cardoon accession was less
productive (2867 N m3, Table 4.4). This data,
obtained under very low crop input conditions, is
sufficiently high to justify considering C. car-
dunculus a promising candidate bio-energy crop
in the Mediterranean environment.

Fig. 4.3 Scheme of biomass treatment and anaerobic
digestion adapted from Kalamaras and Kotsopoulos
(2014). a Cutting biomass by scissors. Size particles of

less than 2 cm; b packing biomass into anaerobic bags for
20 days; c putting substrate (biomass + manure) samples
together with the inoculum in an oven at 37 °C for 45 days
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4.3 Bio-ethanol Production

Bio-ethanol has great potential as an alternative
fuel to diesel, but is currently more expensive
than non-renewable energy resources. Despite
this, in recent decades the production of
bio-ethanol has significantly increased. Brazil
and the USA are the main bio-ethanol producing
countries using sugarcane and corn, respectively,
as raw material (Pirzadah et al. 2014). However,
the bio-ethanol production could create conflicts
between human food use and industrial use of
these crops, especially in developing countries.
Lignocellulosic biomass is a promising alterna-
tive to avoid the existing competition of food
versus fuel caused by grain-based bio-ethanol
production, and the biomass of C. cardunculus
perfectly meets this need.

Ethanol production is normally performed in
three steps: (1) obtaining a fermentable sugar
solution, (2) fermentation of these sugars into
ethanol and (3) separation and purification of the
ethanol, usually by distillation–rectification–de-
hydration (Mussatto et al. 2010). The lignocel-
lulosic biomass consists essentially of cell walls,
which are made up of cellulose and hemicellu-
loses that are combined with lignin with lesser
amounts of extractives, protein, starch and inor-
ganics. However, these polysaccharides are
recalcitrant to enzymatic hydrolysis; for this rea-
son, the lignocellulosic biomass must be sub-
jected to pretreatments. Currently, numerous
pretreatment technologies have been studied to
process biomass feedstock for bio-ethanol

production and some of them have already been
applied to the biomass of C. cardunculus. One
of the pretreatment technologies is dilute
acid hydrolysis. The severity factors of dilute acid
hydrolysis, i.e., concentration of the acid and
pretreatment temperatures, must be carefully
measured, in order to maximize the quantity of
fermentable sugars, without generating inhibitors
(Pirzadah et al. 2014). All this is clearly shown by
the work of del Campo et al. (2006) in which the
dilute acid hydrolysis has been studied on wastes
from processing globe artichoke and cultivated
cardoon (Fig. 4.5). They observed that the globe
artichoke biomass responds smoothly to the acid
hydrolysis, giving rise to significant differences in
the concentration of sugars in the liquid fraction,
according to whether or not the pretreatment
required an acidic solution (0% vs. 0.5% H2SO4).
On the contrary, the biomass of cultivated car-
doon does not seem to have given equally clear
answers to the presence of sulfuric acid. Balles-
teros et al. (2007) measured the monosaccharide
yields in prehydrolyzate (liquid fraction) from
dilute acid pretreatment experiments of cultivated
cardoon stems (Fig. 4.5). In their experiment,
pretreatments with different combinations of
temperature (160, 180 and 200 °C), acid con-
centrations (0, 0.1 and 0.2% H2SO4) and solid
concentrations [5, 7.5 and 10% of (w/v)] were
compared. They have found that the most abun-
dant simple sugar in the liquid fraction is xylose
(accounting for up to 65–70% of total sugars) and
that in any case its content is heavily dependent
on the pretreatment conditions, as evidenced by
the fact that the highest temperature (200 °C)

Fig. 4.4 Scheme of biomass treatment and anaerobic
digestion adapted from Pesce et al. (2017). a Collection of
cardoon biomass from a 3-year experimental field with
three genotypes; b grinding biomass. Size particles

ranging from 5 to 15 mm; c packing biomass into sealed
black polythene bags for 90 days; d putting biomass
samples together with the inoculum at 40 °C for 27 days
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caused its lowering in the liquid fraction. Glucose
was found in significant amounts at the highest
temperature of 200 °C in experiments performed
with acid. This fact suggests a slight increase in
cellulose hydrolysis under increasingly severe
conditions. As the concentration of the acid
increased, the content of xylose and glucose in the
liquid fraction also increased, even though the
concentration of the acid was in any case low. Dry
matter concentration does not seem to have had a
particular effect on the concentration of xylose or
glucose in the liquid fraction.

Shatalov and Pereira (2011) employed
response surface methodology for statistical
modeling and optimization of low-temperature
dilute sulfuric acid hydrolysis of the hemicellu-
lose fraction of cultivated cardoon stems
(Fig. 4.6). They used a central composite rotat-
able design to assess the effect of the principal
independent process variables (reaction time,
temperature and acid concentration) on efficiency
and selectivity of heteroxylan conversion to
xylose. In other words, they sought the pre-
treatment conditions that maximized the recovery
of xylose in the liquid fraction, without affecting

the cellulose and without giving rise to inhibitors.
Of course, even moderate reaction conditions
applied for xylan hydrolysis caused the partial
hydrolysis of cellulose and decomposition of
monosaccharides to furans. Under optimum
reaction conditions (138.5 °C, 51.7 min and
1.28% acid concentration), 86% of xylose
recovery was achieved, with limited cellulose
degradation and furans formation (glucose 2.03 g
and furfural 1.04 g per 100 g of cardoon). The
hydrolysis of hemicellulose destroys the complex
that it forms together with the lignin and protects
the cellulose fibers in the cell walls. For this
reason, the cellulose contained in the pretreated
biomass was found to be more easily attackable
in the enzymatic hydrolysis, with the conversion
of about 76% of the cellulose into glucose (useful
for ethanol production), against 19% for the
untreated cardoon. A step forward was made by
Cotana et al. (2015), who performed fermenta-
tion after steam explosion pretreatments at dif-
ferent severity conditions on cultivated cardoon
biomass. They tested two different processes:
separate hydrolysis and fermentation (SHF)
and semi-simultaneous saccharification and

Fig. 4.5 Scheme of biomass treatment and analysis
adapted from del Campo et al. (2006) and Ballesteros
et al. (2007). a1 Collecting waste from processing
artichoke and cardoon (del Campo et al. 2006);

a2 collecting cardoon floral stems (Ballesteros et al.
2007); b milling of biomass; c pretreatments in autoclave
at high temperature; d analysis of liquid fraction
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fermentation (SSSF) (Fig. 4.7). The fermenta-
tions were carried out with Saccharomyces
cerevisiae yeast. In SHF, there were two separate
steps: pure enzymatic hydrolysis and pure fer-
mentation, while in SSSF a short enzymatic
prehydrolysis preceded the fermentation, in order
to ensure a glucose concentration high enough to
activate the yeast fermentation and good biomass
liquefaction (necessary to guarantee an efficient
mass transfer for the yeast). The results showed
slightly better performances achieved by SSSF
process compared to SHF, especially at low
severity pretreatment conditions, with a maxi-
mum overall ethanol yield of 13.64 g of ethanol
100 g−1 of raw material, equal to 68.94% of the
theoretical maximum yield (after 48 h of fer-
mentation). For the SHF process, the best overall
ethanol yield achieved was 13.17 g of ethanol
100 g−1 of raw materials, equal to 66.56% of the
theoretical maximum yield (after 72 h of fer-
mentation). Also, Fernandes et al. (2015) carried
out the saccharification and fermentation of the
cultivated cardoon biomass, after having sub-
jected the latter to steam explosion at 235 °C
(vapor pressure of 3.2 MPa) for 1 min using a
severity factor of 3.97 (Fig. 4.7). As showed by

scanning electronic microscope (SEM), steam
explosion pretreatment caused the disruption of
interfibrillar surfaces, improving the accessibility
of carbohydrate complex toward enzymatic sac-
charification. Solid recovery from steam explo-
sion was 75.8%, and the loss of solid matter
corresponded essentially to the removal of
hemicelluloses solubilized during the treatment.
Cellulose content also slightly decreased, indi-
cating that it was affected by the pretreatment.
The biomass so obtained was subjected to alka-
line extraction with 2% NaOH solution, in order
to remove lignin, tannins, saponifiable extrac-
tives, part of hemicelluloses and other degrada-
tion products arisen during the steam explosion
pretreatment. Biomass was finally subjected to
bio-ethanol fermentation by S. cerevisiae yeast,
carrying out both separate hydrolysis followed
by fermentation (SHF) and simultaneous sac-
charification and fermentation (SSF). SSF pro-
cess reached the highest maximum ethanol
concentration (18.7 g L−1 using 8% of solid
loading), productivity (26.6 g ethanol per 100 g
of dry biomass, after steam explosion and alkali
extraction) and fermentation efficiency (66.6%)
during 24 h against the 96 h (72 h for

Fig. 4.6 Scheme of biomass treatment and analysis
adapted from Shatalov and Pereira (2011). a Collecting
cardoon floral stems; bmilling of biomass; c pretreatments
in autoclave at high temperature; d enzymatic hydrolysis

performed at 50 °C for 72 h under 150 rpm rotation;
e analysis of hydrolyzates coming from both pretreat-
ments and enzymatic hydrolysis
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saccharification and 24 for fermentation) of the
two-step process needed for SHF. The same
saccharification and fermentation conditions
described above have been used by Fernandes
et al. (2018) to study the production of ethanol
from cultivated cardoon after pretreatment with
dilute acid hydrolysis (H2SO4 6.7%, 130 ° C, 55
min) (Fig. 4.8). After 24 h of fermentation using
8% of solid loading, the overall fermentation
efficiency and ethanol concentration for SHF
with these pretreatment conditions were respec-
tively 52.5% and 11.5 g L−1, while overall fer-
mentation efficiency and ethanol concentration
obtained in SSF were higher than those obtained
in SHF mode (55.8% and 12.2 g L−1, respec-
tively). Compared to steam explosion, dilute acid
hydrolysis rendered a lower ethanol concentra-
tion and a overall fermentation efficiency than
those reported by Fernandes et al. (2015). Pesce

(2017) evaluated the potential bio-ethanol pro-
duction of globe artichoke crop residues, coming
from two different genotypes, not subjected to
any pretreatment. He provided an estimation of
the potential production of bio-ethanol, both on a
dry matter and a per hectare basis of non-
pretreated biomass after enzymatic saccharifica-
tion (Fig. 4.9). The genotypes studied were
‘Opera F1’, an early purple F1 hybrid specifically
bred for annual production, and ‘Spinoso sardo’,
a traditional landrace belonging to the thorny
typology. ‘Spinoso sardo’ was more productive
than ‘Opera F1’, both on a dry matter (*112 kg
of bio-ethanol per t DM vs.*87) and per hectare
basis (*1553 kg ha−1 vs. *1481 kg ha−1), in
spite of the higher biomass productivity of
‘Opera F1’. The reason for this difference lies in
the greater content of free sugars in the ‘Spinoso
sardo’ than in the ‘Opera F1’ biomass.

Fig. 4.7 Scheme of biomass treatment and analysis
adapted from Cotana et al. (2015) and Fernandes et al.
(2015). a Collecting cardoon biomass; b milling of
biomass; c pretreatments with steam explosion; d1
separate hydrolysis and fermentation (Fernandes et al.

2015) or semi-simultaneous saccharification and fermen-
tation (Cotana et al. 2015); d2 simultaneous saccharifica-
tion and fermentation (Cotana et al. 2015; Fernandes et al.
2015); e analysis of products coming from enzymatic
hydrolyses and fermentations
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4.4 Oil Production (From Seeds)

The proposal of using C. cardunculus seeds for
oil production was first made in the decade of
1990, in the framework of a European project
(CORDIS-JOUB0030 1990), and it was based on
the fact the species is botanically related to other
oil crops such as sunflower or safflower (Curt
et al. 2002). As a member of the Compositae

family, the fruit of C. cardunculus is a cypsela,
i.e., an achene originating from an inferior ovary
(Beck 1891 cited in Marzinek et al. 2008). Due to
the fact that the cypsela is a dry fruit, indehiscent,
unilocular, and with a single seed not adnate to
the pericarp, this type of fruit is commonly known
as ‘seed’, although the seed is only the kernel that
is inside the cypsela. Like other species in the
Compositae family, C. cardunculus accumulates
oil in the seed endosperm (Fig. 4.10). Different

Fig. 4.8 Scheme of biomass treatment and analysis
adapted from Fernandes et al. (2018). a Collecting
cardoon biomass; b milling of biomass; c dilute acid
hydrolysis pretreatments in autoclave at high temperature;

d1 separate hydrolysis and fermentation; d2 simultaneous
saccharification and fermentation; e analysis of products
coming from enzymatic hydrolyses and fermentations

Fig. 4.9 Scheme of biomass treatment and analysis
adapted from Pesce (2017). a Collecting globe artichoke
biomass; b milling of biomass; c enzymatic hydrolysis

performed at 50 °C for 72 h under 150 rpm rotation;
d analysis of products coming from enzymatic hydrolysis
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procedures of oil extraction from cynara seeds
have been tested with success such as screw
vegetable oil expeller (Curt et al. 2002), solvent
extraction (n-hexane) and supercritical fluid
extraction (SFE) (Alexandre et al. 2012).

With a view to the exploitation of C. car-
dunculus as a poly-annual and multipurpose
crop, the potential of this species for seed oil
production has been studied by different authors
for a wide range of crop conditions. This way the
crop costs could be allocated to two crop prod-
ucts, the lignocellulosic biomass and the seed oil,
and the economic balance be improved (Fer-
nández and Curt 2004). Like other oil crops, the
yield components of the oil yield are seed oil
content (%) and seed yield (t seeds ha−1) which,
in the case of cynara, is a function of the number
of heads (capitula) developed, the seed propor-
tion in plant heads and the seed size. Oil quality
is assessed by determining the fatty acid profile
and oil properties, as related to different appli-
cations. Studies of C. cardunculus have been
conducted to determine these parameters as well
as the effect of a number of variables such as
genotype (sensu lato) and environmental condi-
tions. In large field experiments, procedures for
the mechanical harvest of cynara seeds have been
experimented as well (Pari et al. 2016).

Compilation of bibliographic data on oil yield
components of C. cardunculus is provided in
Table 4.5.

Values reported for seed oil content range
from 14.5% (Francaviglia et al. 2016) to 32.5%
(Curt et al. 2002), depending on various factors
such as crop conditions, plant growth, seed size
and ecotype. Generally, low seed oil contents
have been recorded for crops or individuals with
poor growth, for whatever the reason that might
be (tough crop conditions, marginal soils, wild
genotypes, etc.). High oil contents have been
related to seed size since the kernel proportion is
usually higher for larger seeds than for small
seeds. Kernel weight represents about 55.5% of
the seed weight for seeds sizing 7.5–7.3 mm
length (Curt et al. 2002). Under unconstrained
conditions, 23–25% oil content can be expected
for seeds of C. cardunculus, with a specific
weight of 35–40 g/1000 seeds. Oil content and
specific weight of cynara seeds have been
reported rather uniform, suggesting that these
variables have a small effect on cynara’s oil
production (Lag-Brotons et al. 2014). Neverthe-
less, genetically improved varieties have not
been released for seed oil yet; possibly, large
seeds with high kernel proportion and specific
weight content could be developed for high oil
yield by plant breeding.

C. cardunculus, as a multipurpose crop (bio-
mass and oil), is intended for drylands under
Mediterranean climates, where it was originated.
Similar to other crops grown in the Mediter-
ranean region, the most limiting factor for plant
growth and, hence, for higher seed yield is the
availability of water. In drylands, yields depend
on the precipitation recorded during the growth
cycle and soil water-holding capacity (Fernández
et al. 2006). The importance of these factors on
seed yield was clearly shown in the studies by
Vasilakoglou and Dhima (2014) and Archon-
toulis et al. (2010a, b), which were carried out in
different environments in Greece. Thus, irriga-
tion increased 46% the seed yield (Archontoulis
et al. 2010a) and seed yield in aquic soils was 2.5
times the seed yield recorded in dry soils (pro-
ductive crop cycles) (Archontoulis et al. 2010b).
It has been shown that high growth generally

Fig. 4.10 Fruits (cypselae or achenes) of C. carduncu-
lus, commonly known as cynara ‘seeds’ or cynara ‘grains’
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Table 4.5 Bibliographic data on components of oil yield in C. cardunculus

Variable Seed yield
(t ha−1 y−1)

Moisture
content
(% w/w)

Seed oil
content
(% w/w)

Specific weight
(g per 1000
seeds)

Seed/head
(% w/w)

References

Location, head size and
seed size

1.0–4.8 5.24–
6.39

17.0–23.2 10–57 18–39 Archontoulis
et al. (2010b)

Genotype and crop
season

1.09–2.44 – – 30.9–45.3 – Bolohan et al.
(2014)

Population, seed size
and crop season

– 7.81 20.6–32.5 – – Curt et al.
(2002)

Genotype 0.72–1.2 – 15.4–25.2 – 14.3–27.3 Curt et al.
(2014)

Genotype and crop
season

0.5–2.8 5.45–
6.35

21.7–26.6 19–37 8–44.5 Foti et al.
(1999)

Plant growth – – – – 18.6–28.7 Fernández
et al. (2007)

Location – 7.8% 21.5–26.1 – – Ferreira-Dias
et al. (2018)

Genotype and crop
season

0.57–3.69 – 14.5–20.3 – – Francaviglia
et al. (2016)

Genotype and crop
season

0.39–0.95 – – – – Gherbin et al.
(2001)

Soil fertility 0.10–1.63 – – 25–35 – Gominho et al.
(2011)

Genotype and crop
season

0.29–1.69 – – – – González et al.
(2011)

Genotype, fertilization,
harvest time and crop
season

0.2–1.4 – – – – Ierna et al.
(2012)

Genotype and crop
season

0.26–1.7 – – 22–39 – Ierna and
Mauromicale
(2010)

Organic fertilization
(sewage sludge compost)

0.85–4.33 – 20.1–23.7 40 – Lag-Brotons
et al. (2014)

Genotype and crop
season

– – 21.1–26.6 – – Maccarone
et al. (1999)

– – – 20.5 ± 1.0 – – Miceli and De
Leo (1996)

Genotype and input
conditions

0.5–3.3 – – 20.2–34.7 11.5–20.4 Neri et al.
(2017)

Genotype and crop
season

0.13–0.84 – 18.5–23.6 – 18.3–38.2 Piscioneri et al.
(2000)

Genotype and crop
season

0.20–1.82 – 19.7–27.3 18.6–45.3 – Raccuia and
Melilli (2007)

Genotype – 8–9 18.5–25.3 – – Raccuia et al.
(2011)

Genotype, irrigation and
weed competition

1.10–2.58 – – 24.9–35.9 – Vasilakoglou
and Dhima
(2014)
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results in greater amount of heads, and in heads
of larger size which contain higher proportion of
seeds (% w/w) (Archontoulis et al. 2010b; Fer-
nández et al. 2007). This plasticity of cynara
explains the wide range of values reported in the
literature for seed yields, from 0.2 to 4.3 t ha−1

year−1 (values from small field experiments).
Among the physicochemical characteristics of

cynara oil, it has been reported: 910–933 g/L
density (Alexandre et al. 2012; Benjelloun-
Mlayah et al. 1997), 0.3–2.0 acidity (% of oleic)
(Carvalho et al. 2006;Maccarone et al. 1999), 0.9–
3.2% unsaponifiable matter (Benjelloun-Mlayah
et al. 1997; Maccarone et al. 1999; Miceli and De
Leo 1996), 108.4–121.9 iodine value (Carvalho
et al. 2006; Miceli and De Leo 1996) and 1.47
refractive index (Benjelloun-Mlayah et al. 1997;
Miceli and De Leo 1996). Concerning the fatty
acid profile, C. cardunculus oil has been found
similar to common sunflower oil in most studies;
the main components are linoleic (C18:2, ranging
from 50 to 61%), oleic (C18:1, 18–34%), palmitic
(C16:0, 3–14%) and stearic (C18:0, 3–12%)
(Benjelloun-Mlayah et al. 1997; Carvalho et al.
2006; Curt et al. 2014, 2002; Lapuerta et al. 2005;
Miceli and De Leo 1996). It is worth mentioning
that Raccuia et al (2011) reported higher oleic
content for some domestic cardoon varieties (four
commercial varieties and four lines selected by
self-pollination), in line with the composition
reported by Piscioneri et al. (2000) for three
commercial varieties of cardoon; both studies
were conducted in Italy (Table 4.6).

In the context of bio-energy applications, the
suitability of seed oil of C. cardunculus for
biodiesel production has been studied (Alexandre
et al. 2012; Bouriazos et al. 2014; Fernández and
Curt 2004; Martínez et al. 2014; Sengo et al.
2010). Martínez et al. (2014) tested basic trans-
esterification of cynara oil to produce biodiesel
(fatty acid methyl esters, FAME) and reported
that the product met the quality standards of
density, kinematic viscosity, water content, acid
value, iodine value, flash point and cold filter
plugging point (CFPP) as set by the European
Norm (EN14214), but failed in the FAME con-
tent (92.3% < 96.5% in EN14214) and cetane
number (43.2 < 51.0). However, some biodiesel

properties were found to be more influenced by
transesterification and purification processes than
by the raw material. In this respect, Alexandre
et al. (2012) found that the two-step transesteri-
fication improved FAME contents. The perfor-
mance of cynara biodiesel has been studied with
success in engines (Lapuerta et al. 2005); results
have shown a significant reduction on particulate
emissions.

According to the ratio of unsaturated acids
(about 5.7), linoleic-to-oleic ratio (around 1.8)
and the virtual absence of erucic acid, cynara oil
has been reported suitable for human consump-
tion (Carvalho et al. 2006; Castejón et al. 2017).
Thus, the nutritional compositional data of
cynara oil is similar to common sunflower oil
(Castejón et al. 2017). These authors showed that
the composition of unoxidized cynara oil (crude
unrefined oil) was 55.5 polyunsaturated fatty
acids (PUFA), 27.4% monounsaturated fatty
acids (MUFA) and 17.1% saturated fatty acids
(SFA); during the frying process, cynara oil
suffered a decrease in PUFA (8%) and an
increase in SFA (5%) and MUFA (3%), with
respect to the initial composition; however, its
oxidative stability was better than sunflower oil.
The oil composition in triacylglycerols, sterols
and tocopherols was studied by Ferreira-Dias
et al. (2018) in relation to crop location; it was
found that the oil composition was more depen-
dent on edapho-climatic conditions of the site
than on cynara genetic variability. Sterols and
tocopherols that confer antioxidant and bioactive
properties to vegetable oils varied from 4254 to
5205 mg kg−1 and from 32.5 to 542.1 mg kg−1,
respectively. Cynara oil has not been marketed
for culinary purposes yet, but it is currently
advertised on the Internet as a nutraceutical
product (pearl format) for improving the status
and functioning of liver, based on the presence of
silymarin in the cynara oil, a hepatoprotective
plant compound (http://www.hipernatural.com/
en/venhepacyn.html). In this regard, the content
of silymarin in C. cardunculus seeds (unbred
seeds) has been reported about 1% (w/w,
dry basis) (Curt et al. 2005). On other possible
applications, it is worth mentioning that
cynara oil has been suggested for the production
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of soaps and cosmetics (Sharaf-Eldin 2016,
https://www.chateaudesplantes.com/en/le-cynara/,
http://www.bionap.com/20-cosmetica-inglese/80-
cardo-oil-en) and cynara seed cakes for pharma-
ceutical and cosmetics industry (Petropoulos
et al. 2018), fertilizer and animal feed (Curt et al.
2010).

In conclusion, therefore, it can be said that
yields of nearly 1 t seeds ha−1 year−1 or 250 kg
oil ha−1 year−1 seem realistic in most circum-
stances, for the poly-annual crop of C. cardun-
culus in drylands of the Mediterranean region;
cynara seed oil is similar to common sunflower
oil and is suitable for the production of biodiesel
and for food and nutraceutical applications.

4.5 Cellulose, Pulp and Paper

One of the possible utilization for the C. car-
dunculus aboveground biomass is as a fiber
source for paper pulp production. A recent
review published by Gominho et al. (2018)
showed that different delignification processes
were tested in cynara biomass to evaluate the
pulp aptitude (Table 4.7); Soda, in situ soda by
Benjelloun-Mlayah et al. (1997), soda-AQ by
Antunes et al. (2000), kraft by Benjelloun-
Mlayah et al. (1997), Poveda et al. (1999),
Gominho et al. (2001), Gominho and Pereira
(2006), Abrantes et al. (2007), Lourenço et al.
(2017), Kraft-AQ by Abrantes et al. (2007),

Table 4.7 Total yield and pulp Kappa number of the different delignification processes used to study the pulping
aptitude of different biomass fractions of C. cardunculus

Biomass fraction Process Total yield (%) Kappa number References

Stalks + leaves Kraft 48–51 26–22 Benjelloun-Mlayah et al. (1997)

Stalks 45 –

Stalks + leaves Soda and in situ soda 42–78 17–50

Stalks 41 22

Stalks Kraft 45–49 22–48 Poveda et al. (1999)

Stalks Soda-AQ 35–40 17–22 Antunes et al. (2000)

Stalks ASAM 49 15–20 Gominho and Pereira (2000)

Depithed stalks 52 15

Stalks Kraft 43.5 15.0 Gominho et al. (2001)

Depithed stalks 47.0 11.0

Depithed stalks Ethanol–water 40 28 Oliet et al. (2005)

Stalks Kraft 44–49 Gominho and Pereira (2006)

Stalks Kraft 37–39 14–21 Abrantes et al. (2007)

Stalks Kraft-AQ 33–39 17–22

Depithed stalks Acetosolv 37–82 7–43 Ligero et al. (2007)

Depithed stalks MILOX 47–76 29–10 Ligero et al. (2008)

Hairs and pappi Kraft 48–63 6–38 Gominho et al. (2009)

Stalks Ethanol–alkali 44–60 5–68 Shatalov and Pereira (2014)

Stalks Kraft 45 – Lourenço et al. (2017)

Stalks Ethanol–water 61 –

Adapted from Gominho et al. (2018)
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ASAM by Gominho and Pereira (2000), ethanol–
water by Oliet et al. (2005), Lourenço et al.
(2017), Acetosolv and MILOX by Ligero et al.
(2008) and ethanol–alkali by Shatalov and Per-
eira (2014). The major of these delignification
studies used stalks and the depithed stalks as raw
material, and only one dealt with hairs and pappi,
both fractions from the cynara capitula (Gominho
et al. 2009).

These studies proved that generally the cynara
stalks could be delignified with high total yields
(over 33%), with low rejects (between 1.9 and
3.5%) and low residual lignin content (Kappa
numbers ranging from 5 to 22). However, using
the whole cynara biomass is not advised due to
the higher content in parenchyma cells in the pith
of the stalks and branches. Gominho et al. (2001)
using kraft as delignification process observed
that when the pith was removed (mechanically or
manually) the delignification yields increased in
2–4% and the Kappa numbers decreased in 30%.
In addition, the presence of parenchyma cells
created several difficulties during the delignifi-
cation process, i.e., increased the chemicals
consumption and the content on pulp fines and
reduced the pulp yields (Ek et al. 2009). For this
reason, these non-fibrous thin-walled cells have
no interest for paper properties, and they are
called as the zero fibers for the ‘papermakers’.
So, it is advised to remove the pith fraction as
pretreatment to improve the pulp quality.
Another possibility is to pretreatment the bio-
mass, and different procedures have been tested
to promote the disruption of parenchyma cells
from the cynara biomass; Shatalov and Pereira
(2014) used a prehydrolysis with sulfuric acid
(1.28%) and Lourenço et al. (2017) steam
explosion. In both cases, the hemicelluloses
released can be valorized as by-products in a
biorefinery context. A clear evidence of the
positive achievement of the pith destruction is
the increase in the average fiber length (0.64 mm
vs. 0.83 mm) and the decrease in the coarseness
(0.12 mg m−1 vs. 0.10 mg m−1), respectively,
for kraft pulps made with whole stalks and
depithed stalks (Gominho et al. 2001). Gominho
et al. 2001 observed that cynara pulps obtained
with whole stalks refined easily (25° SR, 45° SR

and 80° SR at 0, 1 000 and 4 000 PFI rev), but
unfortunately, the drainage time increased very
strongly. On the other hand, depithed stalk pulp
presented higher strength properties (high bulk
and significant strength properties, especially in
relation to tensile; 104 N m g−1 at 750 PFI rev)
than the whole stalk pulp.

Hair and pappi detached from cynara capitula
biomass were also tested as raw material for
pulp. The kraft pulps showed high pulp yields
(63% for hairs and 48% for pappi) with low
residual lignin (Kappa number 7 for hairs and 11
for pappi) and adequate pulp properties for paper
(Fig. 4.11) (40 and 42 N m g−1 tensile index; 3.6
and 3.4 kPa m2 g−1 burst index in unrefined
pulps of hairs and pappi, respectively) (Gominho
et al. 2009).

4.6 Use in Animal Feeding

Since the petioles of lower leaves of this plant are
used as human food, it is logical to consider that
their use could be of interest in different types of
animals. Given the contents of fructans (inulin)
and flavonoids of the plant, the most interesting
option is its use in ruminants, because the ruminal
microbial digestion should eliminate the possible
disadvantages associated with an excessive sup-
ply of these compounds. Most of the studies
carried out on the nutritive use of this plant have
been done in these species. The cultivation of

Fig. 4.11 General aspect of a sheet paper made with
hairs, obtained by SEM analysis
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C. cardunculus can give rise to various feed
resources such as green forage, harvest residues
(after the cut for biomass production), seeds and
its presscake or meal after oil extraction.

4.6.1 Green Forage and Harvest
By-Products

The cultivation of this species for industrial pur-
poses can be compatible with obtaining green
forage providing that the cut for this last purpose
is made in autumn–winter, since, after this cut, the
plant springs up from its rosette; however, this

double use limits the biomass yield obtained
(about 46%, after Fernandez et al. 2006).
According to the edaphic and climatic conditions,
the yield of green forage in the indicated period
varied from 4 to 9.6 t of DM ha−1 (Fernández and
Manzanares 1989; Romero et al. 1997; Delgado
et al. 2005) increasing with the delay of the cut
date. At the indicated time, the plant is in vege-
tative state and the cut provides only leaves, so
that very high-quality forage is obtained in a
period of scarce availability of grazing resources.
This high quality is a consequence of a high
concentration of nutrients (see Table 4.8), com-
bining an adequate concentration of crude protein

Table 4.8 Mean values of chemical composition (g/kg of DM), ruminal degradability (%), digestibility (%) and net
energy content (milk (UFL) and meat (UFV) forage units) of different feedstuffs from C. cardunculus

Green forage Dry leaves Straw Ensiled foragea Seed

Referencesb 1, 2, 3, 4 2 2 2 5, 6, 7, 8

Dry matter (DM; %) 12.5 91.5 92.2 18.0 93.6

Organic matter (OM) 839 746 866 834 956

Ether extract (EE) 18.7 31.6 14.3 258

Crude protein (CP) 151 78.4 72.0 135 190

NDCP (g/kg CP)c 285 271 181 137

Crude fiber (CF) 138 260 341 138 226

Neutral detergent fiber (NDF) 256 408 607 259 374

Acid detergent fiber (ADF) 170 301 438 295

Acid detergent lignin (ADL) 28.0 67.5 69.1 94.6

Soluble carbohydrates 270 147

Crude energy (CE; kcal/kg DM) 3799 3488 3881 5558

DM degradability 81.4 56.5 40.9 56.8

OM degradability 79.9 53.4 36.2 87.5

CP degradability 79.7 82.9

DM digestibility 79.7 53.7 55.6 55.3

OM digestibility 85.6 65.9 56.8 56.3

CE digestibility 82.7 65.8 51.6 59.2

NDF digestibility 78.9 66.9 50.7 20.9

ADF digestibility 80.3 69.2 51.4 21.1

EE digestibility 83.0

UFL/kg DM 0.970 0.661 0.548 0.901

UFV/kg DM 0.979 0.61 0.46 0.789
aSoluble N: 10.1; NH3–N: 2.37
b1: Romero et al. (1997); 2: Cajarville et al. (1999); 3: Delgado et al. (2005); 4: Fernández et al. (2006); 5: Fernández
and Manzanares (1989); 6: Cajarville et al. (2000); 7: Riahi (2015); 8: Genovese et al. (2016)
cCP linked to neutral detergent fiber
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(CP) with a high content of soluble carbohydrates
and a relatively low content in fiber and lignin, of
which approximately 60% corresponds to cutin
(Cajarville et al. 1999). There is controversy in
the literature data about its fibrous contents. If the
neutral detergent fiber (NDF) is not made by
carefully disintegrating the insoluble residue, an
artifact is formed, which is not disintegrated in the
acid detergent fiber analysis (ADF); in this man-
ner, fiber values are overestimated (Cajarville
et al. 1999). In agreement with above indicated
characteristics, this forage presents a high
digestibility for both the total organic matter
(OM) and the fiber. Thus, Cajarville et al. (1999)
observed in sheep values of 86.1, 78.9 and 80.3%
for OM, NDF and ADF, respectively. This OM
digestibility value is two percentage points higher
than that indicated in the INRA tables (2007) for
the best forages. Given its high content in diges-
tible nutrients, its energy content is close to that of
concentrates. Thus, the indicated sample pre-
sented a net energy content of 0.97 UFL and 0.98
UFV, despite the fact that the OM content of this
sample (812 g/kg DM) was lower than normal.
Another clear index of the extraordinary quality
of this forage is its low contents in undegradable
materials in the rumen (6 and 4% of the OM and
CP, respectively, for this sample). The digestion
of this forage takes place basically in the rumen as
shown by the apparent rumen degradability val-
ues of 80% obtained for the MO and CP of this
same sample. This degradation is performed
simultaneously for these both fractions at a
medium rate. All the cited positive characteristics
would allow a high efficiency of microbial protein
synthesis in the rumen and, therefore, a high
supply of amino acids to the animal. In addition,
this forage has a high buffer capacity (about
640 meq OHNa/kg DM; Cajarville et al. 1999)
that may contribute to contain the possible fall of
ruminal pH due to its high content of soluble
carbohydrates (270 g/kg DM, Cajarville et al.
1999) of fast degradation. In summary, the con-
tribution of fermentable nutrients of this forage is
close to that of the concentrates avoiding the risks
of acidosis that involves the ingestion of high
amounts of these feeds in high productive
animals.

Given its vegetative state at the cut, the main
limitation of the wintergreen forage is its low
DM content (between 11 and 15%); in addition,
it shows a strong difficulty to moisture loss dur-
ing prehaymaking as a result of the cutinized
surface of its leaves and the winter weather
conditions. Consequently, the most valid con-
servation option is silage. Despite its high buffer
capacity and high moisture content, this forage
ensiled very well due in part to its high capacity
of compaction (leading to 0.81 tm/m3), which
may be increased by 10% with a prehaymaking
of one or two days. However, its high ensilability
is mainly due to its high content of soluble car-
bohydrates that allow intense homolactic fer-
mentation with moderate formation of acetic acid
and practically no other volatile fatty acids. This
fact, together with the low generation of ammo-
nia during silage maturation, is a clear indicator
of few possibilities for the action of undesirable
flora during silage. The turn silage over is prac-
tically impossible since the residual soluble car-
bohydrates after the maturation of the silo
represent something more than 50% of the initial
ones. Direct silage involves significant losses
(close to 20%, according to Cajarville et al.
1999), mainly by elution; however, these losses
can be greatly reduced with prehaymaking (up to
75% with a period of 94 h). Likewise, liquid
losses can be reduced placing in the silo-floor a
layer of absorbent materials, such as straw,
dehydrated beet pulp and harvest residues. The
chemical composition of silages made at capitu-
lum and seed ripening stage (Pesce et al. 2017)
shows that the good facility for silage of this
plant is maintained in the latest growth stages.
These silages have enough CP content and lead
to a reduction in elution and fermentation losses
due to its high DM content; however, their
nutritional value is reduced by its large levels of
NDF (between 450 and 480 g/kg DM) and by a
non-homolactic fermentation.

The basal leaves that remain under the cut in
the biomass harvest can be collected and used as
dry forage to present a considerable nutritional
value (see Table 4.8). Thus, their CP content is a
non-limiting factor for the ruminal microbial
fermentation and their fiber contents are not
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excessive. Also, OM and fiber digestibility and in
special its ingestion level are high for a dry crop
by-product. Their main limitation is its high ash
content, due to an important contamination with
soil. In spite of this, this by-product maintains
contents in net energy of the order of a hay of
medium–good quality. The quality of this
by-product would benefit from some mechanical
treatment that would reduce soil contamination.
The seed harvesting allows obtaining biomass
that, if not used for industrial purposes, can be
used in the ruminant feeding. By including the
stems and the remains of the chapters, their
nutritional value is considerably reduced. How-
ever, this by-product presents values of inges-
tion, digestibility and energy content 20% higher
than those of wheat or barley straws and similar
to those of leguminous straws (Cajarville et al.
1999).

The important changes that occur throughout
the phenological cycle of this plant allow a good
prediction of the digestibility of OM, energy or
fibers of these forages based on their fiber or
lignin contents (Cajarville et al. 1999).

4.6.2 Seeds

This seed has large contents as in both lipids and
CP as in fiber (see Table 4.8), since its small size
implies a low almond/hull ratio. The almond is
rich in the first two fractions, while the hull,
which represents almost a half of the seed (45%,
according to Cajarville et al. 2000), is very rich
in lignified fiber and poor in CP, being the latter
mainly linked to fiber. Thus, in monogastric
species, its use would be restringed to limited
quantities to avoid the high supply of indigestible
fiber. In addition, its nitrogen value is only
medium, because its profile of essential amino
acids, although rich in branched-chain amino
acids and tryptophan, has a low concentration of
sulfur-containing amino acids and lysine and a
non-negligible part of lysine is provided by the
hull, which reduces its digestibility. Its main
nutritional asset would be its lipid content,
which, as noted in other chapters, is highly
unsaturated, highlighting in them the high

proportions of oleic (24–28%) and especially
linoleic acids (57–61%), as well as the main
oleaginous seeds most commonly used in animal
nutrition. According to Cajarville et al. (2000),
its OM digestibility in ruminants is 56–57%, as a
result of a high digestibility of lipids and proteins
(82–84%) and a low fiber digestibility (around
21% for NDF and ADF). The nitrogen value of
the seeds is also intermediate, because in addition
to the already mentioned limitations, the ruminal
fermentation of this seed will support a poor
ruminal microbial protein synthesis due to its
large content in both lipid and poorly degradable
fiber; also, its protein has a high and fast degra-
dation, as in most oilseeds. Thus, considering the
data of Cajarville et al. (2000) and that the
ruminal undegradable fraction must be in turn
indigestible in the small intestine, the intestinal
digested protein of this seed would be less than
3% of its total protein. These last authors show
also that this seed may be included at 30% of the
diet of ruminants without negative effects on the
fiber ruminal digestion of diet’s forages; how-
ever, they recommended an inclusion level of
10% to avoid an excessive fiber supply and to
take advantage of synergistic effects.

The use of extraction whole meals presents
the limitation of excessive indigestible fiber
content. Thus, after solvent oil extraction, its
levels of NDF, ADF and lignin will be in the
order of 50, 40 and 13.5%, respectively, which
limits the possibilities of inclusion in the diet of
feeds of greater nutritional concentration. The
decortication of the seed would allow improving
its nutritional value; however, the previously
mentioned limitations of the seed nutritive value
would not justify the cost of this process.
Therefore, the production of presscake or solvent
meals should be conditioned by the interest of oil
production and the inclusion levels in diets
should be limited.

4.7 Use of Florets in Dairy Industry

Coagulation is a key property for milk conser-
vation because it makes possible the transfor-
mation of milk into cheese. According to
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St-Gelais and Collet (2010), milk coagulation
may be defined as the destabilization of the
casein micelles, which flocculate and aggregate
to form a gel enclosing fat and soluble milk
components. The loss of the colloidal stability in
micelles can be caused by acidification, enzy-
matic action or a combination of the two. In acid
coagulation, the H+ ions released in milk grad-
ually neutralize the electronegative charges of the
casein micelles, decreasing their electrostatic
repulsion until they disappear. At room temper-
ature, micelles begin to aggregate at pH 5.2,
although total flocculation occurs at pH 4.6,
when the isoelectric pH of casein is reached
(Troch et al. 2017). Enzymatic coagulation is
based on the action of proteolytic enzymes. The
cleavage of the micelle-stabilizing protein
j-casein at or near of the peptide bond Phe105–
Met106 provokes the aggregation and gelation of
the rennet-altered micelles. This particular zone
of the j-casein is very susceptible to aspartic
proteinases due to the especial conformation of
the molecule in the region of residues 98–111
(McSweeney 2007a). Most proteinases are able
to coagulate milk under the proper conditions;
however, few of them are specific enough to not
overhydrolyze the coagulum, which provokes the
reduction in cheese yields. The best rennets are
characterized by high milk-clotting activity
(MCA) on j-casein and low non-specific prote-
olytic activity (PA) (Pires et al. 1994). Calf
rennet is considered to be the most suitable
milk-clotting protease, due to its high MCA/PA
ratio (Mazorra-Manzano et al. 2013). Its princi-
pal proteinase is chymosin, although it also
contains pepsin, a protease of broader specificity
which accounts for *10% of the milk-clotting
activity by calf rennet (McSweeney 2007b).

Several factors such as high price of rennet,
vegetarian diet or religious dietary laws (e.g.,
Halal or Kosher) have encouraged the search for
alternative milk-clotting sources (Roseiro et al.
2003). Genetically modified organisms (GMO)
made it possible to obtain calf chymosin as a
fermentation product; nevertheless, it is banned
in GMO-free countries. Vegetable coagulants
have proven to be suitable rennet substitutes that
also offer an alternative to the previous

requirements. Aqueous extracts of dried cardoon
flowers have been widely used for the manu-
facture of traditional Mediterranean cheeses.

4.7.1 Proteinases

The stylets and stigmas of C. cardunculus
flowers (violet part) contain several aspartic
proteinases (APs), initially synthesized as
zymogens which, after proteolytic processing,
yield the mature and active enzyme
(Ramalho-Santos et al. 1997). So far, nine dif-
ferent APs have been purified and characterized:
cyprosins 1, 2 and 3 (Heimgartner et al. 1990;
Cordeiro et al. 1992), and cardosins A, B, E, F, G
and H (Sarmento et al. 2009). However, not all
the APs are expressed in all the cardoon flowers
(Amira et al. 2017a). Even though cardosin and
cyprosin genes coexist in the genome of the same
plant, they have not yet been copurified. Addi-
tionally, there are genetic evidences that other
two APs could be expressed by the pistils of C.
cardunculus (cardosins C and D), although they
have never been purified and characterized
(Pimentel et al. 2007). It has been observed a
high variability of protease content in cardoon
flowers, probably due to the natural geographic
localization, the flowering stage and the seasonal
climatic conditions (Heimgartner et al. 1990).

Cardosins A and B are the best-known pro-
teinases from C. cardunculus. Their enzymatic
activities have been studied against caseins,
insulin B chain and several synthetic substrates
(Veríssimo et al. 1995). According to kinetic
parameters and specificity, cardosin A was con-
sidered to be similar to chymosin, while cardosin
B was comparable to pepsin, which shows a
broader specificity. Cardosins E, F, G and H
share among them most of amino acid sequence
and primary structure, resembling cardosin A.
Nevertheless, they exhibit different activities and
selectivities (Sarmento et al. 2009). Cyprosins,
on their part, display a high proteolytic activity
and low specificity, being cyprosins 2 and 3 the
most active ones (Brodelius et al. 1998).

These enzymes induce milk coagulation like
chymosin, through cleavage of the Phe105–
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Met106 bond in bovine and ovine j-casein,
whereas caprine j-casein is preferentially
cleaved at Lys116–Thr117 (Sousa and Malcata
1998). However, the strong proteolytic action
and the low specificity of some of them eventu-
ally lead to a more extensive breakdown of the
milk proteins. In general, proteinases from C.
cardunculus show higher preference than chy-
mosin for bonds between hydrophobic regions of
as1-casein and b-casein, (Macedo et al. 1996)
releasing hydrophobic peptides, which are sen-
sorially perceived as bitter.

Depending on the milk type (sheep, goat or
cow), caseins are hydrolyzed in a different way
by the APs from cardoon flowers. The hydrolysis
degree of bovine and caprine caseins due to
C. cardunculus rennet during milk coagulation or
cheese ripening is generally higher than that in
ovine caseins. b-casein and as2-casein from cow
and goat contain more peptide bonds susceptible
of cleavage than the ovine ones. Instead, ovine or
caprine as1-casein presented more cleavage
sites than bovine as1-casein. A more detailed
description of the known cleavage sites of
C. cardunculus proteinases in bovine, ovine and
caprine caseins has been reviewed by Sousa and
Malcata (2002).

C. cardunculus proteinases have also effect on
whey proteins. Cardosin A and B showed pro-
teolytic activity toward bovine a-lactoglobulin,
producing several hydrophobic peptides. How-
ever, b-lactoglobulin apparently was not hydro-
lyzed by these APs. In the same way as against
caseins, cardosin B displayed a broader speci-
ficity than cardosin A (Barros and Malcata 2006).

4.7.2 Proteinases Extraction
from Florets

Traditional cardoon rennet is an aqueous extract
from C. cardunculus flowers. Despite being a
simple procedure, it is not standardized, there
being significant differences in method and
manufacturing conditions among the producers
from different Mediterranean regions. It could
even be said that each farmhouse or dairy has its
own extraction procedure. Nevertheless, different

traditional methods have common features. All of
them involve soaking the stylets and stigmas of
dried flowers in tap water and let it macerate at
room temperature. The maceration time may vary
from 4 h (Amira et al. 2017b; Ordiales et al.
2016) to 24 h (Roa et al. 1999b; Fernández-Sal-
guero et al. 2002b). The amount of dried flowers
used for the coagulant preparation is dependent
on the amount of milk and the clotting time
desired. As an illustrative example, it would be
necessary 50 g of dried flowers to coagulate
100 L of sheep’s milk in one hour at 30 °C. After
the maceration, the mix is filtered through a cot-
ton piece and the brownish liquor is eventually
used to induce the milk coagulation. Cardoon
flowers are usually ground in a mortar; however,
this process can be carried out dry (Roa et al.
1999b) or wet (Sousa and Malcata 2002),
depending on whether it is done before or after
mixing with water. If it is done dry, a more
intense grinding is possible adding crude kitchen
salt, which acts as an abrasive. According to
Sousa and Malcata (1996), intense grinding
affected positively the proteolytic activity of the
extracts, whereas longer homogenization affected
it negatively. Although pH has not been consid-
ered in traditional preparations, it seems to have a
crucial role in the activity of C. cardunculus
extracts. Their specific action (MCA/PA value)
increased considerably with pH drop, exceeding
even that of chymosin (Amira et al. 2017b).
According to Cavalli et al. (2013), at acid pH
*75–90% of the extracted enzyme activity cor-
responds to cardosin A, which among APs from
C. cardunculus is the one that most resembles
chymosin. On the contrary, maceration at pH 6
showed the lowest milk-clothing activity and
MCA/PA ratio, although the crude extract con-
tained the higher protein concentration and pro-
teolytic activity (Amira et al. 2017b; Sousa and
Malcata 1996). Another major factor to consider
is the microbiological quality of crude aqueous
extracts. The addition of cardoon rennet produces
additional contamination of the initial milk and,
consequently, of the cheeses (Gómez et al. 2001).
Long maceration times, especially at room tem-
perature, may increase the initial microbiological
population. Differences in the aforementioned
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processing steps involve an extra variability
source for cardoon rennet, which may have a
significant impact on its specificity and prote-
olytic activity, and therefore, on the milk-clotting
activity and the morpho-organoleptic character-
istics of dairy products (Pirisi et al. 2007).
Checking the milk-clotting activity of the vegetal
rennet may help in standardizing the cheese pro-
duction. Several methods have been proposed for
that purpose, although the Berridge clotting time
(Berridge 1945) is used as the indicator of milk
flocculation in all the International Dairy Feder-
ation Standards for the total milk-clotting activity
determination.

C. cardunculus extracts are usually prepared
daily, as refrigerated storage (4 °C) decreases
significantly its clotting activity (Tavaria et al.
2001). Some authors freeze fresh extracts at
−20 °C and store them until further use (Amira
et al. 2017b). However, this method is not
appropriate for dairy industry, since it involves
the freezing of large rennet volumes, which is not
cost-effective. Lyophilization might be an alter-
native option to fresh storage or daily prepara-
tion, although it may also affect the proteolytic
activity of the vegetal rennet (Sousa and Malcata
2002). With the aim to provide the dairy industry
with a more stable and standardized product,
several patents for the production of dried pow-
der from vegetal rennet have been published.
Most of them dehydrate the original aqueous
extract via lyophilization (Roa et al. 1999a;
Fernández-Salguero et al. 2002a), air drying or
spray drying (Cáceres and Fernández 2000),
although previous concentration process (ultra-
filtration) may also be considered.

4.7.3 Rennet in Cheesemaking

C. cardunculus extracts are widely used for
manufacture of traditional Italian, Spanish and
Portuguese cheeses, which are usually character-
ized as soft creamy texture, and sometimes
slightly bitter. Such organoleptic characteristics
are the consequence of stronger proteolysis in
cheeses made with cardoon rennet than those
made with calf rennet. The use of cardoon is

especially successful in ewe’s milk cheeses.
Texture and flavor defects are frequent in cheeses
made from cow’s milk when cardoon rennet is
used, mainly caused by the high proteolytic
activity. Barbosa et al. (1976) suggested that
different characteristics between caseins from
ovine milk and bovine milk might account for
differences in production of bitter peptides by
proteolysis. However, comparison of cheeses
from different species showed that both, primary
proteolysis (WSN/TN) and concentration of
hydrophobic peptides, during ripening was lower
in bovine cheeses than in ovine or caprine cheeses
(Sousa and Malcata 2002). Despite this fact,
cardoon could satisfactorily replace animal ren-
net, especially for soft-bodied cheeses (Roseiro
et al. 2003). Texture analysis of ewe’s milk
cheeses coagulated with C. cardunculus showed
that firmness and consistency decreased along
ripening, mostly during the first 30 days, coin-
ciding with the higher proteolysis rate in b-casein
(Delgado et al. 2010). Highly significant corre-
lations were found between textural parameters,
residual caseins levels and nitrogen fractions
during maturation, which show the importance of
proteolytic changes for the optimal texture for-
mation in soft cheeses (Delgado et al. 2010;
Ordiales et al. 2013). Furthermore, vegetable
rennet could be used as a proteinase system in the
accelerated ripening of certain types of cheese
made from sheep milk (Prados et al. 2007).

Apart from the enzymatic content of the
aqueous extract from cardoon flowers, which has
proven to be very heterogeneous (Ordiales et al.
2013, 2016), caseins degradation by cardosins
could be influenced by other technological
parameters. b-caseins are hydrophobic protein,
and as such can bind to fat globules, protecting
them from enzymatic attack (Tavaria et al. 2001).
Thus, cheeses with higher fat content, like ewe’s
milk cheese, might be less proteolyzed than cow
or goat cheeses. Other source of variation in
cheese composition, like NaCl content, makes
b-casein more resistant to proteolysis via folding
or aggregation (Sousa and Malcata 2002). For-
mation of bitter peptides in cheese during
ripening is also influenced by rennet residual
activity. Peptides released by residual rennet
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activity keep on forming for a longer time in
cheese manufactured with cardosin than with
chymosin (Gaya et al. 1999). Vegetable rennet
appears to be highly stable in cheese during
ripening (Roa et al. 1999b); thus, factors that
affect coagulant retention in the curd will surely
determine bitterness development in cheese. As
consequence, the degree of proteolysis in cheese
might be modulated adjusting the aforemen-
tioned parameters. The concrete details about
proteolysis of the different caseins during ripen-
ing are still controversial, and further research is
needed. According to Delgado et al. (2010),
proteolysis in ‘Torta del Casar’ was slightly more
intense during the second month of ripening. In
ewe’s milk cheese, b-casein proteolysis occurred
faster than as1-casein (Delgado et al. 2010; Roa
et al. 1999b). However, this pattern of degrada-
tion of caseins was reversed in other ewe cheeses
made with vegetal rennet (Sousa and Malcata
2002). As discussed previously, natural vari-
ability, seasonal climatic variations and even
enzyme extraction (Amira et al. 2017b) result in
a different protease content, which may influence
characteristics of the cheese (Heimgartner et al.
1990; Ordiales et al. 2013). Therefore, differ-
ences in the results and conclusions obtained
might be explained by variances in rennet used
for the different studies.

4.8 Use as Ornamental Plant

Various C. cardunculus taxa feature a range of
plant architecture. The foliage varies in color from
green to ash-gray, plant height can reach 3 m, there
is a variable amount of branching (Porceddu et al.
1976), and the number of inflorescences (capitula)
per plant ranges from 5 to 15 in the globe artichoke
and from 30 to 40 in cultivated cardoon. The main
capitulum is invariably the largest. The immature
capitula are polymorphic with respect to size and
shape; some develop spiny outer bracts of various
shades of green, which later during development
may turn purple (Cravero et al. 2005; Pochard et al.
1969). The mature capitulum can be white or
violet. Beyond all the possible cited uses, C. car-
dunculus is also exploited as ornamental, both as

garden plants and as cut flowers (Cocker 1967;
Sekara et al. 2015); fresh specimens have a long
vase life, while dried forms are popular in floral
arrangements. The use of the species as ornamental
is increasing since, notwithstanding the assortment
of ornamental crops is already very large, novelty
are constantly in demand by consumers.

The highly heterozygotic nature of the species
produces a wide range of phenotypes, especially
among progeny of crosses between the different
taxa (Cravero et al. 2005; Lopez-Anido et al.
1998; Mauromicale and Ierna 2000). Lanteri et al.
(2012) reported on phenotypic diversity released
in progenies obtained by crossing a genotype of
globe artichoke with both one of cultivated and
one of wild cardoon. The two progeny sets
showed an astonishing phenotypic variation
(Fig. 4.12), with some individuals, the result of
specific events of chromosomal segregation and
recombination, displaying aspects of morphology
not previously observed in either cultivated or
wild types. A number of the segregants displayed
aspects of morphology which have high potential
as ornamentals. On the basis of previous studies
(Lanteri et al. 2006), due to the heterozygotic
nature of the species, highly segregating proge-
nies may be also obtained following selfing or by
crossing spiny with non-spiny globe artichoke
varietal types; however, the amount of released
phenotypic diversity is by far less pronounced
than the one observed in the intertaxa progenies.
A particular advantage of this species is that any
individual can be readily immortalized by vege-
tative propagation, either by isolating basal
growing shoots or semi-dormant shoots which
develop on the underground stem.

The microsatellite (SSR—simple sequence
repeat)-based molecular fingerprinting of a wide
number of newly generated genotypes was also
performed for both sets of progenies, with a
particular focus on segregants showing potential
for ornamental use. A set of nine SSR loci,
evenly dispersed across the genome, was shown
to be sufficient to unambiguously identify each
segregant obtained by Lanteri et al. (2012).
The DNA profiles generated by these SSR assays
will have utility in establishing the genetic
identity of vegetatively propagated materials.
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Fig. 4.12 Examples of the phenotypic variation released in two inter-subspecies hybrid populations. White flower of
the cultivated cardoon parent is also included (from Lanteri et al. 2012)
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5Bio-active Compounds and Their
Synthetic Pathway

Vincenzo Lattanzio, Cinzia Comino, Andrea Moglia
and Sergio Lanteri

Abstract
Traditional European medicine has attributed
to globe artichoke, as well as to its close
relatives cultivated and wild cardoons, many
beneficial properties to treat chronic liver
diseases, jaundice, hepatitis and arteriosclero-
sis. Indeed, globe artichoke is a source of
bio-active compounds, such as caffeoylquinic
acid derivatives (chlorogenic acid and dicaf-
feoylquinic acid isomers) and sesquiterpene
lactones, such as cynaropicrin, grosheimin and
its derivatives. Furthermore, globe artichoke
roots are rich in inulin, a natural fibre which
has been demonstrated to improve the balance
of beneficial bacteria in the human gut and it
is widely used in food industry to modify
texture, replace fat or as low-calorie sweet-
ener. This chapter describes the main
bio-active compounds present in globe arti-
choke as well as their pharmacological prop-
erties and potential applications. Furthermore,

it reports an updated state of the art on the
known steps of their biosynthetic pathway and
characterization of genes involved.

5.1 Bio-active Compounds

Globe artichoke immature inflorescences (capit-
ula or heads), with edible fleshy leaves (bracts)
and receptacle, as well as other plant organs and
tissues, represent a rich source of nutraceuticals
and bio-active compounds such as phenolics,
terpenoids and polysaccharides (Lattanzio et al.
2009). The edible portion of globe artichoke
heads is about 30–40% of its fresh weight,
depending on the variety and the harvesting time.
This means that the ratio edible fraction/total
biomass produced by the plant is very low, being
less than 15–20%. This ratio decreases if the
contribution to the total biomass represented by
offshoots, removed from the field by common
cultural procedures, is also considered. Since
only the central portion of the immature
inflorescences is consumed, the discarded parts
of the plant such as leaves, external bracts, stems
and offshoot are usually considered a ‘waste’,
although they may represent raw material for the
production of food additives and nutraceuticals.
Nevertheless, in recent years, some studies have
highlighted the possibility to exploit these
‘wastes’ as a source of phenolics, sesquiterpene
lactones, inulin and soluble fibres (Lattanzio
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et al. 2005; Ruíz-Cano et al. 2014; Fissore et al.
2014).

The use of globe artichoke as well as wild
cardoon extracts in folk medicine dates back
to the ancient Egyptians, Greeks and Romans,
and their hepatoprotective, choleretic, diuretic,
inhibiting cholesterol biosynthesis, anti-
inflammatory and anti-microbial properties have
been widely documented (Adzet et al. 1987;
Gebhardt 1998; Bundy et al. 2008).

5.1.1 Phenolics

The phenolics present in globe artichoke extracts,
with mono- and dicaffeoylquinic acids being the
major components, have shown to possess a wide
number of therapeutic properties. In globe arti-
choke extracts, the presence of caffeic acid dep-
sides, positional isomers of caffeic acid esters of
quinic acid, has been well characterized. Starting
from the 1950s, several caffeoylquinic deriva-
tives: 1-O-caffeoylquinic acid; 3-O-caffeoylqui-
nic acid (chlorogenic acid); 4-O-caffeoylquinic
acid (cryptochlorogenic acid); 5-O-caffeoylqui-
nic acid (neochlorogenic acid); 1,3-O-dicaf-
feoylquinic acid; 1,4-O-dicaffeoylquinic acid;
and 3,5-O-dicaffeoylquinic acid have been iden-
tified in globe artichoke extracts (Panizzi and
Scarpati 1954; Panizzi et al. 1955; Panizzi and
Scarpati 1965; Scarpati et al. 1957; Scarpati and
Esposito 1963). The hydroxycinnamic acid
moiety of these caffeoylquinic acids is in the
trans form, although in plant tissues more
exposed to UV irradiation, which induces geo-
metric isomerization, cis isomers are originated
(Towers and Abeysekera 1984).

Panizzi and his research team were the first to
isolate and characterize cynarin in globe arti-
choke leaf extracts. At first, the 1,4-O-dicaf-
feoylquinic acid structure was assigned to
cynarin (Panizzi and Scarpati 1954), but later on
cynarin structure was identified as 1,5-O-dicaf-
feoylquinic acid (Panizzi and Scarpati 1965). At
this regard, it has to be stressed that in the 1950s
and 1960s a pre-IUPAC nomenclature for cycli-
tols (where the positional number of carbon
atoms in the quinic acid ring was assigned in an

anticlockwise manner) was utilized. In the year
1973 (IUPAC 1976), this nomenclature has been
changed and the positional number assigned to
the carbon atoms of the quinic acid ring in
clockwise sense. As a result, cynarin (formerly
1,5-O-dicaffeoylquinic acid) became 1,3-O-
dicaffeoylquinic acid (Fig. 5.1). Regrettably, in
some papers and catalogues a pre-IUPAC num-
bering is reported or IUPAC numbering is cor-
rect but the structure shown is not coherent. To
avoid confusion, the IUPAC and pre-IUPAC
nomenclatures of caffeoylquinic derivatives
identified in globe artichoke extracts are shown
in Table 5.1 (see also Clifford et al. 2017).

Lattanzio and his group performed an
exhaustive characterization of the caffeoylquinic
derivatives present in globe artichoke extracts
and identified further caffeoylquinic derivatives,
namely 1,3-O-dicaffeoylquinic acid; 3,4-O-
dicaffeoylquinic acid; and 4,5-O-dicaffeoylquinic
acid (Fig. 5.2). In this regard, it should be
stressed that the caffeoylquinic depside level in
the plant tissues depends on the physiological
stage and ranges from about 8% on dry matter
basis in young tissues to less of 1% in senescent
tissues. Anyhow, the relative abundances of the
different components of the caffeoylquinic
derivative fraction are very similar to that shown
in Table 5.1 (Lattanzio and Morone 1979; Lat-
tanzio et al. 1989, 1994a).

Caffeoylquinic acids (CQAs) can synergisti-
cally or additively provide protection against
damage induced by free radicals during oxidative
stress and reduce the risk of chronic diseases in
humans (Brown and Rice-Evans 1998, Arakawa
et al. 2009; Markovic and Tošovic 2016;
Puangpraphant et al. 2011). Numerous studies
have highlighted that CQAs possess hepatopro-
tective, diuretic and choleretic activity (Adzet
et al. 1987; Gebhardt 1998; Brown and
Rice-Evans 1998) and may inhibit HIV integrase,
a key enzyme in viral replication and insertion
into host DNA (Slanina et al. 2001). However,
further studies are required to give adequate
scientific support to the growing commercial
utilization of globe artichoke active principle as
choleretic, hypocholesterolemic and antidyspep-
tic compounds. The beneficial effects of
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phenolics in the human body are often attributed
to their antioxidant activity, which however is
not altogether supported by analytical data
highlighting low levels of phenolics found in the
blood. The potential beneficial health effects of
globe artichoke phenolics are highly dependent
upon their uptake from foods, their metabolism
and their disposition in target tissues and cells;
thus, data concerning in vivo bioaccessibility,

bioavailability, absorption, transport and meta-
bolism of ingested phenolics deserve further
insights. In this regard, HPLC analyses show that
the bioaccessibility of the total caffeoylquinic
acid pool is about 58% and that gastrointestinal
digestion of globe artichoke extracts induces
isomerization in the caffeoylquinic derivative
pool as the level of 4-O-caffeoylquinic acid
and 1,3-O-, 1,4-O-, 4,5-O- and 3,4-O-

Fig. 5.1 Chemical structure of 1,3-O-dicaffeoylquinic acid (cynarin)

Table 5.1 Globe artichoke mono- and dicaffeoylquinic esters

IUPAC recommendations, 1973a Pre-IUPAC numbering Relative abundance (%)

1-O-Caffeoylquinic acid 1-O-Caffeoylquinic acid 1.00

3-O-Caffeoylquinic acid (neochlorogenic acid) 5-O-Caffeoylquinic acid 1.45

4-O-Caffeoylquinic acid (cryptochlorogenic acid) 4-O-Caffeoylquinic acid 6.76

5-O-Caffeoylquinic acid (chlorogenic acid) 3-O-Caffeoylquinic acid 38.78

1,3-O-Dicaffeoylquinic acid (cynarin) 1,5-O-Dicaffeoylquinic acid 1.55

1,4-O-Dicaffeoylquinic acid 1,4-O-Dicaffeoylquinic acid 3.62

4,5-O-Dicaffeoylquinic acid 3,4-O-Dicaffeoylquinic acid 5.69

3,5-O-Dicaffeoylquinic acid 3,5-O-Dicaffeoylquinic acid 8.79

1,5-O-Dicaffeoylquinic acid 1,3-O-Dicaffeoylquinic acid 21.20

3,4-O-Dicaffeoylquinic acid 4,5-O-Dicaffeoylquinic acid 10.86
aIUPAC (1976)
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dicaffeoylquinic acids increases, whereas 3,5-O-
and 1,5-O-dicaffeoylquinic acid content decrea-
ses. In addition, it has to be stressed that the
majority of these phenolics escape absorption in
the small intestine and reach the colon where the
microbiota plays a key role in the formation of
catabolites (Tomas-Barberan et al. 2014).

In the phenolic fraction of globe artichoke
extracts, flavonoid structures have been also
identified, although they are considered minor
constituents (about 10%) of the total phenolics.
Globe artichoke flavonoids belong to flavone
(apigenin and luteolin) and anthocyanidins
(cyanidin, peonidin and delphinidin) classes
(Fig. 5.3). A flavanone structure (naringenin
and/or hesperetin) has been also identified by
some authors in globe artichoke tissues (Sán-
chez-Rabaneda et al. 2003; Schütz et al. 2004);
however, flavonoids are generally present in
plant tissues as glycosides and not as aglycons;
thus, these data require additional corroboration.

Flavones are present in both leaves and capit-
ula, while anthocyanidins have been identified in
globe artichoke heads only. Again, the flavone
content decreases with the age of plant tissues,

while the content of anthocyanidins increases in
globe artichoke heads during maturation (Lat-
tanzio and van Sumere 1987). Flavone glycosides
identified in globe artichoke tissues are luteolin-7-
O-b-D-glucopyranoside (cynaroside); luteolin-7-
O-a-L-rhamnosyl(1 ! 6)-b-D-glucopyranoside
(scolymoside); apigenin-7-O-b-D-glucopyrano-
side and apigenin-7-O-a-L-rhamnosyl(1 ! 6)-b-
D-glucopyranoside. The main anthocyanins iden-
tified in globe artichoke heads are: cyanidin
3,5-diglucoside, cyanidin 3-O-b-glucoside,
cyanidin 3,5-malonyldiglucoside, cyanidin 3-(3″-
malonyl)glucoside and cyanidin 3-(6″-malonyl)
glucoside. Two peonidin glycosides, namely
peonidin 3-O-b-glucoside and peonidin 3-(6″-
malonyl) glycoside, have been identified as well
(Schütz et al. 2006; Lattanzio et al. 2009).

Phenolics in plant tissues play also a key role
in plant in response to biotic and abiotic stresses.
For example, caffeoylquinic acids are involved in
the browning of mechanically damaged (enzy-
matic browning) and not mechanically injured
(formation of iron–chlorogenic acid complexes)
tissues. A significant increase of caffeoylquinic
acid has been detected when globe artichoke

Fig. 5.2 Chemical structure
of globe artichoke mono- and
dicaffeoylquinic acids
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plants are submitted to nutritional or drought
stress. In this regard, it has been hypothesized
that caffeoylquinic acids and flavonoids may play
antioxidant functions in protecting cellular com-
ponents against the harmful activity of ROS
synthesized by stressed tissues. Indeed, endoge-
nous or exogenous applied chlorogenic acid has
demonstrated action against Streptomyces sca-
bies, Verticillium albo-atrum, Phytophthora
infestans and Phlyctaena vagabunda (Lattanzio
et al. 1994b; Lattanzio et al. 2001). Anthocyanins
are a class of flavonoids providing the red and
blue/purple colours common in plant tissues and
in flowers of globe artichoke heads, which show
different shades of violet. These compounds are
synthesized as visual cues, to attract pollinators
and other animals for seed dispersal, as well
as molecular cues protecting plants from various
stress conditions. Flavonoids also play a defen-
sive role against damage by UV-B waveband

of solar radiation (280–320 nm). This is due to
different mechanisms such as absorption of
UV-B radiation by pigments located in the
epidermal cells or scavenging of radicals formed
by absorption of UV-B photons by antioxidant
flavonoids (Rozema et al. 1997; Lattanzio
et al. 2012; Lattanzio 2013; Lattanzio et al.
2018).

5.1.2 Sesquiterpene Lactones

The characteristic bitterness of globe artichoke is
mainly due to the presence of sesquiterpene
lactones (STLs), which represent the terpenoids
at higher concentration in its tissues and of which
the two major representatives are cynaropicrin
and, at a lower concentration, grosheimin and its
derivatives (Schneider and Thiele 1974; Cravotto
et al. 2005) (Fig. 5.4). Cynaropicrin contributes

Fig. 5.3 Globe artichoke
anthocyanidins
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to approximately 80% of the characteristic bitter
taste of globe artichoke, which is associated with
the activation of bitter sensory receptors (Eljou-
naidi et al. 2015), and can be isolated in
gram-scale by employing countercurrent chro-
matography (Adekenova et al. 2015).

Although the structure of the STLs varies
across the Asteraceae family, their backbones,
derived from the farnesyl diphosphate (FPP), are
constrained to a limited set of core skeletons,
such as germacranolide, eudesmanolide and
guaianolide (Seto et al. 1988; Van Beek et al.
1990; Fischer 1990), of which costunolide is
generally considered the common precursor (de
Kraker et al. 2002).

In globe artichoke tissues, other terpenoids
have been also identified, such as cynaratriol, the
grosheimin derivatives: 8-deoxy-11-hydroxy-
13-chlorogrosheimin and 8-deoxy-11,13-
dihydroxygrosheimin (Fritsche et al. 2002) as
well as aguerin B and the sesquiterpene glyco-
sides: cynarascolosides A, B and C (Shimoda
et al. 2003).

Cynaropicrin is characterized by a 5-7-5 fused
tricyclic skeleton with six carbon stereocenters,
four exo-olefins and two hydroxyl groups (Usuki
et al. 2014). This compound was at first isolated
in globe artichoke by Šorm and co-workers in
1960 (Suchy et al. 1960), and it is considered as a
chemotaxonomic marker of the species Cynara
cardunculus (Chaturvedi 2011), although it has
been also identified in other Asteraceae plants
such as: Centaurea solstitialis L. (Wang et al.
1991), Hemisteptia lyrata B., (Ha et al. 2003)
and Saussurea spp. (Cho et al. 2000¸ Choi et al.
2005).

In globe artichoke, cynaropicrin has been
mainly detected in mature and old leaf tissues,

while in heads its content is rather low in the
receptacle and undetectable in outer bracts; fur-
thermore, its accumulation is strongly influenced
by growth conditions as well as the genotypes in
the study (Menin et al. 2012).

Cynaropicrin has been shown to possess var-
ious biological activities and pharmacologic as
well as antifeedant properties (Elsebai et al.
2016a; Ishida et al. 2010). Because cynaropicrin
is a potent antioxidant (Yamada et al. 2015), it
can play a supportive role for liver in different
hepatic diseases, by acting during the early steps
of the hepatitis C virus (HCV) infection (Elsebai
et al. 2016b). Cho and co-authors (2000, 2004)
found out that cynaropicrin may inhibit the
production of inflammatory mediators and the
proliferation of lymphocytes, demonstrating its
anticancer activity against lymphoma or leukae-
mia. Tanaka et al. (2012) reported that
cynaropicrin extracted from C. cardunculus
leaves prevents skin photoaging processes and,
in addition, it decreases the generation of ROS
and the production of inflammatory cytokines in
UV-B-irradiated keratinocytes. Hay and col-
leagues (1994) demonstrated that, due to the
presence of ɑ-methylene function, cynaropicrin
inhibits the smooth muscle contractility.

STLs are also known for their key roles in
plant/environment interactions (Rodriguez et al.
1976; Picman 1986). Cynaropicrin acts as potent
feeding deterrent against several species of
Lepidoptera (Bhattacharyya et al. 1995) and
plays antibacterial activity being a potent, irre-
versible inhibitor of the bacterial enzyme MurA,
which is of vital importance for bacterial cells
since it is responsible for the first step in the
cytoplasmic biosynthesis of peptidoglycan pre-
cursor molecules (Bachelier et al. 2006).

Fig. 5.4 Chemical structures
of the two most conspicuous
sesquiterpene lactones in
globe artichoke
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5.1.3 Inulin

Globe artichoke, like other members of the
Asteraceae, accumulates inulin as a major
reserve of carbohydrate in its storage organs such
as roots. The edible part of globe artichoke heads
is characterized by a high reducing sugar content
and a high percentage of inulin, mainly located in
the receptacle, which represents about 75% of the
total glucidic content. In addition, the inulin
content of the edible portion is relatively higher
(about 30% more) in globe artichoke heads of
marketable quality compared to those at earlier
stages of the development (Lattanzio et al. 2009).
Inulin (a-D-glucopyranosyl-[b-D-fructofuranosyl]
(n-1)-D-fructofuranoside) is a polysaccharide,
which possesses a high water solubility and is
vacuole-localized. It belongs to the fructose-
based polysaccharides called fructans and it is
exploited for a wide range of food and non-food
applications (Roberfroid and Delzenne 1998).
Fructans may have other functions than carbon
storage, since they are implicated in protecting
plants against water deficit caused by drought or
low temperatures, even if a direct correlation
between the observed fructan accumulation and
the stress tolerance has not uniquely demon-
strated. Lastly, it is believed that vacuolar fruc-
tans synthesis lowers the sucrose concentration
in the cell and prevents sugar-induced feedback
inhibition of photosynthesis (Pilon-Smits et al.
1995; Vijn and Smeekens 1999).

Inulin consists of (2 ! 1) linked b-D-fructo-
syl residues, with a terminal (1$2) a-D-glucose
group and a degree of polymerization (DP) up to
150 (Fig. 5.5). The degree of polymerization
determines the physicochemical characteristics of
inulin and is related to the plant source. Globe
artichoke inulin shows an average DP (* 50–
100) higher than the one present in other Aster-
aceae such as Jerusalem artichoke, chicory and
dahlia. Inulins are not digested in the human
upper gastrointestinal tract, which does not con-
tain enzymes (inulinases) able to degrade fruc-
tans, and thus are classified as ‘non-digestible’
carbohydrates. In the colon, they are rapidly
fermented to produce short-chain fatty acids
(SCFA) that can explain some of the systemic

effects of inulins. Inulins stimulate the growth
and activity of some desired bacteria (e.g. Bifi-
dobacterium and Lactobacillus) in the colon,
thus positively affecting the composition of the
gut microflora and, in turn, improving host
health, functioning as a prebiotic, with signifi-
cantly higher butyrate and propionate production
and stimulation of lactic acid-producing bacteria.
From a nutritional perspective, inulins have a
reduced caloric value and this, combined with its
bland to sweet taste, means that they can be used
as a low-calorie bulking agent in food, replacing
sugar. This property is linked to its particular
properties of water solubility. Hydroxyl groups
present in the molecular structure of inulin,
interacting with water molecules, provide inulin
with some surfactant character and the ability to
form stable gels with water. These gels provide
similar textual characteristics to fat, allowing it to
be used to replace fat, resulting in low-fat foods.
In addition, research in the field of human
nutrition shows that inulins have positive effects
on mineral bioavailability and modulate the
secretion of gastrointestinal peptides involved in
lipid metabolism. Furthermore, they do not lead
to a rise in serum glucose or stimulate insulin
secretion since when globe artichoke inulin was
added to wheat-starch meal of healthy human
subjects, the blood glycemic response was low
(Rumessen et al. 1990; Roberfroid 2007; Costa-
bile et al. 2010; Mensink et al. 2015). These
properties, along with the ability to add texture
and improve rheological characteristics and
nutritional properties of food, make inulin a
functional food ingredient. As far as therapeutic
effects of inulin are concerned, it has been
observed that dietary inulin, via its fermentation
products such as the SCFA butyric and propionic
acids, inhibits growth of colon cancer cells. It
seems that the beneficial effect of inulin in sup-
pressing tumours may be mediated by an
enhancement of gut immune function, by tar-
geting gut-associated lymphoid tissues via
increasing secretory immunoglobulin A and
interleukin-10 production. Inulin has also shown
promising properties in reducing the risk of irri-
table bowel diseases (ulcerative colitis). Finally,
besides their effects on the gastrointestinal tract
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diseases, some research showed that inulins
contribute to reducing the risk related to systemic
diseases (Roller et al. 2004; Roberfroid 2007;
Barclay et al. 2010).

5.2 Biosynthetic Pathways

In globe artichoke, the biosynthetic pathways
of the main bio-active compounds (i.e. caf-
feoylquinic and dicaffeoylquinic acids,
sesquiterpene lactones and inulin) have been
largely studied and the key genes involved have
been identified and functionally characterized.

5.2.1 Caffeoylquinic Acids

Caffeoylquinic acids (CQAs) are produced as
monoesters (monocaffeoylquinic acids, mono-
CQAs, which include chlorogenic acids, CGA)
and diesters (dicaffeoylquinic acids, di-CQAs).

In globe artichoke, the biosynthesis of
mono-CQAs might occur from: (a) p-coumaroyl
quinate, synthetized by hydroxycinnamoyl-CoA:
shikimate/quinate hydroxycinnamoyltransferase
(HCT, EC 2.3.1.133) or hydroxycinnamoyl-
CoA: quinate hydroxycinnamoyltransferase
(HQT, EC 2.3.1.99), and subsequently

hydroxylated by p-coumarate-3′-hydroxylase
(C3′H, EC 1.14.14.96); and (b) caffeoyl-CoA and
quinic acid by means of HQT (Moglia et al.
2013) (Fig. 5.6).

In globe artichoke, the key genes implicated
in CQA biosynthesis have been isolated and
characterized, in particular, one HCT (NCBI
Accession number DQ104740; Comino et al.
2007), three HQTs: HQT1, HQT2 and HQT3
(DQ915589, GU248357, GU248358, respec-
tively; Comino et al. 2009; Menin et al. 2010)
and one C3′H (FJ225121; Moglia et al. 2009).

In vitro, characterizations of HCT, HQT1,
HQT2 and HQT3 highlighted their involvement
in CQA biosynthesis, due to their ability to use
either p-coumaroyl-CoA or caffeoyl-CoA as an
acyl donor and quinic acid as an acceptor to
generate, respectively, chlorogenic acid and p-
coumaroyl quinate (Comino et al. 2007, 2009;
Menin et al. 2010).

The in vitro enzymatic activity of C3′H
(FJ225121; Moglia et al. 2009) was tested using
several substrates at different concentrations, and
it was shown that in the presence of p-coumar-
oylshikimate and NADPH, the recombinant
protein synthesizes caffeoylshikimate. Moreover,
the enzyme was able, although with less effi-
ciency, to convert p-coumaroyl quinate into
CGA.

Fig. 5.5 Chemical structure
of inulin
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To gain further insight into the relationship
between the expression of these genes and the
accumulation of CQAs, in vivo functional char-
acterization was carried out through transient and
stable over-expression in Nicotiana benthamiana
and Nicotiana tabacum, being globe artichoke
recalcitrant to genetic transformation. The
Agrobacterium-mediated agroinfiltration of
N. benthamiana leaves with pEAQ expression
vector containing HQT1, HQT2 and HQT3 led to
a significant increase in mono- (two- to five-fold)
and di-CQAs (one- to four-fold) (Moglia et al.
2016). These metabolic results are in accordance
with those previously reported (Sonnante et al.
2010) that highlighted an increase in CGA and
1,3-O-di-CQAs upon transient and stable
over-expression of HQT3 (named HQT1 in that
paper) in N. benthamiana and N. tabacum.
Contrary to expectation, hqt1-transformed
tobacco cell suspensions were found to produce
very low levels of CGAs and, as an unintended

effect, abscisic acid and benzoic acid derivatives
(Mudau et al. 2018).

Virus-induced gene silencing (VIGS) has
been routinely used for analysis of gene function
in many plant species (Baulcombe 1999;
Burch-Smith et al. 2004), due to its simplicity,
robustness and circumvention of stable transfor-
mation. However, in order to get an efficient
single gene silencing, sequences characterized by
an identity higher than 22 nt with other genes
should be avoided (Gaquerel et al. 2013). Due to
the high level of nucleotide identity, this pre-
requisite was not achievable for HQT2 and
HQT3; thus, VIGS was only applied to HQT1.
Globe artichoke cotyledons were infiltrated with
a suspension of Agrobacteria transformed with
pTRV2-HQT1. The HQT1 transcript levels in
leaves were reduced to 50% as compared to
control and its silencing resulted in a significant
reduction in content of both CGA and
3,5-di-CQAs (82 and 88% less, respectively).

Fig. 5.6 Biosynthetic pathways of CQAs. PAL, pheny-
lalanine ammonia lyase; C4H, cinnamate 4-hydroxylase;
4CL, 4-hydroxycinnamoyl-CoA ligase; HCT, hydroxy-
cinnamoyl-CoA shikimate/quinate hydroxycinnamoyl

transferase; HQT, hydroxycinnamoyl-CoA quinate
hydroxycinnamoyl transferase; C3′H, p-coumaroyl ester
3′-hydroxylase (from Moglia et al. 2016)

5 Bio-active Compounds and Their Synthetic Pathway 107



Over-expression and silencing approaches
confirmed the involvement of HQT1, HQT2 and
HQT3 in the production of CQAs, supporting the
hypothesis that the altered accumulation of
dicaffeylquinic acids might be a consequence of
enzymatic conversion of CGA acid to di-CQAs.

Recently, Ferro and colleagues (2017) applied
the high-resolution melting technology to iden-
tify new allelic variants of the C3′H and HQT1
genes in a set of 127 individuals of C. cardun-
culus, including wild cardoon, cultivated cardoon
and globe artichoke. The C3′H gene proved to be
highly conserved with only 4 haplotypes, while
up to 17 haplotypes for HQT1 were de novo
identified. Chlorogenic acid content and antiox-
idant activities were also evaluated in globe
artichoke leaf extracts, and an association anal-
ysis was performed to assess a putative correla-
tion between these traits and the identified
polymorphisms.

5.2.2 Sesquiterpene Lactones

Although the detailed structure of the STLs
varies across the Asteraceae family, their back-
bones, derived from the farnesyl diphosphate
(FPP), are constrained to a limited set of core
skeletons, such as germacranolide, eudesmano-
lide and guaianolide of which costunolide is
generally considered the common precursor.

The biosynthetic pathway of costunolide has
been elucidated in globe artichoke and involves
three key enzymes (Fig. 5.7): the terpene syn-
thase germacrene A synthase (GAS; Menin et al.
2012) and two cytochrome P450s, the germa-
crene A oxidase (GAO) and the costunolide
synthase (CcCOS; Eljounaidi et al. 2014).

In particular, Menin and colleagues (2012)
identified in globe artichoke the GAS gene and
demonstrated that the heterologous expression of
the protein in Escherichia coli converts farnesyl
diphosphate (FPP) into b-elemene, which is
known to be the Cope rearrangement product of
germacrene A (De Kraker et al. 2002), thus
confirming its involvement in the initial step for
the cynaropicrin biosynthesis.

Later, other two P450s of globe artichoke
have been identified, cloned and their sequences
compared to the ones previously isolated in other
Asteraceae species (Eljounaidi et al. 2014).
Through their expression in yeast, followed by
GC–MS and LC–MS metabolic profiling, their
functional characterization was performed and
they were identified as GAO and COS genes. In
particular, metabolite analyses revealed that the
co-expression of globe artichoke GAO together
with the chicory GAS (Bouwmeester et al. 2002)
resulted in the biosynthesis of germacra-1
(10),4,11(13)-trien-12-oic acid in yeast, an ele-
mene derivative from the corresponding germa-
crene A derivative. Finally, the co-expression of
both globe artichoke GAO and COS with GAS
led to biosynthesis of the free costunolide in
yeast, demonstrating the involvement of the three
genes in biosynthesis of sesquiterpene lactones.

In tobacco agroinfiltration experiments, the
enzymatic activity of globe artichoke GAS, GAO
and COS was confirmed. Their co-expression led
to biosynthesis of the free costunolide in yeast
and costunolide conjugates in N. benthamiana,
demonstrating their involvement in sesquiterpene
lactone biosynthesis (Eljounaidi et al. 2014).

Recently, nine haplotypes of GAS have been
identified in a collection of C. cardunculus from
different origins by applying the high-resolution
melting technology (Ferro et al. 2018) and the
new allelic variants correlated with cynaropicrin
content.

5.2.3 Inulin

Globe artichoke like other members of the
Asteraceae accumulates inulin as a major reserve
carbohydrate in their storage organs. The size of
the fructosyl polymers deposited in storage
organs varies between species, and, as mentioned
above, the inulin accumulated in Cynara scoly-
mus has a high degree of polymerization.

Inulin is synthesized by the combined action
of at least two different fructosyltrans-
ferases (Fig. 5.8; Edelman and Jefford 1968). In
a first step, the enzyme sucrose: sucrose
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1-fructosyltransferase (1-SST) catalyses the
formation of the trisaccharide 1-kestose from
two molecules of sucrose with the release of
glucose; then, the enzyme fructan: fructan
1-fructosyltransferase (1-FFT) mediates the
reversible transfer of fructosyl residues between
inulins of different chain lengths.

Globe artichokes 1-SST and 1-FFT have been
isolated and characterized (Hellwege et al. 1997,
1998). In particular, by screening for fructosyl-
transferases a cDNA library of globe artichoke
(C. scolymus) blossom discs, Hellwege and

colleagues (1997) isolated a clone designated
Cy21; its transient expression in N. tabacum
protoplasts allowed the production of 1-kestose,
confirming that Cy21 codes for a sucrose:
sucrose 1-fructosyltransferase (1-SST). Later,
the same authors isolated a new cDNA clone,
Cy3, encoding the fructan: fructan 1-
fructosyltransferase (1-FFT) in globe artichoke
(Hellwege et al. 1998), and used tobacco proto-
plasts as expression system. After incubation of
protoplast extracts with a mixture of oligofruc-
tans, the production of inulins with a high degree

Fig. 5.7 Proposed biosynthetic pathway of STLs. Enzy-
matic reactions: I cyclization by the germacrene A
synthase; II oxidation by the germacrene A oxidase; III

hydroxylation by the costunolide synthase; IV subsequent
spontaneous lactonization

Fig. 5.8 Biosynthetic pathways for inulin. Enzymes involved are: the sucrose: sucrose 1-fructosyltransferase (1-SST)
and the fructan: fructan 1-fructosyltransferase (1-FFT)
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of polymerization was observed, demonstrating
that Cy3 codes for the fructan: fructan
1-fructosyltransferase (1-FFT). In addition, Hell-
wege and colleagues (2000) demonstrated that
expression of globe artichoke 1-SST and 1-FFT
genes in transgenic potato plants led to the
accumulation of inulin in tubers, with a maximum
chain length that is indistinguishable from inulin
isolated from globe artichoke roots. These results
demonstrated in planta that the two enzymes
1-SST and 1-FFT are enough to synthesize inulin
molecules of all chain lengths naturally occurring
in a given plant species and that the fructan pat-
tern in a given species is mainly defined by the
enzymatic characteristics of 1-FFT.
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Abstract
Genetic variation within globe artichoke lan-
draces contributes to the variable yield per-
formance detected in cultivation. It was built
up over many generations of vegetative prop-
agation as a consequence of the limited
selection applied by farmers as well as the
accumulation of mutations. This chapter
reports the results obtained by applying clonal
selection programmes within local landraces,
with the goal to identify genotypes retaining
desirable traits and able to ensure a higher and
stable yield. The selected high-yielding geno-
types while contributing to increase produc-
tivity may also implement the conservation
‘in situ’ of valuable germplasm at risk of
extinction. With the goal to move to breeding
programme based on crossing strategies, it is
pivotal the development of genetic maps with
high levels of genome coverage. Genetic maps
represent the first step for localizing genes or
quantitative trait loci (QTL) that are associated
with economically important trait and open
the way for marker-assisted selection, com-
parative mapping between different species, a
framework for anchoring physical maps and

the basis for map-based cloning of genes. In
this chapter, the history of the development of
genetic maps in Cynara cardunculus is
retraced, starting from the first maps based
on a limited number of mostly dominant
molecular markers, up to the most recently
developed maps allowing the identification of
genomic region influencing key agronomic
traits.

6.1 Clonal Selection and Molecular
Fingerprinting

The application of PCR-based markers to assess
the genetic variation between and within popu-
lations of clonally propagated globe artichoke
varietal types (Lanteri et al. 2001; Portis et al.
2005; Ciancolini et al. 2012) has highlighted
their multi-clonal composition, which is less
evident but also detectable at the phenotypic
level. The latter was mainly attributed to the
limited selection criteria adopted by farmers
since, after some years of cultivation, plants are
mown at the end of the growing season and the
propagative material used for replanting is col-
lected some months later, without any selection
of the mother plants. An additional source of
variation is presumably due to spontaneous
mutations occurred over time after repeated
cycles of cloning. These findings have stimulated
the application of clonal selection programmes,
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with the goal to identify superior genotypes more
productive and/or possessing high qualitative
traits of the capitula.

Lanteri et al. (2004) applied a clonal selection
programme within the varietal type ‘Spinoso
sardo’ grown in Sardinia Island. A sample of 500
ovoli from as many plants was randomly col-
lected from five populations grown in areas
characterized by variable pedo-climatic condi-
tions. The plants obtained were characterized for
morphology, production and earliness over two
growing seasons. A set of 24 early and more
productive plants were identified and, from each
of them, five plants were clonally propagated.
The resulting 120 plants (24 genotypes each
represented by 5 plants) were genotyped by
applying 26 inter-simple sequence repeat (ISSR)
primers as well as 31 amplified fragment length
polymorphism (AFLP) primer combinations.
The ISSR markers disclosed an extremely low
level of polymorphism, while the UPGMA
cluster analysis based on AFLP differentiated
each selected clone and demonstrated their suit-
ability for their fingerprinting. In the study, the
AFLP markers were also used to assess genetic
uniformity within each clone and, from just three
plants of one clone, an electrophoretic pattern
polymorphic for one or two bands was detected.
Since the variant pattern was observed on the
same plants of the clone with at least two primer
combinations, while the other plants were ‘true to
clone’, the authors excluded possible
mis-labelling during clonal propagation or labo-
ratory errors. Otherwise, they hypothesized that
the mother plant from which the clone was
obtained was a chimera not phenotypically
detectable but maintained over time through
vegetative propagation.

Mauro et al. (2012) performed a clonal
selection within the varietal type ‘Violetto di
Sicilia’, whose cultivation is spread in the eastern
area of Sicily Island. Four populations were
identified in as many locations representative of
the growing area and, in each of them, prop-
agative material was sampled from seven to ten
plants. The latter were chosen on the basis of the
number of floral stem ramifications (an index of
yield potential), earliness as well as proper head

pigmentation, shape and thickness. On the
whole, 36 genotypes were selected from which 3
to 10 semi-dormant offshoots were collected. The
plants obtained were characterized for morpho-
logical traits and yield during the two following
growing seasons, and this led to discard 26
clones. The remaining 10, including at least one
clone for each site, were further on propagated
with the goal to obtain at least 20 plants per clone
and then characterized for a number of head traits
and number of floral stem ramifications during
further two growing seasons. All traits were
significantly variable and for the most part sub-
jected to a marked seasonal influence. The mean
production of the selected clones was about nine
heads per plant, corresponding to a fresh weight
around 1.3 kg. However, two clones produced an
average of 10.6 heads, equivalent to 1.46 kg per
plant over both growing season, while two pro-
duced the largest heads (on average 165 g),
whose receptacle incidence reached on average
19.3 g for 100 g of fresh weight. In the study, a
moderate, broad-sense heritability was detected
for total yield, number of heads per plant and
receptacle incidence, which means these traits
represent the primary target for clonal selection
within this varietal type. The ten selected clones
together with ten genotypes of ‘Violetto di
Sicilia’, which in a previous study were identified
by the authors as representatives of the genetic
variation within this varietal type, were geno-
typed by applying seven AFLP primer combi-
nations, and just three were able to fingerprint
each clone. Furthermore, three clones were found
to possessed unique fragments, which the authors
suggested convertible into sequence tagged site
assays for their easy identification in nurseries.
Interestingly, the principal component analysis
based on molecular data did not group separately
the ten selected clones and the other ten geno-
types included in the study, demonstrating that
the former are thus representative of the genetic
variation present in cultivation. This result
appeared to confirm that the clonal selection
within ‘Violetto di Sicilia’ may provide higher
productive genotypes without causing genetic
erosion and promoting its preservation in situ.
Lastly, the authors highlighted only a limited
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correlation between phenotypic and the geno-
typic data and hypothesized that this was so
because most of the AFLP loci were sited in the
non-coding portion of the genome and the traits
in the study were much affected by environ-
mental conditions.

With an approach analogous to the one pre-
viously described, Mauro et al. (2015) performed
a clonal selection programme within another
Sicilian varietal type, ‘Spinoso di Palermo’,
which is mainly grown in the western area of
Sicily Island. Within five populations grown in
as many locations, from three to eight plants
were selected on the basis of the number of floral
stem ramifications as well as earliness in the
production of heads and their number, size, col-
our and firmness. A set of 30 selected plants was
clonally propagated and from 8 to 10 plants per
clone obtained. Over the following two growing
seasons, 25 clones were discarded and 5 main-
tained. The number of plants per selected clone
was then increased to 54 for each clone (for a
total of 270 plants) by transplanting their lateral
offshoots, with the goal to perform a more reli-
able morphological characterization during two
further growing seasons. A set of 54 plants of the
allochthonous and early varietal type ‘Violet de
Provence’ was also included in the study, since
being characterized by high yields and long
productive cycle is spreading in Southern Italy
and endangers native local landraces. The mor-
phological characterization of the whole set of
plants was based on 51 traits, according to the
guidelines provided by International Union for
the Protection of New Varieties of Plants
(UPOV). Three of the evaluated traits, e.g. days
to first harvest, duration of harvest period and
rate of yield (expressed as the ratio yield and
harvest duration), were found significantly
affected by the clone � season interaction, while
the weight of main heads proved to be the most
stable. The head yield and number of heads per
plant were found associated with a moderate
level of broad-sense heritability, suggesting that
they represent key traits for primary selection
criteria within this landrace. Eighteen out of the
51 scored traits did not differentiate the varietal
types ‘Spinoso di Palermo’ and ‘Violet de

Provence’, while other 18 were distinctive of the
‘Spinoso di Palermo’ clones. The latter produced
an average number of heads of 13.8 per plant
which corresponded to a weight of 2 kg/plant, a
value higher than the one detected in ‘Violet de
Provence’. Two clones produced up to 2.4 kg of
capitula per plant and three noticeably larger
second-order heads (mean of 156 g), thus
resulting suitable for the production of commer-
cially valuable heads over a prolonged harvesting
period.

Two plants for each selected clone as well as
12 genotypes previously representative of genetic
variation within ‘Spinoso di Palermo’ and two
plants of Violetto di Sicilia (used as a reference)
were genotyped with seven AFLP primer com-
binations. The UPGMA dendrogram obtained
from AFLP data clustered separately the two
varietal types, and just three out of the five pri-
mer combinations were able to discriminate each
clone. In this study, differently from what
reported by the same authors for the varietal type
‘Violetto di Sicilia’ (Mauro et al. 2012), the
grouping of entries generated by AFLP analyses
was highly consistent with the grouping based on
morphological variation, presumably as a con-
sequence of the greater accuracy in phenotyping
the material under study.

More recently, Crinò and Pagnotta (2017)
performed the morphological, biochemical and
molecular characterization of ten clones, result of a
selection programme (Crinò et al. 2008), and
representative of the ‘Romanesco’ varietal type
which ismainly grown in Latium region of Central
Italy. The ten clones were characterized by early
medium and late head production. Twelve plants
per clone were phenotyped, over two subsequent
growing seasons, on the basis of 47 traits including
globe artichoke standard UPOV descriptors and
complementary Romanesco-type descriptors
reported by Ciancolini et al. (2012). Morphologi-
cal differences among clones were detected for 15
traits, among which shape of the head (ranging
from elongated to elliptical), receptacle shape,
head pigmentation (ranging from purple striped to
green) and head yield, while 8 traits showed sig-
nificant clone-per-year interactions highlighting
their unsuitability as standard descriptors. The
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similarity dendrogram based on hierarchical
cluster analysis of morphological data identified
three main clusters while principal component
analysis highlighted that four traits (i.e. plant
height, central flower-head weight, earliness and
total flower-head weight) made it possible a clear
grouping of the clones.

One plant of each clone was also genotyped
with seven AFLP primer combinations, four
ISSR and thirteen SSR markers, and 393
molecular polymorphisms were detected.
Molecular assessment was allowed to discrimi-
nate each clone, and the UPGMA dendrogram
based on Nei’s genetic distances identified three
main clusters which, however, were not consis-
tent with the ones obtained on the basis of
morphological variation.

During the first growing season, at least nine
primary flower-heads from each clone were
collected at the commercial stage and their
polyphenol profile obtained on the basis of
HPLC. The authors reported that differently from
what previously found by Pandino et al. (2015)
in leaves of a genotype of ‘Romanesco C3’,
cynarin (1,3-di-O-CQA), apigenin and luteolin
were not detected in any of the sample in study.
On the other hand, significant differences were
detected among clones with respect to the total
polyphenol content as well as 1,5-O-
dicaffeoylquinic acid, chlorogenic acid and
cynaroside (Luteolin 7-O-glucoside).

The result of the study made it possible the
identification of two clones, characterized by
remarkable earliness and highly productive,
which have been included with the names
‘Michelangelo’ and ‘Raffaello’ in the National
Register of Varieties of the Italian Ministry of
Agricultural, Food and Forestry Policies.

The results obtained in these studies highlight
that clonal selection is effective in identifying
superior genotypes within the population of globe
artichoke varietal types which at present are veg-
etatively propagated. The selected genotypes may
represent the starting material for nursery activi-
ties, but undoubtedly, a limit is represented by the
time needed to produce an adequate quantity of
their propagative material for field cultivation.

This, together with the fact that the use of the
achene as reproductive unit makes it possible to
treat the crop as annual and reduce the cost of
planting and the diffusion of pathogens, has led to
the growing in popularity of seed-propagated
cultivars and F1 hybrids. However in a recent
paper, Mauromicale et al. (2018) suggested a
selection scheme which combines mass pheno-
typic selection, self-pollination and marker-
assisted selection and suggested its application
for the development of open-pollinated varieties
from vegetatively propagated landraces. Studies
shepherded in this direction are at present very
limited; however, the results reported by the
authors seem very promising and demonstrate that
a practical and cheap means of conducting
marker-assisted breeding might be easily adopted
also by small seed companies furnished with lab-
oratories equipped for basic molecular analyses
and which carry commercial activities at level of
local markets. This might provide a significant
contribution to their income as well as counteract
the ongoing drastic genetic erosion of local
germplasm characterized by peculiar qualitative
and organoleptic characteristics.

6.2 Genetic Maps

Cynara cardunculus mapping populations were,
at first, developed by crossing a clone of the
globe artichoke varietal non-spiny-type ‘Roma-
nesco C3’, used as female parent, with (i) an
early-maturing varietal spiny-type ‘Spinoso di
Palermo’, (ii) a clone of cultivated cardoon
‘Altilis 41’ and (iii) a clone of the wild cardoon
‘Creta 4’. The three progenies obtained were
highly segregating for both capitula and plant
traits; furthermore, high segregation was detected
for the content in phenolic esters and sesquiter-
pene lactones. A number of the segregants dis-
played aspects of morphology which might also
have high potential as ornamentals, taking into
consideration that any individual can be readily
immortalized by vegetative propagation, as well
maintained over time through ‘in vitro’ micro-
propagation (Lanteri et al. 2012).
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The first genetic maps of globe artichoke were
generated following genotyping of a progeny of
94 individuals, obtained by crossing the two
globe artichoke clones ‘Romanesco C3’ and
‘Spinoso di Palermo’, with AFLP, M-AFLP and
S-SAP markers (Lanteri et al. 2006). The female
map comprised of 204 loci, spread over 18
linkage groups (LGs) and spanned 1330.5 cM
with a mean marker density of 6.5 cM. The
equivalent figures for the male parent map were
180 loci, 17 LGs, 1239.4 cM and 6.9 cM. The
presence of 78 loci in common to both maps
allowed for the alignment of 16 of the linkage
groups. The maps were subsequently extended
by the inclusion of a number of microsatellite
loci, of which 19 were represented in both maps
(Acquadro et al. 2009) and three genes involved
in the synthesis of caffeoylquinic acid have also
been positioned on the maps (Comino et al.
2007, 2009; Moglia et al. 2009).

A further map was developed by Portis et al.
(2009a) on the progeny obtained by crossing the
clone of ‘Romanesco C3’ with the cultivated
cardoon ‘Altilis 41’. The F1 population was
genotyped using a variety of PCR-based marker
platforms (AFLP, S-SAP and SSR), resulting in
the identification of 708 testcross markers suit-
able for map construction. The male map con-
sisted of 177 loci arranged in 17 major linkage
groups and spanning 1015.5 cM; while the
female map was built with 326 loci arranged into
20 major linkage groups, spanning 1486.8 cM.
The presence of 84 loci shared between these
maps and those previously developed by Lanteri
et al. (2006) allowed for map alignment and the
definition of 17 homologous linkage groups,
corresponding to the haploid number of the
species. Furthermore, as 25 mapped markers
(8%) corresponded to coding regions, this map
had an additional value as functional map and
represented the first genetic tool for candidate
gene studies in globe artichoke. Later on, the
maps have been integrated with the inclusion of
all the genes involved in the synthesis of caf-
feoylquinic acids known in the species (Menin
et al. 2010).

Later on, the same authors produced an
improvement of the maps (Portis et al. 2012)

based on the same progeny, following the inte-
gration of 172 microsatellite (SSR) loci derived
from expressed sequence tag DNA sequence
(Scaglione et al. 2009). Each of the resulting
maps detected 17 major linkage groups. Their
alignment was followed by the construction of a
consensus map which succeeded in capturing
694 loci, 227 (217 SSRs, ten SNPs) of which
involved co-dominant markers. The map gener-
ated 17 LGs with a total genetic length of
1687.6 cM and a mean inter-marker spacing of
2.5 cM. The newly developed consensus as well
as the parental genetic maps was then used to
elucidate the pattern of inheritance of key agro-
nomic traits as reported in the next paragraph.

On the basis of the two-way, pseudo-testcross
approach, genetic maps were also developed
from F1 progenies obtained by crossing globe
artichoke with its wild progenitor, wild cardoon.
Sonnante et al. (2011) developed an F1 progeny
of 192 individuals by crossing a single clone of
the globe artichoke ‘Mola’, a non-spiny varietal
type which produces green/purple flowers and
used as female parent, with a single plant of the
wild cardoon ‘Tolfa’, which produces spines on
head bracts and leaves and is white-flowered.
The progeny was genotyped with 149
EST-derived and genomic SSRs, AFLPs, ten
genes mainly belonging to the chlorogenic acid
pathway as well as phenotyped for two mor-
phological traits: presence or absence of spines
on the head bracts and flower colour. The map of
the globe artichoke parent included 289 markers,
ordered on 18 LGs and spanned 1486.4 cM with
an average marker distance of 5.2 cM. The map
of wild cardoon included 122 markers, ordered
into 17 LGs and spanned 865.5 cM, with an
average distance of 7.1 cM between markers.
From the maternal and paternal maps, an inte-
grated map was obtained which contained 337
molecular markers ordered in 17 LGs and the
genes for the traits presence of spines on head
bracts and flower colour were located, while one
linkage group of globe artichoke remained as a
single LG. The integrated map covered
1488.8 cM, with an average distance of 4.4 cM
between markers. The integrated map was finally
aligned with already existing maps for artichoke
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(Lanteri et al. 2006; Acquadro et al. 2009; Portis
et al. 2009a), and 17 LGs were linked via 31
bridge markers.

An F1 mapping population from the cross
between an accession of wild cardoon and a
single plant belonging to the open-pollinated
Argentinian globe artichoke variety ‘Estrella del
Sur FCA’ was bred by Martin et al. (2013) as
well. On the basis of a prior study (Cravero et al.
2007), most of the genotypic data needed for
linkage map construction were derived from
SRAP markers, which constituted the major
backbone of the two parental maps; however,
other PCR-based markers were included in the
map and made it possible to allow cross-
referencing with the SSR-based consensus map
previously produced by Portis et al. (2009b). The
1465.5 cM map based on the segregation of
alleles present in the wild cardoon parent com-
prised of 214 loci distributed across 16 LGs,
while the 910.1 cM globe artichoke-based map
featured 141 loci falling into 12 LGs. Three
morphological traits (head spininess, leaf spini-
ness and head colour) for which the parents
contrasted were found to be inherited mono-
genetically, and the genes conditioning these
traits were also mapped. On the basis of 48
co-dominant markers, an alignment was possible
with the Portis et al. (2009b) SSR-based
consensus map.

Interestingly, a comparison of heterozygosity
between the mapping parents used by Portis et al.
(2009a) showed that fewer loci were informative
in the seed-propagated variety of cultivated car-
doon than in the vegetatively propagated globe
artichoke varietal types. This highlighted that
clonal propagation allows the maintenance of
high heterozygosity while seed propagation
introduced an element of purifying selection to
stabilize production and reduce the global level
of heterozygosity. Martin et al. (2013) reported
that the map of the wild cardoon was constituted
by a higher number of loci than the one of the
globe artichoke (214 vs. 141 markers) and was
some 50% longer (1465.5 vs. 910.1 cM). In their
work, both progenitors were seed-propagated and
it must be kept in mind that the globe artichoke
genotype underwent over time some phenotypic

selection on the basis of key commercial traits
which reduced its global level of heterozygosity,
while the cardoon genotype was collected from
the wild as a result of open-pollination without
any anthropic selection.

With the goal to increase the number of
markers available and contribute to the devel-
opment denser C. cardunculus genetic maps,
Scaglione et al. (2012) combined the
restriction-site-associated DNA (RAD) approach
with the Illumina DNA sequencing platform to
affect the rapid and mass discovery of SNP
markers. RAD tags were sequenced from the
genomic DNA of the three parents (globe arti-
choke ‘Romanesco C3’, cultivated cardoon
‘Altilis 41’ and the wild cardoon accession ‘Creta
4’) of the mapping population previously
described. A sample of heterozygous SNP loci
was mapped by CAPS assays, and the
CAPS-derived genotypic data were incorporated
into a pre-existing data set of molecular loci
already used to generate the cultivated cardoon
genetic map (Portis et al. 2012).

Recently, two high-density genetic maps have
been developed through the re-sequencing of
‘Romanesco C3’ and ‘Altilis 41’ genotypes at a
depth of *30�, together with a *1�
genotyping-by-sequencing of the F1 mapping
population. This enabled linkage analysis to be
carried out, facilitated by the use of the SOILoCo
pipeline (Scaglione et al. 2016, https://bitbucket.
org/dscaglione/soiloco). The maps, each com-
prised 17 LGs, harbouring 1157 (C3) and 1497
(Altilis 41) independently segregant genetic bins
and enclosing respectively 23,366 and 15,227
haplotype markers. The overall length of the C3
map was 1459.6 cM, with an average
genome-wide inter-locus distance of 1.33 cM.
Assuming the physical size of each chromosome
to be as reported by Scaglione et al. (2016), the
global mean ratio of physical to genetic distance
was 356.4 kbp per cM. The length of the ‘Altilis
41’ map was 1748.2 cM, and its mean inter-locus
distance was 1.23 cM. The global ratio between
the physical and genetic distance was
300.7 kbp per cM. The 312 markers on shared
scaffolds between the two maps allowed the two
sets of LGs to be inter-aligned, and homologous
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genomic regions with the LGs to be identified
(Portis et al. 2018) (Fig. 6.1). The high-density
genetic maps were then used for the mapping of
genomic regions encoding biomass-related traits
as described in the next paragraph.

6.3 QTL Analysis

The availability of genetic maps is essential for
the dissection of quantitative trait loci (QTL),
which underline the inheritance of many key

Fig. 6.1 High-density linkage maps derived from the
female parent ‘Romanesco C3’ (white LGs) and the male
parent ‘Altilis 41’ (grey LGs), showing the location of
biomass-related QTL. Bars represent merged confidence
intervals for each QTL. QTL-harbouring regions are
numbered progressively along each LG, and homologous

regions are shown highlighted in red. Only the scaffolds
shared by the parental maps lying at the top, middle and
bottom of each LG are shown, as well as those lying
within a QGR. The scale to the left indicates lengths in
cM. Adapted from Portis et al. (2018)
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agronomic characters. A few studies have been
carried out, at present, in C. cardunculus on the
identification of genomic region influencing
QTL, most of them by using the previously
described map obtained from the F1 progeny
‘Romanesco C3’ � ‘Altilis 41’.

Portis et al. (2012) elucidate the pattern of the
key commercial trait ‘head production earliness’.
Indeed, shortening the life cycle is seen as an
important breeding goal in terms of both globe
artichoke’s economic value but can also increase
the exploitability of cultivated cardoon as an
energy crop. Earliness in both parents and F1
progeny was assessed over two seasons and
scored either as the number of days between
transplanting (first season) or awakening (second
season) and harvesting of both the main (eMH
trait) and first- and second-order heads, obtained
from the ramification of the main stem (eFOH
and eSOH traits). An evaluation of the variance
for the three earliness-related traits established
significant genotypic differences between the two
mapping parents. All three traits were found to
vary continuously among the F1 progeny,
although no progeny was as early flowering as
‘Romanesco C3’, while a few were later flow-
ering than ‘Altilis 41’, due to transgressive seg-
regation. Across all three traits, a total of 25
QTLs were detected, of which 19 were stable
across both growing seasons, with the other six
expressed only during the second season. In the
study, a broad-sense heritability for eMH of 0.76
was detected, which indicates the trait to be
predominantly under genetic control, but rather
lower heritabilities were found for the traits
eFOH and eSOH, suggesting that the environ-
ment is quite influential in their determination. At
any rate, the identified QTL accounted for up to
74% of the overall phenotypic variance and a
cluster of large-effect QTL residing on the
homologous LG 1 of globe artichoke and LG 2
of cultivated cardoon were claimed to represent a
reasonable candidate for marker-assisted breed-
ing and include two SSR loci which might serve
as an indirect selection criterion for earliness.

In further work (Portis et al. 2014), the map-
ping population was phenotyped in order to
elucidate the inheritance of seven main and

first-order capitulum traits over two growing
seasons. This study represented the first report on
yield traits’ QTL in globe artichoke. Capitula
were harvested when they had reached a mar-
ketable size (prior to bract divergence), and
measured with respect to their number per plant
(nc), length (cl) diameter (cd), shape index (si)
[cl:cd ratio] fresh weight (fw), receptacle diame-
ter (rd) and receptacle height (rh). The cl, cd, si,
fw, rd and rh traits were scored for both the main
head (MH traits) and the first-order head (FOH
traits) developed on the ramifications of the main
stem. As previously highlighted for earliness, all
the assessed yield-related traits were under
polygenic control as were found to be normally
distributed among the mapping progeny. A total
of 100 QTLs associated with the seven capitulum
traits were mapped to 23 chromosomal regions,
scattered over 12 of the 17 linkage groups.
Among these, 73 were expressed in both growing
seasons, while the others were only detected in
one season. As reported by the authors, the effect
of a QTL has been shown to vary over time in
perennial plants, like C. cardunculus, with
changing biotic and abiotic factors (Brown et al.
2003); furthermore, since the two seasons were
not identical in terms of temperature, rainfall,
etc., their results seem to suggest that the species
is adaptable to yearly variations in climate
resulting in a significant degree of geno-
type � environment interaction.

The capitulum size and weight were found to
be genetically determined by multiple QTL,
which proved to be located in 18 distinct geno-
mic regions. The number of QTL per trait ranged
from five to nine (mean 7.2), and the only traits
for which more than one QTL mapped to a single
LG were fw and rd. Major QTLs, responsible for
some 20% of the phenotypic variation, were
detected for capitulum length, diameter, shape
index and fresh weight. In the study, both head
and receptacle size were found to be positively
correlated with their fresh weight, as was the
number of capitula with both capitulum length
and diameter, and QTL for correlated traits fre-
quently co-localized, presumably due to pleio-
tropy. In a previous work, Mauro et al. (2009)
highlighted that the economic yield of globe

122 E. Portis et al.



artichoke is positively correlated with the number
and weight of the secondary capitula (Mauro
et al. 2009), while clonal selection within a
specific globe artichoke varietal type has shown
that although yield was strongly dependent on
the number of capitula, yet there was no signif-
icant relationship between yield and mean
capitulum weight, (Mauro et al. 2012, 2015).
A positive correlation between capitulum diam-
eter and weight was previously been reported by
Lopez Anido et al. (1998) and as pointed out by
Lanteri et al. (2005), in the spiny elongated
capitulum type, the heaviest capitula tend to be
those having the greatest length and diameter.
The correlations among different traits as well as
their co-localization indicate the magnitude and
direction of correlated response to selection as
well as the relative efficiency of indirect selection
(Holland 2006). As suggested by Carter et al.
(2011), when traits are highly correlated, plant
breeders can select for the trait with higher her-
itability and simultaneously indirectly select for
the other trait, thus maximizing genetic gain for
both traits in segregating populations. The results
of Portis et al. (2014) suggest that the strong
correlation between receptacle height and heads’
size and weight might facilitate the indirect
selection of the incidence of the edible head
fraction, which is desirable for both fresh con-
sumption and processing. Interestingly, the
capitulum weight and size of the majority of the
mapping progeny individuals were below the
mid-parent value, which might be explained from
exerting of a degree of semi-dominance of cul-
tivated cardoon alleles over those from globe
artichoke.

Following phenotyping of the same progeny,
Portis et al. (2015) identified QTL for the traits’
bract pigmentation and fleshy thorns. There is
considerable variation in cultivated germplasm
for the intensity of capitulum pigmentation, a
character which is also very sensitive to tem-
perature; however, varieties are conventionally
classified as either violet or green. Cravero et al.
(2005) have proposed that capitulum colour is
genetically determined as follows: P—allows
anthocyanin production, resulting in purple
bracts, while pp inhibits anthocyanin production

resulting in green bracts; U—results in an uneven
distribution of anthocyanin pigments encoded by
P, while uu results in an even distribution of
pigment in the presence of P. This proposed
model is presumably sufficient for breeders
seeking to enhance colour; however, it was
supposed that other modifier genes or multiple
alleles might be involved (Pochard et al. 1969).
In the work of Portis et al. (2015) by extending
the classification of bract pigmentation to seven
classes (one green; two green with purple hue;
three green-purple; four purple-green; five purple
with green hue; six purple; seven dark purple),
the authors were able to identify a continuous
like distributions appropriate for a QTL analysis.
Three QTL regions, each stable across the two
seasons, were identified. One was represented in
both parents (homologous QTL), one only in
globe artichoke and one only in cultivated car-
doon. The largest effect QTL (PVE of 66–69%)
mapped to globe artichoke LG 5 and cultivated
cardoon LG 1 coincident with P. The globe
artichoke QTL (PVE 16–17%) was located on
LG 13 and cultivated cardoon QTL (PVE of 21–
23%) on LG 11 confirm the presence of modifier
loci involved in the genetic control of antho-
cyanin distribution, and whose effect might be
variable in different progenies. The genetic basis
of spine formation relates to the allelic constitu-
tion at the Sp locus, with the spiny ‘‘thistle-like’’
phenotype determined by the recessive allele Sp
(Basnitzki and Zohary 1994), and the map loca-
tion of Sp has been reliably established with a
few mapping exercises (Lanteri et al. 2006;
Sonnante et al. 2011; Martin et al. 2013). In their
mapping population, Portis et al. (2015) by
scoring the phenotypes on a 1–5 scale, identified
a QTL justifying 68–73% of the PVE plus a
second locus (PVE of 11–12%) exclusive of
cultivated cardoon and possibly related to mod-
ifier genes.

Table 6.1 documents the total number of QTL
detected using the ‘Romanesco C3’ and ‘Altilis
41’ maps by Portis et al. (2012, 2014, 2015),
their distribution over years, homologies between
maps as well as the maximum values estimated
for LOD and the proportion (%) of the total
phenotypic variance (PV).
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Fig. 6.2 Distribution of phenotypes for the eleven
biomass-related traits across the mapping population.
Traits segregating for the set of 162 F1 individuals scored

in one season are reported. The parental mean perfor-
mances are indicated by arrows. Adapted from Portis et al.
(2018)
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The ‘C3 x Altilis’ F1 population was, finally,
phenotyped over two seasons by Portis et al.
(2018) with respect to the following
biomass-related traits: plant height (PH), number
of stems (NS), number of capitula (NC), fresh
weight of leaves (FWL), fresh weight of stems
(FWS); then the material were dried and evalu-
ated for dry weight plant (DWP), dry weight of
leaves (DWL), dry weight of stems (DWS), dry
weight of full capitula (DWFC), dry weight of
empty capitula (DWEC) after achenes removal,
and dry weight of achenes (DWA). In a prelim-
inary study, Martin et al. (2016a) characterized
the segregation of five biomass-related traits in a
population bred from a cross between var. syl-
vestris and var. scolymus taxa, but the scope of
the study was limited by its being based on data
from a single growing season and its reliance on

simple interval mapping for QTL identification.
The research of Portis et al. (2018) therefore
represents the most exhaustive attempt so far to
identify the genetic basis of biomass accumula-
tion in C. cardunculus.

The phenotypic data were combined with the
high-density linkage maps previously described
to identify 81 quantitative trait loci, of which 50
were placed on the C3 map and 31 on the Altilis
map. The loci were scattered over 13 linkage
groups and were clustered within 27 genomic
regions, 22 of which harboured two or more
QTL. Ten of these regions were specific to the
C3 map and six to the Altilis map, while the
other eleven were represented on both maps. The
number of QTL per trait ranged from four to
twelve (mean 7.4); for the traits FWL, DWL,
DWFC, DWEC and DWP, more QTL located in

Table 6.1 Total number and characteristics of the main head (MH), first-order head (FOH) and second-order head
(SOH) QTL detected using the C3 and Altilis 41 maps by Portis et al. (2012)

Trait Head Code Homolog.
QTL

QTL in C3 map QTL in A41 map Max
LOD

Max
PV (%)1st

season
2nd
season

Both
seasons

1st
season

2nd
season

Both
seasons

Earliness MH eMH 2 4 5 4 3 4 3 14.7 47.9

FOH eFOH 3 3 4 3 4 5 4 8.9 31.0

SOH eSOH 3 2 3 2 3 4 3 7.1 32.2

Capitulum
length

MH clMH 2 6 5 5 4 4 4 6.0 21.5

FOH clFOH 1 2 1 1 2 2 2 4.4 15.6

Capitulum
diameter

MH cdMH 2 6 5 5 3 2 2 5.9 20.3

FOH cdFOH 1 5 4 3 3 3 3 3.7 15.8

Shape index MH siMH 0 3 3 3 4 4 4 8.6 29.5

FOH siFOH 0 2 2 2 1 1 1 7.9 29.2

Fresh
weight

MH fwMH 3 4 3 3 6 5 5 5.1 19.9

FOH fwSOH 1 5 5 5 5 5 5 3.8 13.8

Receptacle
diameter

MH rdMH 2 4 3 2 5 4 3 4.4 18.8

FOH rdFOH 1 2 3 1 2 3 1 3.9 16.0

Receptacle
height

MH rhMH 1 5 4 4 1 1 1 4.8 11.3

FOH rhFOH 0 4 4 3 0 1 0 3.5 9.6

Number of
capitula

All nc 3 4 3 3 3 4 3 3.9 12.6

Bracts
colour

All bc 1 2 2 2 2 2 2 20.6 69.3

Bract
thorniness

All bt 1 1 1 1 2 2 2 14.0 73.2

6 Genetics and Breeding 125



a single LG. The QTL allele effects were largely
consistent with the phenotypic difference
between parents, reinforcing the robustness of
the mapping. There was a marked degree of
transgressive segregation towards C3 for the
traits DWS, DWA and NC: non-parental allele
combinations are generally invoked to explain
this phenomenon (Tanksley and McCouch
1997), but given that the majority of the progeny
performed below the mid-parent value for these
traits (Fig. 6.2), it is reasonable to suggest
instead that a degree of semi-dominance was
exerted by the globe artichoke over the cultivated
cardoon alleles.

The co-localization of many of the QTL was
inferred from the overlap of 1-LOD support
intervals, a measure used to provide an approx-
imate confidence interval for a QTL’s true loca-
tion. Only a small number of the QTL-genomic
regions harboured QTL influencing the variation
for a single trait. In contrast, five regions each
harboured at least five QTL influencing a variety
of traits—these were the genomic regions named
1.1 (seven traits), 3.3 (nine traits) and 9.1, 17.1
and 17.2 (five traits) in Fig. 6.1. The high
inter-trait correlations established between traits
for which the controlling QTL were frequently
clustered imply that the clusters mostly likely did
not comprise a group of linked loci, but rather
were the expression of a single pleiotropic locus.
The map location of some of the QTL was
consistent with the outcomes reported by Portis
et al. (2014) and Martin et al. (2016a, b). In
particular, the location of NC QTL to LGs 01,
03, 05 and 09 reiterates the conclusions drawn
from AFLP/SSR-based maps developed from the
same population but phenotyped independently
(Portis et al. 2012), as well as those obtained by
mapping of a population derived from the var.
sylvestris and var. scolymus cross-analysed by
Martin et al. (2016b). The much higher saturation
of the high-density maps has allowed further
some additional NC QTL (on LGs 06, 08, 13 and
14) to be detected. At least some of the QTL
influencing main capitulum fresh weight which
have been mapped to LGs 01, 06, 08, 09, 12 and
13 (Portis et al. 2014) and to LGs 03 and 09

(Martin et al. 2016a) may be identical to the
DWFC and DWEC QTL reported here.

Based on available genomic information, a
total of 80 scaffolds covering each of the 27
QTL-genomic regions were derived and charac-
terized. The length of the scaffolds ranged from
15,521 to 1,019,252 nucleotides (average
326,566 nt), and specified an estimated 1960
genes (24.5 genes per scaffold); 83% of these
genes have been functionally annotated. An
enrichment for certain gene ontology terms was
noted for the gene content of the genomic regions
harbouring loci influencing seed yield and the
number/weight of stems.
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7Insights into the Population
Structure and Association Mapping
in Globe Artichoke

Domenico Rau, Monica Rodriguez, Giovanna Attene,
Limbo Baghino, Anna Barbara Pisanu, Davide Sanna,
Alberto Acquadro, Ezio Portis and Cinzia Comino

Abstract
Understanding the population genetic structure
of crop gene pool is a fundamental prerequisite
in plant evolutionary biology and plant breed-
ing. Based on this consideration, in this
chapter we pursued two main aims. The first
was to review the status of the research pointed
at deciphering the population structure of the
gene pools of globe artichoke. The second was
to show how the use of a well-characterized
germplasm collection together with deep
genotyping could serve the identification of
QTLs for traits of agronomic and economic
relevance in globe artichoke.

7.1 Introduction

To ‘unlock’ the potential of crop germplasm
collections by their effective use, researchers
need detailed information about the amount and
distribution of genetic diversity present within
collections (Schreiber et al. 2018). For example,
the knowledge of population structure allows the
identification of accessions chosen to represent as
much as possible of the diversity in the collection
(Brown 1989). This is useful (i) to better plan
phenotypic characterization, (ii) to look for
genetic resources adapted to different environ-
mental conditions, (iii) to select materials for
hybridization experiments and (iv) to guide the
choice of accessions for genome sequencing and
comparative studies. Moreover, with the advent
of next-generation sequencing (NGS) technolo-
gies, genome-wide association (GWA) studies
have been conducted routinely to unravel geno-
type–phenotype associations in many species
(Liu and Yan 2019). A serious problem with
association mapping is that population structure
can lead to false positives (spurious associations)
between a candidate marker and a phenotype.
Such associations can occur when the trait mean
(or frequency) varies across subpopulations
(Pritchard et al. 2000a). However, if population
structure of the collections is inferred, it is pos-
sible to curtail the risk of false positives
(Pritchard et al. 2000b; Yu and Buckler 2006;
Kang et al. 2008).
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A review on the current knowledge of the
population structure of Cynara cardunculus var.
scolymus, the cultivated globe artichoke, is here
reported. The survey is divided considering two
hierarchical levels of genetic organization: within
and among varietal types.

7.2 Variation Within Varietal Types

The study of genetic variation within varietal
types and landraces has been driven mainly by
two needs. The first was to valorize local germ-
plasm. The second was to understand the feasi-
bility of and to guide the clonal selection. The
main aims have been to improve the agronomic
performances of traditional types at risk of genetic
erosion or to gain more varietal uniformity.

In globe artichoke, commercial production is
mainly based on the cultivation of clones. These
are obtained by vegetative propagation using
‘ovoli’ and ‘carducci’. The first are semi-dormant
shoots with a limited root system, while the latter
are basal shoots. Clones are highly heterozygous
and segregate widely when propagated by seed
(Basnizki and Zohary 1987). They are relatively
uniform as farmers apply purging selection by
eliminating off-types that often arise in the field
because of accidental seed dissemination (see
Chap. 2 ‘Cynara cardunculus Propagation’).

Notwithstanding, several studies reported
genetic variability within the fields of the same
clonal varietal type. This was observed, for
example, within ‘Spinoso Sardo’ the main vari-
ety cultivated in Sardinia Island (Lanteri et al.
2001; Cadinu et al. 2007); within ‘Romanesco’
mainly cultivated in centre Italy (Crinò et al.
2008; Crinò and Pagnotta 2017); and within
‘Spinoso di Palermo’ and ‘Violetto di Sicilia’
which are typical of Sicilian Island (Portis et al.
2005; Mauro et al. 2012, 2015).

The type ‘Spinoso Sardo’ showed phenotypic
diversity for several morpho-phenological and
yield traits (Deidda 1967). A programme of
clonal selection started more than fifty years
ago (Deidda 1967) and allowed the researchers
of the Agenzia AGRIS Sardegna to identify and
select clones with different pigmentations,

morphological features of head, yield perfor-
mance (a number of heads per plant), earliness
and low susceptibility to head atrophy (Cadinu
et al. 2007). Some of the selected clones
(Fig. 7.1) are currently subjected to the proce-
dures for variety release. Molecular markers such
as random amplified polymorphic DNA (RAPD;
Lanteri et al. 2001), amplified fragment length
polymorphisms (AFLPs) and inter simple
sequence repeats (ISSRs) (Lanteri et al. 2004)
confirmed a significant degree of genetic diver-
sity within ‘Spinoso Sardo’. The evaluation of
five populations (= fields) showed well-defined
differences between populations (28.1% of the
total genetic diversity) and revealed substantial
diversity within populations (71.9% of total
genetic diversity). Results overall showed the
need to apply clonal selection to diminish the
genetic variability within the varietal type and to
gain more uniformity, as described in Chap. 6.

Using AFLPs, Portis and colleagues (2005)
analysed three populations (= fields) of ‘Spinoso
di Palermo’ (a spiny type) and four populations
(= fields) of ‘Violetto di Sicilia’ (a non-spiny
type). Within both types, populations showed
nontrivial genetic differences (GST = 0.20 and
0.12, respectively) likely because of fragmenta-
tion and adaptation to local pedoclimatic condi-
tions. However, within each type, most of the
genetic variation was allocated, again, within
populations. Mauro and colleagues (2012, 2015)
further showed that genetic variation useful for
breading exists either within ‘Violetto di Sicilia’
or within ‘Spinoso di Palermo’ (Chap. 6). Mauro
and colleagues (2009) investigated 24 landraces
of globe artichoke collected from smallholdings
in Sicily. Local farmers appreciated and culti-
vated these landraces for centuries because of
their culinary uniqueness. Landraces were char-
acterized using phenotypic traits and molecular
markers and were compared with wild cardoon
accessions collected from different sites in Sicily.
The comparison also included accessions of
‘Spinoso di Palermo’ and ‘Violetto di Sicilia’.
High genetic diversity was detected, and lan-
draces showed a variable level of admixture
either with the domesticated spiny type (‘Spinoso
di Palermo’) or with the non-spiny type
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(‘Violetto di Sicilia’). These results outlined the
pivotal role of farmers’ practice in the mainte-
nance of ‘on farm’ genetic diversity.

Several studies were conducted on the ‘Roma-
nesco’ varietal type (Crinò et al. 2008; Ciancolini
et al. 2012; Crinò and Pagnotta 2017). Crinò and
colleagues (2008) characterized 19 clones derived
from plants cultivated in different areas of Latium
region, the major world producer of this varietal
type. They integratedmorphological traits (UPOV
descriptors) and DNA markers (AFLP and ISSR).
A very strong correlation structure among the 39
recorded traits was observed. Such observation
was interpreted by the authors as a signature of
human selection: different genotypes might have
been selected based on the multiple traits that
appeared to be correlated. Moreover, molecular
markers clearly distinguished most of the
clones and identified two major genetic groups;
however, therewas no correlation between genetic
and molecular distances. Interestingly, some

‘Romanesco’ clones also differed for productive
traits (particularly for the number of heads) and for
metabolomic profiles of heads (Crinò andPagnotta
2017).

Thus, overall these studies emphasize that
varietal types are not uniform and can be regar-
ded as composed by several genotypes, as
affirmed by De Vos (1992).

As suggested for other clonally propagated
domesticated plants, somatic mutations are likely
the main cause of this variability (Whitham and
Slobodchikoff 1981). Somatic mutations accu-
mulate over time, and different parts of the plant
can inherit different mutations. Thus, the plant
can become a mosaic of tissues with different
genotypes, a phenomenon known as chimerism
(Gill et al. 1995). If the plant is used for vege-
tative propagation, descendants can be geneti-
cally heterogeneous. Thus, the strict genetic
identity of ‘clone mates’ is highly improbable
(Lushai and Loxdale 2002).

Clones of ‘Spinoso Sardo’

Clone AGRIS 1 Clone AGRIS 2 Clone AGRIS 3

Fig. 7.1 Example of variation within varietal type. Top: The picture represents three clones selected within the varietal
type ‘Spinoso Sardo’ by the Agricultural Research Agency of Sardinia Region. AGRIS 2 has more oblong heads
compared to AGRIS 1 and 3. AGRIS 1 is the most early, and AGRIS 3 is the most productive (as a number of heads per
plant). Photograph L. Baghino (AGRIS)
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Moreover, different somatic mutations can
have different consequences on the cells. Thus,
within a meristem, cell lineages bearing different
mutations can have a different fitness and can
compete among them (diplontic selection). Cell
lineages with higher fitness can replace other
lineages. However, in plants, soma and germ-line
are not separated. Thus, it is more likely that
gametes will carry the favourable somatic
mutations of the ‘winner’ cell lineages from
which they descend (McKey et al. 2010).
Mathematical models show that this process is
quantitatively comparable to mutations occurring
during meiosis (Orive 2001).

All this renders the evolution of clonal species,
likely including globe artichoke, more dynamic
than is usually thought (McKey et al. 2010).

As discussed above, the genetic diversity
present within varietal types gives an opportunity
to the clonal selection. From another perspective,
this means that GWA studies should point to
exploit not only the genetic variation among but
also that within varietal types. For example,
seven accessions of Bayrampasa and ten acces-
sions of ‘Spinoso Sardo’ differed on average by
15 and 11% of the AFLP loci examined,
respectively. Moreover, genetic differences
detected within the same varietal type were
sometimes higher than that found between dif-
ferent varietal types (Lanteri et al. 2004).

Thus, it might be useful that collections for
association mapping include, as far as possible, a
high number of accessions per varietal type. The
number of accessions sampled should be pro-
portional to the genetic diversity observed within
varietal types.

7.3 Variation Among Varietal Types

Many distinct clonal varietal types of globe
artichoke exist. These were mainly ‘local’ as
often they have a favoured area or territory of
cultivation. This is further marked by their names
that often refer to the location of origin. For
example, ‘Violetto di Sicilia’, ‘Spinoso di
Palermo’ and ‘Brindisino’ are common in South
Italy; ‘Romanesco’ type is more usual in centre

Italy, and ‘Spinoso Sardo’ in Sardinia (Calabrese
2016). In France, the most cultivated types are
‘Camus de Bretagne’, ‘Gros Vert de Laon’,
‘Blanc Hyerois’, ‘Violet du Gapeau’, ‘Castel’
and ‘Petit Violet de Provence’ (Calabrese 2016).
In Spain, ‘Blanca de Tudela’ ecotype represents
90% of the whole production (Calabrese 2016).
However, accession names are far from being a
good indicator of genetic differences. Indeed,
many cases of homonymy as also of synonymy
have been recognized (Pagnotta et al. 2017).

Clonal varietal types are likely the results of
clonal selection for adaption to different envi-
ronmental conditions. However, it is possible
that, such as in several other horticultural crops,
the selection was mainly ‘consumer-driven’.
Likely, market requirements concerning the
appearance, taste and properties of the edible
parts dictated selection criteria no less strictly
than environmental conditions.

The early attempts to classify the cultivated
germplasm of globe artichoke date about
40 years ago (Porceddu et al. 1976; Dellacecca
et al. 1976; Vanella et al. 1981). Four major
groups were distinguished mainly based on
capitulum traits: (1) 'Spinosi', comprising types
with long spines on bracts and leaves; (2) ‘Vio-
letti’, with medium-sized, violet-coloured and
less spiny heads; (3) ‘Romaneschi’, with spher-
ical or subspherical non-spiny heads; and
(4) ‘Catanesi’, with rather small, elongated and
non-spiny heads. Another classification is based
on harvest time (Mauromicale and Ierna 2000).
Two types can be distinguished. Indeed, if ovoli
are planted and irrigated during summer (July)
certain varieties can be ‘forced’ to grow ‘out of
season’. These produce capitula very early,
starting in autumn (October) and continuing until
the spring. Differently, varieties that cannot be
‘forced’ produced capitula only during spring
and early summer. With some exception, ‘Cata-
nesi’, ‘Violetti di Provenza’, ‘Spinoso Sardo’ and
‘Spinoso di Palermo’ fit into the first class while
‘Romaneschi’ and ‘Violetti di Toscana’ in the
second one.

Elia and Miccolis (1996) conducted a
morpho-phenological characterization of 104
accessions grown in a common garden. Using
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multivariate analysis and considering eight
quantitative traits, they distinguished five main
clusters (Fig. 7.2). These were ‘early’, ‘medium–

early’, ‘late with a small head’, ‘late violet’ and

‘late with a large head’. The ‘early’ and ‘med-
ium–early’ clusters were mainly made up by
‘Catanesi’ and ‘Violetti di Provenza’, character-
ized by long-shaped, small main and secondary

Early Medium-early Late, small heads Late, violet Late, big heads

A (non spiny) B (spiny)

A1
Catanesi

Tudela

A2
Romaneschi

B1
Spinosi 

V. di  Toscana

Lanteri et al. (2004)

B1
V. di Toscana

Spinosi

Group I (non spiny) Group II (spiny and non spiny)

SG2
Catanesi

Tudela
Viole

SG6
Tudela

Romaneschi
Catanesi

SG3
Spinosi 

Romanesco
Viole

SG5
Romaneschi

Viole

Pagno a et al. (2017)

SG4
Romaneschi 

Viole
Catanesi

Group I (non spiny) Group II (spiny and non spiny)

Catanesi Green head ar chokes
(Apulian)

Pavan et al. (2018)

Romaneschi, viole , spinosi,
Tudela*

*admixed with Catanesi

AF
LP

SS
R

GB
S

PH
EN

O
TY

PI
C 

TR
AI

TS

Elia and Miccolis (1996)

Fig. 7.2 Summary of the results on the population
structure of cultivated globe artichoke. Notes The inten-
tion of the figure is to sketch the main results of each
study. Phenotypic analysis: dendrogram has been
re-adapted from Elia and Miccolis (1996). Molecular
analyses—black continuous vertical line: main genetic

subdivision. Black vertical dotted line: secondary genetic
subdivisions. Subdivisions are not proportional to sample
size. Within each subdivision, the more frequent typology
(as discussed by the authors) was reported with big font
while less frequent with small font. In this figure, the
‘Catanesi’ type also includes ‘Violetti di Provenza’
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heads, low-medium yield, with an early harvest
and low vigorous plant (short, and with a low
number of heads). The ‘late with a small head’
cluster mainly included ‘Spinosi’ types charac-
terized by long-shaped and medium–small heads
and late harvest. Within the cluster, ‘late violet’
prevailed ‘Violetti di Toscana’ and other varieties
characterized by vigorous plants (tall and high
yielding) and less long-shaped than the previous
groups. Finally, the ‘late with a large head’ cluster
mainly comprised ‘Romaneschi’ and ‘Macau’,
characterized by late harvest, big principal and
secondary heads with a spherical shape.

Lanteri and colleagues (2004) reported the first
study on the molecular population structure of the
cultivated gene pool of globe artichoke. They
studied a large collection of cultivated globe
artichoke by using AFLPs. Their multivariate
analysis evidenced two major clusters named ‘A’
and ‘B’ (Fig. 7.2). The first comprised non-spiny
types (‘Catanesi’ and ‘Romaneschi’), while the
second, ‘B’, included all the spiny types (‘Spi-
nosi’ and ‘Violetti’) with few exceptions. Differ-
ently, there was no association between capitulum
pigmentation and genetic clustering. Cluster ‘A’
divided into two sub-clusters: ‘A1’ and ‘A2’.
Cluster ‘A1’ contained ‘Catanesi’ and ‘Violetti di
Provenza’ types. ‘A2’ encompassed ‘Roma-
neschi’ and ‘Macau’. Cluster ‘B’ also split into
two sub-clusters: ‘B1’ and ‘B2’. In this case, the
association between phenotypic typologies and
AFLP clusters did not hold as both B1 and B2
included ‘Spinosi’ and ‘Violetti’ types.

The AFLP classification of Lanteri and col-
leagues (2004) was partially congruent with that
proposed by Elia and Miccolis (1996) on phe-
notypic data. Accessions included in cluster ‘A1’
(‘Catanesi’) corresponded to the ‘early’ and
‘medium–early types’ of Elia and Miccolis
(1996); sub-cluster ‘A2’ (mainly ‘Romaneschi’)
comprised the ‘late types with large heads’.
However, the accessions included in the group
‘late with small heads’ and ‘late violet’ of Elia
and Miccolis (1996) were distributed randomly
across the clusters ‘B1’ and ‘B2’ of Lanteri et al.
(2004) comprising ‘Violetti’ and ‘Spinosi’.

More recently, Pagnotta and colleagues
(2017) analysed 174 leafy cardoon and globe

artichoke accessions using SSR and ISSR
markers. Based on the Bayesian clustering
method implemented in Structure software
(Pritchard et al. 2000a) and based on Evanno’s
method (2005), they inferred that the uppermost
level of population structure was represented by
three genetic groups. Leafy cardoon accessions
clustered separately from cultivated globe arti-
choke; however, this latter further split into two
groups (Fig. 7.2). The first group comprised
almost all ‘Catanesi’ types together with ‘Tudela’
types and two ‘Romanesco’ accessions. The
second group included the remaining accessions.
However, the authors also considered secondary
structures at K = 5. Here, the first group split into
two subgroups, named SG2 and SG6. SG2
included most ‘Catanesi’ and two accessions of
‘Tudela’, while SG6 included most of ‘Tudela’
accessions, two ‘Romaneschi’ and two ‘Cata-
nesi’. The second group split into three sub-
groups named SG3, SG4 and SG5. SG3 included
all the spiny types and some accessions of
‘Romanesco’ and ‘Violetti’; SG4 grouped most
of the ‘Romaneschi’ types with two ‘Violetti’
and one ‘Catanese’; SG5 contained twelve
accessions of ‘Romanesco’ and two ‘Violetti’.

Thus, based on the analysis of Pagnotta and
colleagues (2017), the majority of ‘Catanesi’
clustered together, ‘Spinosi’ types were grouped
with some ‘Romaneschi’ and ‘Violetti’ types,
and ‘Romaneschi’ appeared less uniform being
distributed across several genetic subgroups.
Consequently, except for the group of
‘Catanesi’, the association between phenotypic
types and molecular groups was not clear-cut.
Moreover, as noted by the authors, accessions
clustered not only based on their typology but
also based on the gene bank of origin. They
argued that the environmental conditions of the
different field gene banks or the method used to
conserve plant materials might have affected
germplasm characteristics. The authors suggested
the use of accessions from different gene banks
to conduct association mapping studies (Pagnotta
et al. 2017).

Recently, Pavan et al. (2018) used genotyping
by sequencing (GBS) to analyse 65 globe arti-
choke, 9 leafy cardoon and 21 wild cardoon
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samples. The collection showed a strong popu-
lation structure at K = 2, separating the globe
artichoke from the leafy and wild cardoon. At
higher K values, wild cardoon was separated
from the leafy cardoon. However, genetic sub-
divisions within the globe artichoke were also
discussed (Fig. 7.2). When the analysis was
repeated considering globe artichoke and
assuming two populations, structure analysis
pointed out the genetic differentiation between
the ‘Catanesi’ typology and all other samples.
When a higher number of populations were
assumed, the separation of the ‘Catanesi’ group
still held true, and green-headed landraces from
Apulia region, Italy (‘Green Apulian’), formed a
distinct group. ‘Romaneschi’ fell in a variable
group with admixed samples, showing that they
should not be considered as a genetically uniform
typology (Pavan et al. 2018) as also observed by
Pagnotta et al. (2017).

Comparing different studies, some differences
emerged. Lanteri et al. (2004) find that ‘Catanesi’
and ‘Romaneschi’ clustered together and were
separated from ‘Violetti’ and ‘Spinosi’. Differ-
ently, both Pagnotta et al. (2017) and Pavan et al.
(2018) found that the main genetic subdivision is
between ‘Catanesi’ and the remaining accessions.

There are several examples in the literature of
partially non-overlapping or different results
when using different marker types to decipher
population structure (e.g. Schlötterer 2004). Such
differences can stem because the various marker
types have distinct mutational mechanisms and
different mutational rates. Specifically, it was
estimated that 10−3–10−4 mutations per locus per
generation occur for SSR markers whereas the
mutation rate for AFLP is about 10−6 per locus
per generation (Mariette et al. 2001). This means
that SSRs and AFLPs could depict scenarios
reflecting evolutionary processes that operated at
different timescales. Indeed, markers with low
mutation rate have a stronger phylogenetic signal
than those with high mutation rate. Thus, the
divergence between spiny type and non-spiny
types (AFLP; Lanteri et al. 2004) might reflect a
process more ancient than the separation
between the ‘Catanesi’ and the other globe arti-
chokes (SSR; Pagnotta et al. 2017).

Moreover, AFLPs are dominant markers while
SNPs and SSRs are codominant markers. Thus,
contrary to AFLP, SNPs and SSRs allow (i) to
distinguish heterozygotes from homozygotes, and
(ii) to recognize different heterozygotes. This can
affect the estimation of the genetic distances
among individuals (and populations) in an out-
breeding species such as globe artichoke (Gau-
deul et al. 2004). Finally, the collections analysed
in these studies were not the same and varied in
sample sizes; thus, the sampling of different plant
materials could also account for the differences
observed among studies.

Awide germplasm collection comprising about
120 globe artichoke accessions and most of the
globe artichoke varieties cultivated worldwide
was characterized integrating SSR analysis with
the phenotypic characterization in a common
garden (Rau et al. 2015; Rau et al. submitted). This
living collection is maintained by AGRIS at
Oristano, Sardinia, Italy. Based on morpho-
phenotypic traits primarily related to head char-
acteristics, the accessions were classified into
seven groups: ‘Catanesi’ (CAT), ‘Violetti di
Provenza’ (VPR), ‘Romaneschi’ (ROM), ‘Green
et alia (GEA)’; ‘Violetti di Toscana’ (VTO),
‘Macau’ (MAC) and ‘Spinosi’ (SPI). The study
showed that the cultivated gene pool of globe
artichoke includes five distinct genetic groups
(Fig. 7.3). They were associated with the major
phenotypic typologies. The most relevant struc-
ture was between the ‘Catanesi’ and the remaining
accessions like also observed by Pagnotta et al.
(2017) and Pavan et al. (2018). Differently, in the
study of Rau and colleagues (submitted) the sec-
ondary genetic subdivisions were more precisely
associated with the other phenotypic typologies
(Fig. 7.3). The first group attracted 94.1% of
‘Catanesi’ and ‘Violetti di Provenza’. However,
the second group separated into four subgroups.
Group 2a attracted 71.1–100%of ‘Spinosi’, Group
2b 100% of ‘Violetti di Toscana’, Group 2c 62.5%
of ‘Romaneschi’ and Group 2d 57.2% of ‘Macau’.
Thus, these two last phenotypic typologies were
those less genetically defined as also noted by
Pagnotta et al. (2017) and Pavan et al. (2018).

Rau and colleagues determined that 17 and
20% of phenotypic and molecular variances,
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Violet d’Algerie Catanese (Foggia) Viole o di Provenza

Spinoso Sardo Spinoso Ligure

Viole o Toscana (Pistoia) More o Viole o di Maremma

qi = 0.99 qi = 0.99 qi = 0.71

qi = 0.99

qi = 0.98 qi = 0.89

qi = 0.98

qi = 0.73

Group 1 N %
V. Provenza 17 94.4
Catanesi 16 94.1
Green et al. 3 13.0
Romaneschi 2 12.5
Macau 1 14.3
Spinosi AGRIS 0 0
Spinosi 0 0
V. Toscana 0 0

CAT-VPR-related

Group 2a N %
Spinosi-AGRIS 9 100
Spinosi 5 71.4
Green et al. 1 4.3
Catanesi 0 0
Macau 0 0
Romaneschi 0 0
V. Provenza 0 0
V. Toscana 0 0

SPI-related

Group 2b N %
V. Toscana 12 100.0
Green et al. 14 60.9
Macau 2 28.6
Romaneschi 4 25.0
Spinosi 1 14.3
Catanesi 1 5.9
V. Provenza 1 5.6
Spinosi-AGRIS 0 0

VTO-GEA-related

Tonda di Paestum Romanesco Mazzaferrata di Termoli

Camus Bretagne 641 Caribou Tudela

qi = 0.98

qi = 0.77qi = 0.96qi = 0.98

qi = 0.97 qi = 0.79

Group 2c N %
Romanesco 10 62.5
Green et al. 1 4.3
Spinosi-AGRIS 0 0
Catanesi 0 0
Macau 0 0
Spinosi 0 0
V. Provenza 0 0
V. Toscana 0 0

ROM-related

Group 2d N %
Macau 4 57.1
Green et al. 4 17.4
Spinosi 1 14.3
Spinosi-AGRIS 0 0
Catanesi 0 0
Romaneschi 0 0
V. Provenza 0 0
V. Toscana 0 0

MAC-related
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respectively, were among SSR groups. This was
also the degree of differentiation between phe-
notypic typologies; i.e. the typologies are far
from being genetically uniform. Moreover, sev-
eral accessions showed an SSR profile admixed
between different genetic groups (Fig. 7.4).
These have phenotypes that fit none of the major
typological categories and represented a
remarkable part of the variability observed within
the collection.

The phenotypic characterization of the col-
lection was achieved under field condition at the
AGRIS experimental station, Oristano, Sardinia,
Italy, during the growing season 2015–2016. The
analysis considered primary, secondary and ter-
tiary heads and thirty-one quantitative traits and
19 UPOV descriptors as qualitative traits. This
comprised phenological traits (harvest time and
duration); key capitulum traits (e.g. number per
plant, length, diameter, fresh weight, receptacle
diameter and height); plants (e.g. height, number
of branches, growth habit); and leaf traits (e.g.
size, shape). Overall, the collection showed good
levels of phenotypic variability (e.g. see
Figs. 7.3, 7.4 and 7.5). Within the SSR-derived
groups, i.e. after solving for the population
structure, 82% of the total phenotypic variance
was even observed, i.e. a considerable variation
for most of the recorded phenotypic traits. This
renders this collection an interesting material to
perform future GWA studies.

Several evidences indicated a long history of
clonal propagation in globe artichoke (Rau et al.
submitted): (i) molecular divergence among SSR
groups was strongly correlated with differences
for phenotypic traits, (ii) within SSR groups,
strong heterozygote excess was present, and
(iii) linkage disequilibrium persisted also after
solving for population structure. All these

suggest that any association mapping exercise in
globe artichoke must accurately consider the
population structure. The aim would be to find
the balance between the needs to curtail the risk
of false positives and that to keep sufficient
power to detect true associations. To this regard,
it would be of relevance to compare the results of
gene mapping obtained considering the upper-
most level of population structure with those
obtained considering also secondary structures.

7.4 Towards an Association
Mapping Approach in Globe
Artichoke

Advances in ‘next-generation sequencing’
(NGS), through multiplexed sequencing of bar-
coded samples in a single sequencing run, have
decreased experimental costs. This allowed the
re-sequencing of entire germplasm collections
and to obtain a comprehensive picture of existing
variation in a crop species. However, so far, the
globe artichoke takes little advantages of this
high-throughput technology.

A GWA analysis in globe artichoke was
reported by Comino and colleagues (2016) and
Acquadro and colleagues (2017a). This study
was based on a panel of 111 accessions belong-
ing to the living collection maintained at AGRIS
(Sardinia, Italy). This collection was the same
previously investigated by means of microsatel-
lite (SSRs) genotyping (Rau et al. 2015; Rau
et al. submitted; see also the first section of this
chapter).

The collection was characterized with a
genotyping by sequencing approach, using a
two-enzyme restriction site-associated DNA
sequencing (RADseq; Fig. 7.6) technology

b Fig. 7.3 Results of model-based cluster analysis (struc-
ture) for 109 accessions of cultivated globe artichoke.
Each of the five lines exemplifies the composition of each
genetic cluster. On the left, the table reports the compo-
sition of each genetic cluster in each of the main
phenotypic typologies recognized in globe artichoke.
CAT-VPR = ‘Catanesi’ and ‘Violetti di Provenza’,
SPI =‘Spinosi’, GEA = Green et alia, MAC = ‘Macau’,
ROM = ‘Romaneschi’. Tables are compiled considering

a coefficient of membership (qi) higher than 0.50. For
‘Spinosi’ types, the clones of ‘Spinoso Sardo’ selected by
AGRIS were considered separately from the other
‘Spinosi’ accessions. N = number of accessions.
% = percentage referred to the total number of accessions
of that type. On the right: for each genetic groups, the
head characteristics of three representative (qi > 0.70)
accessions are shown. Photographs by L. Baghino
(AGRIS)
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(Peterson et al. 2012) with minor modifications
(Acquadro et al. 2016). Peterson and colleagues
(2012) proposed the use of two restriction

enzymes (a frequent and a rare cutter) followed
by ligation of two adapters (P1 and P2), coupled
with a size selection procedure (range: 300–

MAC-R

CAT-R

SPI-R

ROM-R GEA-R

Arrufara di Quartu

GEA-R

CAT-R

SPI_R

ROM-R
MAC-R

Spinoso di Palermo

GEA-R

CAT-RSPI-R

ROM-R

MAC-R
Pasquaiolo

GEA-R

CAT-R
SPI-R

ROM-R

MAC-R

Mazza di ferro

10 cm

10 cm

10 cm

10 cm

Fig. 7.4 Example of admixed accessions. The pies on
the left represent the contribution of each SSR group to
the genetic profile of the accessions. The colours represent
the different SSR groups and are the same used in
Fig. 7.1. The suffix ‘-R’ means ‘related’ and indicates the
correspondence between genetic group and phenotypic
typology as shown in Fig. 7.1: CAT = ‘Catanesi’ and
‘Violetti di Provenza’, SPI = ‘Spinosi’, GEA = Green

et alia, MAC = ‘Macau’, ROM = ‘Romaneschi’. For
example, the first line shows ‘Arrufara di Quartu’ that
resulted admixed between Group 2a (that was
‘Spinosi-related’, SPI-R, as it captured most of ‘Spinosi’
types) and Group 1 (that was typical of ‘Catanesi’ and
‘Violetti di Provenza’, CAT-R; see also Fig. 7.3). Pho-
tographs by L. Baghino (AGRIS)
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450 bp) to remove undesired homo-adapter
fragments (P1/P1 and P2/P2). This procedure
makes it possible to produce only a subset of
genomic restriction digest fragments; however,
the number of homo-adapter fragments P2/P2
and P1/P1 remains high. Acquadro and col-
leagues (2016) reported on a two-enzyme
RADseq protocol, with an alternative pooling
procedure and fragment selection step, guided by
a biotin-/streptavidin-coated beads-based step,
before the final PCR enrichment, which

consistently reduces the presence of short P2/P2
and large P1/P1 fragments resulting in enrich-
ment of P1/P2 fragments.

RAD tag libraries for each genotype were
produced, pooled and sequenced on a NextSeq
500 Illumina platform (SE 1 � 75). Raw reads
obtained from sequencing were aligned to the
globe artichoke reference genome (www.
artichokegenome.unito.it), and GWA analysis
was conducted using loci having, on average, a
minimum of 15 reads for sample (DP > 15).

Fig. 7.5 Degree of variation for pigmentation (top line)
and spininess (bottom line). Top line, from the left to the
right: ‘Camus Bretagne’, ‘Bianco di Ostuni’, ‘Locale di
Mola’, ‘Violetto di Provenza’, ‘Violetto di Teramo’,
‘Violetto di Margot’. Bottom line, from the left to the

right: ‘Macau’ (non-spiny), ‘Bianco Tarantino’ (with
mucro), ‘Kiss of Durgum’ (GEA), ‘Spinoso Sardo’,
‘Spinoso di Sciacca’, ‘Spinoso Violetto di Liguria’ (all
spiny types). Photographs by L. Baghino (AGRIS)

Fig. 7.6 Schematic workflow of the RADseq approach used to characterize 111 globe artichoke accessions
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Overall, 9694 robust SNPs (DP > 15) have been
identified, of which about 1400 belonged to the
gene space (Comino et al. 2016; Acquadro et al.
2017a). Population structure was inferred, using
the whole SNP data set, by applying the unpaired
group method with arithmetic average
(UPGMA), the Principal Coordinate Analysis
(PCoA) and the Bayesian clustering implemented
in fastSTRUCTURE v1.0 software. Accessions
were classified into three main groups (based on
a coefficient of membership, qi, higher than 0.60)
that were associated with varietal types. The
highest divergence was seen between the groups
comprising most of ‘Spinosi’ (SPI) and that
comprising ‘Catanesi’ and ‘Violetti di Provenza’
(CAT-VPR). The third group that included most
of ‘Violetti di Toscana’ (VTO), ‘Romaneschi’
(ROM), ‘Macau’ (MAC) and ‘Verdi’ (GEA)

types was in an intermediate position and showed
the highest variability. The ‘Catanesi’ was clearly
distinct from the other groups and appeared
genetically quite uniform. Eleven accessions had
ambiguous membership (qi for the prevalent
group < 0.60) and were classified as admixed
(Fig. 7.7).

Moreover, in Acquadro et al. (2017a), asso-
ciation analyses between SNP and phenotypic
traits (previously collected and reported in Rau
et al. submitted) were performed by applying the
software TASSEL (Bradbury et al. 2007). As a
result, the high-throughput sequencing of RAD
tags allowed the establishment of many signifi-
cant associations between SNP alleles and dif-
ferent key breeding traits including head traits
(Fig. 7.8) and several other morpho-phenological
features.

Fig. 7.7 Genetic structure of the globe artichoke collec-
tion analysed using 9k SNPs. Left: result of Principal
Coordinate Analysis (PCoA). Right: results of multivari-
ate cluster analysis (UPGMA method) fastSTRUCTURE
analysis. Four groups are highlighted: (I) ‘Catanesi’ and

‘Violetti di Provenza’ (CAT-VPR), (II) ‘Violetti di
Toscana’ (VTO), ‘Romaneschi’ (ROM), ‘Macau’
(MAC), (III) ‘Spinosi’ (SPI) and (IV) Green types plus
other undefined types (GEA) types
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7.5 Perspectives

Globe artichoke is a plant species with extreme
plasticity (e.g. Crinò et al. 2008). This implies that
the same collection should be better characterized
under different environmental conditions to dis-
entangle genotype mean effects and genotype by
environment interaction effects. Moreover, even if
strong efforts are done to remove the confounding
effect of population structure, false-positive asso-
ciations still occur due to the high number of sta-
tistical tests and to other factors such as erroneous
genotype calling at some loci, small population
size and synthetic associations (but see Liu and
Yan 2019 for a review). This implies that the
identified QTLs must be validated by independent
experiments. At least two methodologies can be
pursued in future. The first consists in validating
candidate QTLs or genes in different genetic
backgrounds (populations). The second uses
knockout, over-expression, genetic complemen-
tation, transgenesis and genome editing of candi-
date genes to collect functional proofs. Four globe
artichoke genotypes, representatives of the core
varietal types, were recently re-sequenced

(Acquadro et al. 2017b). Moreover, a set of
SNPs regularly spaced along the chromosomes
was identified and annotated. This resource will be
useful to pinpoint the regions responsible for the
QTLs and will support marker-assisted selection
after that reliable markers for genes of interest will
be obtained (Acquadro et al. 2017b).
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8Cytological and Molecular
Cytogenetic Insights into the
Cynara cardunculus Genome

Debora Giorgi, Gianmarco Pandozy, Anna Farina,
Valentina Grosso, Paola Crinò and Sergio Lucretti

Abstract
Before the recent advances in molecular
biology and sequencing techniques enabled a
deep knowledge of the complete nucleotide
sequence of many plant genomes, cytological
and karyological studies have provided the
first information concerning the genome orga-
nization of living beings. As stated by
Figueroa and Bass (2010), plant cytogeneti-
cists were among the earliest researchers who
started to visualize genomes nearly a century
before the first plant genome was sequenced
(The Arabidopsis genome initiative 2000).
In spite of the high development of
next-generation sequencing approach and of
the dramatic increase in available data regard-
ing sequenced genomes, the cytological anal-
ysis of cell nucleus content remains a valuable
tool for evolutionary studies and for structural
and functional genomic research. Since Wil-
helm Gottfried von Waldeyer-Hartz coined
the term chromosome in 1888, many cytolog-
ical techniques have been developed to dis-
close nucleus content and to allow a detailed
description of the chromosome complement
of plant species. Recently, some of these

techniques have been applied to the cytolog-
ical analysis and the molecular cytogenetic
characterization of Cynara cardunculus com-
plement, a traditional vegetable crop of the
Mediterranean basin. The DNA content and a
detailed karyotype of the two cultivated
botanical varieties C. cardunculus var. altilis
DC (cultivated cardoon) and C. cardunculus
L. var. scolymus L. (globe artichoke) have
been reported (Khaldi et al. 2014; Falistocco
2016; Giorgi et al. 2016). In this chapter, some
of the used methodological approaches and
the main results obtained by different authors
will be discussed.

8.1 Introduction

Considering the general definition of cytology as
a branch of biology that deals with the study of
cells, particularly of chromosomes, and other cell
organelles (Singh 2018), the present chapter will
focus on studies related to Cynara cardunculus
nucleus, in terms of both DNA content and its
organization in chromosome structures.

Since Robert Hooke in 1665 coined the term
“cell” after observing a slide of cork on micro-
scope, great progress has occurred in cytology.
This happened also thanks to the technological
achievements as microscope refinement and to
the development of a number of methodologies
to investigate nuclear DNA content and
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chromosome structure through classical cyto-
logical techniques and molecular cytogenetic
approach.

The nuclear DNA content was considered as a
constant value (C-value; Swift 1950) within an
organism, and the un-replicated haploid chro-
mosome complement (n) uniquely represents the
basic DNA content of a species. During the
mitotic cell cycle, the nuclear DNA amount
dynamically changes through the S phase from
2C in phase G0/G1 to 4C in phase G2, where two
copies of the genome are present. The knowledge
of the C-value of an organism is of relevance
either for several disciplines such as systematics,
ecology and molecular biology or for evolu-
tionary and phylogenetic studies (Bennett and
Leitch 2011).

The estimation of nuclear DNA content can
be performed mainly by two approaches: analy-
sis of DNA extracted from a large number of cell,
as in chemical analysis (Schdmidt and Thann-
hauser 1945), and measurements of individual
nuclei (see Greilhuber 2008 for a review). Con-
sidering that cells in tissues and organs may
contain different amount of DNA depending on
the cell cycle phase (Van’T Hof 1965), the single
nuclei procedure could represent a more precise
and reliable approach (Doležel and Bartoš 2005).
One of the earliest and best established proce-
dures for quantifying nuclear DNA was based on
the Feulgen staining (Feulgen and Rossenbeck
1924) of root tips and squash preparation, fol-
lowed by the absorbance measurements of
nuclear DNA in micro-densitometric analysis
(Swift 1950). However, as stated by Bennet and
Smith (1976), this procedure “has several
time-consuming steps which can be subjected to
error”. An alternative and more effective
approach is represented by flow cytometry
(FCM) (Doležel and Greilhuber 2010), a tech-
nique that allows a very fast and statistically
accurate analysis of thousands of nuclei stained
with DNA-selective fluorophores. FCM requires
the preparation of nuclei in suspension and has
been greatly enhanced by the development of the
fast and easy method of nuclei isolation based on
fresh leaf tissue chopping (Galbraith et al.1983).

Despite some still existing issues, as the
possible interference of cytosolic compound with
DNA staining, or the need of some internation-
ally agreed DNA reference standards (Doležel
and Bartoš 2005), FCM is now the prevailing
method for the measurement of nuclear DNA
content in plants, and a number of data con-
cerning plant C-value have been produced and
collected in electronic databases (Bennett and
Leitch 2005). However, plant DNA content
archive is far from being completed, as it is
known for a fraction of plant species (e.g. only
1.4% of angiosperms C-value has been reported;
Hanson et al. 2003; Greilhuber 2008).

This ascertainment also applies to the largest
angiosperm family such as that of Asteraceae
that comprises about 24,000 species, 1600–1700
genera and 29 tribes. However, most genome
size data (96.74%) only refer to five Asteraceae
tribes: Anthemideae, Cichorieae, Senecioneae,
Heliantheae and Cardueae to which the genus
Cynara belongs. Such tribes contribute to around
50% of the species richness of the family (Funk
et al. 2009; Vallès et al. 2013). Although the
coverage of the family is still incomplete, a
public database of Asteraceae genome sizes
(www.asteraceaegenomesize.com) was built
(Garnatje et al. 2011) and updated in 2013,
providing an easy access to the available infor-
mation on nuclear DNA content in the family.
Genus Cynara accounts for only C. cardunculus
var. scolymus nuclear DNA content and genome
size (Marie and Brown 1993), but further studies
have been carried out by Kaldhi et al. (2014) and
Giorgi et al. (2016) which will be discussed in
the following Sect. 8.2.2.

One of the main targets of plant cytogenetics
is to count and discriminate the chromosomes
that constitute the complement of a species, with
the final aim of describing its karyotype.
As stated by Battaglia first (1994), and recently
by Singh (2018), “Karyotype is the number,
size, and morphology of the chromosome set of a
cell in an individual or species”. Firstly, the
analysis and classification of chromosomes
are based on physical characteristics as chromo-
some size, position of the primary constriction
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(or centromere), relative length of whole chro-
mosomes and chromosome arms, presence of a
secondary constriction and of a satellite body.
Somatic chromosomes in mitotic metaphase are
the most used for the analysis of the morpho-
logical markers described above, because they
are well condensed and defined. The standard
approach to handle the mitotic chromosomes of
all plant species consists in the collection of fast
growing specimens (e.g. root tips), tissue
pre-treatments, fixation and DNA staining.
Explants’ pre-treatments are necessary for sev-
eral purposes: (i) to increase the number of cells
in metaphase and of chromosomes at the meta-
phase plate, by blocking the formation of spin-
dles during mitosis; (ii) to enhance chromosome
contraction and clarify the chromosome mor-
phology; (iii) to clear the cytoplasm. To this aim,
a number of pre-treatment agents are available
and should be tested depending upon plant spe-
cies. The same principle would also apply to
tissue fixation and DNA staining: fixation is an
essential step to get good-quality chromosomes,
avoiding their distortion, swelling or shrinkage,
while DNA staining is necessary to visualize at
microscope the chromosomes and their struc-
tures. The different fixatives, dyes and the main
techniques used in plant cytogenetics can be
found in the comprehensive manual compiled by
Singh (2018).

In some species as rice, tomato, rose, cocoa
(Andras et al. 1999) and even globe artichoke
and cardoon (Giorgi et al. 2013a, 2016; Falis-
tocco 2016), chromosome discrimination can be
hampered by the small size and the similar shape
of mitotic chromosomes. The identification of the
morphological markers previously described
becomes a hard task. In such cases, the use of
additional techniques, such as chromosome
banding (Giemsa C- and N-banding) or molec-
ular labelling by fluorescent in situ hybridization
(FISH), can be of help for improving cytogenetic
resolution and karyotyping (see Singh 2018).
FISH allows the direct localization of properly
labelled specific DNA sequences (e.g. probes) on
chromosomes. To enhance plant chromosome
discrimination, different kinds of probes can be

used, but the most common ones consist of
repetitive sequences, as the tandemly repeated
DNA sequences encoding ribosomal RNAs
(rDNA and rRNA, respectively), and satellite and
microsatellite DNA, which are abundant and
widely spread in most plant genomes.

Ribosomal DNA has been extensively used at
both molecular and cytogenetic levels to infer
phylogenetic relationships (Gatto et al. 2013) and
to allow chromosome identification in a number
of plant species. Garcia et al. (2010) studied the
dynamic evolution of 5S and 35S ribosomal
RNA genes in about 200 species belonging to the
Asteraceae family, and several other cytogenetic
studies on Asteraceae species used rDNA (Fre-
gonezi et al. 2004; Weiss-Schneeweiss et al.
2008) to help in chromosome characterization.

Microsatellite DNA or simple sequence
repeats (SSRs) consist in very short tandem
repeats (mainly di- or tri-nucleotides) differently
spread into the plant genome. They may differ in
terms of abundance, organization and copy
number and can be easily transformed in syn-
thetically labelled oligonucleotides which have
been extensively used in several plant kary-
otyping as probes (Cuadrado et al. 2008;
Cuadrado and Jouve 2010; Fu and Tang 2015).
Both rDNA and SSR oligonucleotides have
been employed for the characterization of the
chromosome complement of C. cardunculus
varieties. In addition, original techniques as
fluorescent in situ hybridization in suspension
(FISHIS, Giorgi et al 2013b) and a fast FISH
method have been used and will be shortly
described.

8.2 Cytology

8.2.1 An Overview

The cytological study of C. cardunculus has
taken advantage of the improvements and
methodologies mentioned above, considering that
all cytological studies related to the complement
of C. cardunculus species are quite recent, with
the exception of the first chromosome number
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identification performed by Ancora et al. (1981)
and of the analysis on globe artichoke DNA
content by Marie and Brown in 1993.

The DNA content of globe artichoke and
cardoon has been recently estimated by Khaldi
et al. (2014) and by Giorgi et al. (2016) who both
used the flow cytometric approach, considered as
a reliable method to this aim (Doležel and
Greilhuber 2010).

8.2.2 DNA Content Estimation
in Cynara cardunculus
Varieties

In 2012, Bennett and Leitch listed genome sizes
for more than 7500 plant species; since then,
there have been a regular increasing of papers
dealing with plant DNA content (more than 80
papers/year till 2017) which have brought the
gross inventory up to about 8000 species, as of
now. The wide diffusion of flow cytometry
(FCM) techniques in several laboratories has
increased and supported the interest of knowing
plant genome size for enforcing cellular, molec-
ular, genomic, taxonomy and evolutionary
genetic studies (Ochatt 2008; Sliwinska 2018).

During years, FCM got a predominant role in
DNA content evaluation thanks to the easy and
fast procedure developed for plant nuclei isola-
tion and DNA labelling (Galbraith et al. 1983;
Doležel et al. 1989), and quickness of analysis.
Few years ago, a DNA content list has been
released focused on DNA content estimation in
the Asteraceae family for 1279 species, and more
than 75% were FCM measurements (Asteraceae
DNA content data bank, GSAD: http://www.
etnobiofic.cat/gsad_v2/index.php). This database
presents two papers dealing with C. cardunculus
DNA content, referred as Khaldi et al. (2014) and
Marie and Brown (1993). The first one lists data
from twelve accessions of C. cardunculus var.
altilis (ten wild cardoon accessions and two cul-
tivated ones) and one accession of C. cardunculus
var. scolymus (artichoke) showing a range of
variability in DNA content, from 2C = 1.98 to
3.03 pg in wild cardoon and 2C = 2.10–2.11 pg
for two accessions of cultivated cardoon, and

2C = 2.05 pg for a single variety of globe arti-
choke. Marie and Brown (1993) stated a DNA
content of 2C = 2.22 pg for one accession of
globe artichoke. Even if FCM is doubtless the
preferred method for genome size determination,
yet it deserves a careful experimental design to
prevent problematic measurements and mislead-
ing data evaluation (Greilhuber 1988; Wang et al.
2015). The main issues affecting DNA content
measurements in plants are related to (a) a proper
selection of the isolation tissue (Galbraith et al.
1983); (b) the choice of an effective extraction
buffer (Loureiro et al. 2006); (c) the nuclear DNA
labelling with an intercalating dye (Doležel et al.
1992); (d) the usage of an available and
well-described internal standard (Doležel and
Greilhuber, 2010). In Table 8.1, a short list of
reference papers which can be linked to Cynara
ssp. DNA content is presented, which rises from
the first plant standard DNA content chemically
estimated, up to the most recent ones.

Most of the listed references consider the first
colorimetric determination of DNA content in
onion (A. cepa Ailsa Craig, Van’T Hof 1965) as
a primary standard and the DNA content of pea
(P. sativum L. cv Ctirad) as “golden standards”
for local calibration and FCM analysis in plant.
The availability and the use of a set of interna-
tionally agreed DNA reference standards are
crucial for data comparison among laboratories
(Doležel et al. 1998; Doležel and Bartoš 2005;
Doležel and Greilhuber 2010). In agreement with
these authors, we used the available plant species
of Pisum sativum cv Ctirad as an internal stan-
dard for Cynara ssp. DNA content measurements
(DNA reference standards freely available at
http://olomouc.ueb.cas.cz/plant-dna-cytometry-
standards).

The flow cytometry analysis was performed
on nuclei isolated from fresh and fixed tissue of
globe artichoke and cardoon. When using the
most common isolation buffers (Loureiro et al.
2006) and the classical method of chopping fresh
leaf tissues (Galbraith et al. 1983), a low yield of
Cynara nuclei in suspensions has been obtained,
which almost prevented a significant FCM
analysis. A large increase of nuclei yield
(about 5X) was achieved after leaf fixation in 2%
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Table 8.1 DNA reference standards “involved” in Cynara ssp. genome size measurement

References papers Species Methods Stain 2C
DNA
pg

DNA
standard pg

DNA reference
standard

Van’t Hof (1965) A. cepa Ailsa Craig Da Cb 33.5
(34.52)

Van’t Hof
(1965)

Bennett and Smith
(1976)

P. sativum Da Feulgen 9.73

Galbraith et al.
(1983)

Chicken Cb MI 2.33 Galbraith et al.
(1983)P. sativum FCM 7.72 Chicken 2.33

Tiersch et al. (1989) Human male leucocytes FCM PI 7.0 Chicken 2.5 Rasch et al.
(1971)

Arumuganathan and
Earle (1991)

P. sativum FCM PI 8.18 Chicken 2.33 Galbraith et al.
(1983)A. cepa FCM PI 31.69 Chicken 2.33

Marie and Brown
(1993)

P. sativum FCM PI or
EB

8.37 Petunia Marie and
Brown (1993)

A. cepa FCM PI or
EB

32.74 Petunia Marie and
Brown (1993)

C. cardunculus scolymus FCM PI or
EB

2.2 Petunia 2.85 Marie and
Brown (1993)

Petunia hybrida FCM PI or
EB

2.85 Chicken 2.33 Galbraith et al.
(1983)

Doležel et al. (1998) P. sativum cv Ctirad FCM PI 9.09 Human
leucocytes
7.0

Tiersch et al.
(1989)A cepa cv Alice FCM PI 34.89

Johnston et al.
(1999)

H. vulgare cv. Sultan FCM PI 11.12 A. cepa 33.5 Vant’ Hof
(1965)

Gallus domesticus FCM PI 2.49–
3.01

Johnston et al.
(1999)

P. sativum Minerva
Maple

FCM PI 9.39–
9.21

Hordeum/
chicken

Idem

A. cepa Ailsa Craig FCM PI 32.97 Hordeum Idem

Khaldi et al. (2014) C. cardunculus scolymus
Violet d’Hyeres

FCM PI 2.05 P. sativum
8.37

C. cardunculus altilis Wc FCM PI 1.98–
3.03

P. sativum
8.37

C. cardunculus altilis cd FCM PI 2.10 P. sativum
8.37

Giorgi et al. (2016) C. cardunculus scolymus
cd

FCM PI 2.4 P. sativum
9.09

Doležel et al.
(1998)

C. cardunculus altilis cd FCM PI 2.2 P. sativum
9.09

Doležel et al.
(1998)

aD Densimetry
bC Colorimetric
cW Wild
dc cultivated
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formaldehyde and standard chopping of leaves in
LB isolation buffer. The addition of a higher
amount of detergent can be beneficial to nuclei
isolation (0.7% Triton X-100 instead of 0.1%,
named buffer LB07). This way, the leaf tissues
can also be mechanically homogenized in LB07
(Ultraturrax Mini—IKA, with a GN5 generator
at 9500 rpm for 10 s) to increase further nuclei
yield. Fixation was also helpful to reduce inter-
actions among DNA and antioxidant molecules,
of which Cynara species are rich of, therefore
stabilizing DNA labelling (Greilhuber 1988).
These modified isolation procedures resulted to
an average amount of more than 600 nuclei per
milligram of leaf tissue, which showed as ade-
quate for a real flow cytometric analysis in a
difficult plant such as C. cardunculus, generating
a good DNA fluorescence histogram, with a low
noise background (Fig. 8.1).

In our hands, the DNA content for cardoon
and globe artichoke was estimated to be
2C = 2.20 pg ± 0.04 and 2C = 2.40 pg ± 0.04
corresponding to a C genome size of
1.07 � 109 bp and 1.17 � 109 bp, respectively
(Giorgi et al. 2016).

The genome size measured for leafy cardoon
and globe artichoke is slightly different to those
previously reported by Marie and Brown (1993)
and by Khaldi et al. (2014). The disparities
between our estimates in DNA content and those
of other authors could be ascribed to the DNA
content considered for the applied internal stan-
dard (P. sativum). Both papers counted a pea
DNA content of 2C = 8.37 pg, while we
employed P. sativum cv “Ctirad” with an agreed
DNA content as 2C = 9.09 pg (Doležel et al.
1998). The exploit of a diverse pea 2C value, the
use of fixed tissues and a possible intra-specific
genome size variability, which were reported by
Khaldi et al. (2014) among ten accessions of wild
cardoon, may well account for such little differ-
ences in 2C DNA content estimates, assessed on
different C. cardunculus samples. A well-tuned
FCM analysis might effectively contribute to a
better knowledge on plant DNA content, and
keeps up with the availability of always faster
and less expensive procedures for genome
sequencing.

8.3 Karyotyping

8.3.1 Overview

Preliminary studies on globe artichoke karyotype
were first performed by Giorgi et al. (2013a),
using the classical cytological approach based on
chromosome morphology analysis, and were
further investigated through molecular cytoge-
netic characterization by Falistocco (2016) and
Giorgi et al. (2016), in both globe artichoke and
cardoon varieties. Fluorescent in situ hybridiza-
tion was applied to nuclei in suspension
(FISHIS) by Giorgi et al. (2016) and to chro-
mosomes on slide (FISH) (Falistocco 2016;
Giorgi et al. 2016), with the aim of selecting
reliable cytogenetic probes and producing a
detailed karyotype of C. cardunculus varieties,
respectively. Here, we present some method-
ological approaches and the main results
achieved in globe artichoke and cardoon
karyotyping.

Fig. 8.1 DNA content histogram. Flow cytometry anal-
ysis of DNA fluorescence peaks (FL1A) from G0/G1 (2C)
PI stained 2C leaf nuclei from cultivated cardoon (M1),
globe artichoke (M2) and P. sativum (pea) (M3) used as
an internal standard. Pea was set at channel 400; M4
shows pea G2 nuclei (4C DNA content). From Giorgi
et al. (2016)
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8.3.2 Setting Conditions
for C. Cardunculus
Chromosomes Analysis

As previously stated, the detailed morphological
or molecular analysis of the chromosome com-
plement of a plant species requires the avail-
ability of complete metaphases and of visible,
good-quality chromosomes. To this purpose,
several steps and tissue pre-treatments are nec-
essary and they must be optimized depending on
the plant species (Fig. 8.2).

In preliminary cytogenetic studies of globe arti-
choke, Giorgi et al. (2013a) evaluated the reliability
of the two spindle inhibitors such as amiprophos-
methyl (APM) and 8-hydroxyquinoline (8HQ) as
well as that of the classical method with ice-cold
water, to increase the mitotic index in root tip

meristems, together with two different proce-
dures to obtain good chromosome spread and
DNA staining.

In the APM treatment, germinated seeds were
immersed for 5 h in an aerated Hoagland’s
solution (Gamborg 1975) containing different
concentrations of APM (2.5, 12, 32 and 64 lM).
The APM 2.5 lM treatment was two times per-
formed: the first for 5 h and the second for 18 h.
After the treatment, seeds were rinsed out with
water and overnight incubated on ice.

In the 8HQ processing, actively growing roots
(0.5–1 cm in length) were immersed in 2 mM
8HQ at room temperature for 3 and for 5 h.

Finally in ice-cold water treatment, germi-
nated seeds or seedlings were kept on ice for 18–
24 h. In a further experiment, a saturated aque-
ous solution of a-bromonaphthalene for 2–4 h at
room temperature, a 30 lM solution of oryzalin
for 20 h at 4 °C or a 5% colchicine solution for
1–2 h were also tested. After the mentioned
treatments, roots were excised, fixed in Carnoy’s
solution (ethanol: glacial acetic acid 3:1) and
stored (−20 °C) for at least 16 h. A sample of
untreated roots, fixed in Carnoy’s solution, was
made and used as control. None of the
pre-treatments gave relevant results in terms of a
higher mitotic index: ice-cold water for 24 h
showed a slight increase in the metaphase num-
ber compared to APM or 8HQ, but produced
shortening and loss of chromosome morphology
definition. Only the 8HQ treatment for 3 h
maintained a suitable chromosome morphology,
allowing a better definition of chromosome
constrictions, and therefore, it became the treat-
ment of choice for further cytological analysis
(Giorgi et al. 2013a, 2016; Falistocco 2016).

The preparation of mitotic chromosome
spreads usually requires the enzymatic digestion
of the cell wall of root tips, followed by the cells
spreading through the application of coverslip
(Schwarzacher and Heslop-Harrison 2000). In
addition to this standard procedure, Andras et al.
(1999) developed a “Drop-spreading” technique
particularly suited for plants with small chro-
mosome. This method employs a hydrochloric
acid treatment to hydrolyse the cytoplasm. This
facilitates the subsequent removal of cytoplasmicFig. 8.2 Preliminary steps to cytogenetic analysis
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debris as well as the evaporative force of a
methanol-based fixative to disperse the cyto-
plasm and to deposit the chromosomes in a single
optical plane by dropping cells on slide. Both the
approaches, the standard chromosome spread and
the drop-spreading technique, were used and
compared in Cynara (Giorgi et al. 2013a), con-
firming the latter procedure as the most efficient
one for the small globe artichoke chromosomes
and resulting in good metaphase spreads with
low cytoplasm debris.

As regards chromosome staining, it was per-
formed both by the Feulgen reaction, according to
Kiernan (1999), and with 4,6-diamidino-2-
phenylindole (DAPI) at the final concentration of
2 lg ml−1 (Schwarzacher and Heslop-Harrison
2000). The DAPI staining showed a slight
increase in chromosome morphology definition
(Giorgi et al. 2013a) and was used for Cynara
karyotyping as well as in further cytogenetic
experiments for chromosome counterstaining after
FISH by Falistocco (2016) and Giorgi et al. (2016).

In both studies, the morphological analysis of
globe artichoke and cardoon complements has

confirmed their chromosome number to be
2n = 34 (Fig. 8.3). According to their size,
chromosomes have been roughly divided for
both varieties in three main groups composed by
seven large (2.1 lm < tl < 3.2 lm), six medium
(1.6 lm < tl < 2.0 lm) and four small (tl < 1.6
m) chromosome pairs; within each group, single
chromosome discrimination and even chromo-
some pairing become quite hard if only based on
morphological features.

8.3.3 Molecular Cytogenetic
Characterization

Molecular cytogenetic characterization is based
on fluorescence in situ hybridization techniques.
By potentially producing chromosome-specific
labelling pattern, it helps in chromosome dis-
crimination and has been performed on the two
botanical varieties of C. cardunculus, using
rRNA gene sequences (Falistocco 2016; Giorgi
et al. 2016) and SSR synthetic oligonucleotides
as probes (Giorgi et al. 2016).

(a) (b)

Fig. 8.3 Chromosome numbering. Cardoon (a) and globe artichoke (b) metaphase spreads DAPI counterstained. From
Giorgi et al. (2016). Scale bar: 5 lm
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8.3.3.1 FISH by rDNA Sequence
Repeats

The analysis of chromosome distribution of
ribosomal DNA in the genome of the scolymus
and altilis varieties has been performed using the
same pTa71 clone as FISH probe containing
the 18S-5.8S-26S rRNA genes and the
non-transcribed spacers of T. aestivum (Gerlach
and Bedbrook 1979). The probe has been label-
led by using the “nick translation” procedure and
has produced eight hybridization sites (Fig. 8.4)
localized at the very distal part of two medium
and two small chromosomes, in both crops. The
latter have been classified as acrocentric
by Giorgi et al. (2016) and as metacentric by
Falistocco (2016).

According to Giorgi et al. (2016), a detailed
morphological analysis witnessed very small
satellite bodies on some acrocentric chromo-
somes (Fig. 8.4), which were not consistently
present, because they were probably damaged
during slide preparation and FISH labelling.
This ascertainment is in agreement with Roa
and Guerra (2012), who observed a very high

frequency of rDNA sites on acrocentric chro-
mosomes in several genera.

8.3.3.2 FISHIS by SSR
Before FISH investigation with synthetic SSR
oligonucleotides and in order to quickly select
the ones best performing as probes, a fluorescent
in situ hybridization in suspension (FISHIS)
technique was carried on by Giorgi et al. (2016)
on nuclei suspension of globe artichoke and
cardoon. FISHIS is a fast, reliable method par-
ticularly effective for the selection of probes
which produce strong, discrete and localized
hybridization signals. This technique, developed
by Giorgi et al. (2013b), enables a fast labelling
of nuclei or chromosomes not spread and
immobilized on a slide but freely floating in a
liquid buffer. It is based on DNA alkaline
denaturation and can be performed in less than
2 h at room temperature. A brief comparison
among standard FISH and FISHIS is presented in
Fig. 8.5. The following oligonucleotides (AT)12,
(AAC)5, (AGG)5, (ATC)5, (GAA)7, (CAT)5,
(CA)10, (GA)10, (CAG)5, (GACA)4 have been

(a) (b)

Fig. 8.4 From Giorgi et al. (2016). FISH on metaphase
spreads of cultivated cardoon (a) and globe artichoke
(b) using the rDNA probe pTa71-Cy3 (red fluorescence).

In b, arrows point to the hybridization spots localized on
the three small acrocentric chromosomes, placed head to
head. Scale bar: 5 lm
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pTa71Cy3

(a)

(b) (c)

Fig. 8.5 Globe artichoke metaphases stained with DAPI.
In a, an acrocentric chromosome showing very small
satellite body is circled (enlarged to the right). In b and
c (which are incomplete metaphases), arrows indicate the

small satellite bodies detached from chromosome (bright-
ness has been exasperated to make visible the satellite
bodies) but still hybridizing with the pTa71 rDNA red
probe (c)
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synthesized and labelled by fluorescein-5-
isothiocyanate (FITC) or by Cyanine 3 (Cy3)
by Eurofins MWG Operon (Ebersberg, Ger-
many) and tested by FISHIS, together with the
telomeric sequence (TTTAGGG)5. In both crops,
only the telomeric sequence (TTTAGGG)5
(Fig. 8.6) and the (GAA)7 SSR enabled the
detection of discrete hybridization signals, while
the two di-nucleotide (CA)10 and (GA)10 showed
diffuse and faint hybridization (data not shown).
Based on these results, four oligonucleotides
(TTTAGGG)5, (GAA)7, (GA)10 and (CA)10 were
selected out of 11 for further FISH characteri-
zation of the chromosome complement of C.
cardunculus on microscope slide.

8.3.3.3 Fast FISH Labelling
by Oligonucleotides

FISH labelling by synthetic oligonucleotides has
drawn benefits from a FISH method based on
DNA alkaline denaturation on slide, first descri-
bed by Andras et al. (1999) and then modified by
Giorgi et al. (2016) for a fast labelling of arti-
choke and cardoon chromosome complements.
Metaphases were denatured in an alkaline 70%
ethanol solution (pH 13 using 4 N NaOH) at
room temperature for 5 min. After dehydration
through an ice-cold ethanol series (70, 85 and

100%), 1.5–3 ng lL−1 of labelled oligonu-
cleotide in 2X SSC (300 mM sodium chloride,
0.3 mM trisodium citrate) was applied on the
slide (final volume 60 lL per slide) and
hybridization was carried on at room temperature
for 1 h. Afterwards, slides were washed in 4X
SSC, 0.2% TWEEN 20 for 10 min, and DNA
was counterstained with DAPI and mounted in
antifade solution. A short description of the fast
FISH procedure is presented in Fig. 8.7, together
with the standard FISH and FISHIS.

The (TTTAGGG)5 FISH hybridization
enables the identification of chromosome ends
and allows a more accurate measurement of
chromosome length of both varieties. For this
reason, it has been used also in some double
FISH experiments (Fig. 8.8).

A variable and sometimes asymmetric distri-
bution on sister chromatids of the two crops was
observed using the oligonucleotide (GAA)7, even
if a reproducible hybridization signal in all the
metaphases analysed was detected on two large,
one medium and one small chromosome pairs
(data not shown). In order to get more reliable
results on all chromosomes, further analyses of
(GAA)7 distribution are required.

The two di-nucleotides (CA)10 and (GA)10
revealed a strong similarity in chromosome

Fig. 8.6 FISHIS hybridization on cardoon (a) and globe artichoke (b) nuclei in suspension, counterstained with DAPI,
with the telomeric probe (red) (TTTAGGG)5
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distribution and hybridization pattern among the
two crops (Fig. 8.9). Wide hybridization bands
have been detected at the telomeric and sub-
telomeric regions of most chromosome arms,
with some differences in band sizes among
chromosomes. In chromosome pairs 3, 5 and 8,

the extent of the hybridization signal was bigger
on the long arm compared to the short one and to
the other chromosome pairs. Chromosome pairs
10, 11, 14, 15 16 and 17 in cardoon and 10, 11,
15, 16 and 17 in globe artichoke appear to be
acrocentric and can be discriminated from all the

Fig. 8.7 Comparison of the main steps of the three FISH techniques: standard FISH, FISHIS and fast FISH, mentioned
in the text
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other chromosomes by the distribution of (GA)10
and (CA)10 along only one side of the chromo-
some arms.

Giorgi et al. (2016) stated that the FISH-based
molecular characterization of the chromosome
complement of cardoon and globe artichoke
enabled the identification of some chromosome
pairs and the execution of a more detailed kary-
omorphological analysis, which were performed
by measuring the total length (tl), the arm length
and the arm ratio (AR) long/short arm length) of

all 34 individual chromosomes (Table 8.2 from
Giorgi et al. 2016).

According to the Levan et al. (1964) system,
Falistocco (2016) classified all chromosomes of
both varieties as metacentric (M) with an arm ratio
(AR) from 1.0 to 1.5, but without reporting single
chromosome size. Otherwise, Giorgi et al. (2016)
described the following karyotypic formula:
2n = 14M + 10SM + 10A and 2n = 12M + 10
SM + 12A for, respectively, C. cardunculus
L. var. scolymus (L.) Fiori and C. cardunculus

Fig. 8.8 Double target FISH hybridization with (TTTAGGG)5 telomeric probe (green) and (GA)10 oligonucleotides
(red) to globe artichoke chromosomes. Scale bar: 5 lm

Fig. 8.9 FISH hybridization with (GA)10 oligonu-
cleotide on cardoon (A) and globe artichoke
(B) spreads; chromosomes 3, 5 and 8 are indicated by

arrows and can be discriminated by the widespread probe
distribution on the long arms. Scale bar: 5 lm
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L. var. altilis DC (see Table 8.2) and according to
Guerra’s nomenclature (Guerra 1986) as follows:
AR = 1.00–1.49 metacentric (M), AR = 1.50–2.99
submetacentric (SM), AR � 3 acrocentric (A).

Figure 8.10 reports the ideogram of the crops.
The different chromosome morphological clas-
sification in metacentric or in submetacentric
described by the authors could be ascribed to

Table 8.2 Morphometric analysis of C. cardunculus chromosomes

C.p. T.l. (lm) p (lm) q (lm) AR Class

A B A B A B A B A B

1 3.16 3.19 1.23 1.27 1.93 1.92 1.57 1.51 SM SM

2 2.97 3.16 1.07 1.24 1.78 1.93 1.78 1.55 SM SM

3 2.58 2.81 1.05 1.21 1.55 1.60 1.46 1.32 M M

4 2.35 2.65 0.97 1.16 1.38 1.49 1.42 1.28 M M

5 2.35 2.45 0.78 0.95 1.57 1.50 2.01 1.57 SM SM

6 2.12 2.27 0.85 0.95 1.27 1.32 1.49 1.39 M M

7 2.10 2.25 0.87 0.93 1.23 1.32 1.41 1.42 M M

8 2.03 2.00 0.79 0.78 1.24 1.22 1.56 1.56 SM SM

9 2.00 1.98 0.92 0.92 1.08 1.06 1.17 1.15 M M

10 2.00 1.98 – – 2.00 1.98 >3 >3 A A

11 1.95 1.95 – – 1.95 1.95 >3 >3 A A

12 1.79 1.95 0.81 0.71 0.98 1.24 1.20 1.74 M SM

13 1.68 1.70 0.62 0.79 1.06 0.91 1.70 1.15 SM M

14 1.40 1.41 – 0.65 1.40 0.76 >3 1.17 A M

15 1.30 1.38 – – 1.30 1.38 >3 >3 A A

16 1.25 1.27 – – 1.25 1.27 >3 >3 A A

17 1.22 1.22 – – 1.22 1.22 >3 >3 A A

A cardoon; B globe artichoke;†C. p. chromosome pairs; T.l total length; p average length of short arm; q average length
of long arm; AR arm ratio (p/q); Class classification: M metacentric; SM submetacentric; A acrocentric

Fig. 8.10 Ideogram of cardoon (a) and globe artichoke
(b) complements, showing chromosome morphology (in
black) and the (CA)10, (GA)10 di-nucleotides (red) and

pTa71 sequence (green) distribution. The two
di-nucleotides localize at similar chromosome regions.
Scale bar: 5 lm
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the different classification systems used as ref-
erence, Levan et al. (1964) for Falistocco while
Guerra (1986) for Giorgi. Anyway, this obser-
vation does not apply to chromosome classified
as acrocentric by Giorgi which shows an AR >3
since the small size of Cynara chromosomes
makes it difficult to clearly identify the position
of centromere and secondary constrictions, and it
could explain the different results independently
obtained by the two laboratories.

8.4 Outlook

The close phylogenetic relationship between
cardoon and globe artichoke stated by several
authors (Fiori and Beguinot 1904; Wiklund
1992; Gatto et al. 2013) and described in detail in
Chap. 1 (this book) has been confirmed by the
cytological and molecular cytogenetic studies.
The new findings have revealed a very similar
karyotype for the two varieties, and an analogous
distribution of rRNA genes and of the SSR used
for the analysis. Only a few differences have
been detected, as those related to DNA content;
namely, the variety altilis contains a slightly
lower amount of DNA than scolymus, and the
chromosome morphology of pairs 14 is acro-
centric in the cultivated cardoon and metacentric
in globe artichoke. Considering the proposed
common origin of the two cultivated varieties
from wild cardoon (Rottenberg and Zohary
1996), such structural chromosome differences
could have occurred during the process of
domestication (probably two distinct events, see
Chap. 1, this book) with either the deletion of the
small arm of cardoon chromosome or a translo-
cation or insertion on chromosome 14 in globe
artichoke.

For a more comprehensive view of the evo-
lutionary pathway of C. cardunculus, the cyto-
genetic analysis should be extended to the
proposed wild progenitor C. cardunculus var.
sylvestris (Falistocco 2016). In addition, the use
of centromeric probes and the selection of
chromosome-specific cytogenetic markers would
help in further characterizing all the C. cardun-
culus varieties.
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Abstract
A first assembly of globe artichoke genome
was released in 2016 and the project required
the adoption of a set of strategies to overcome
the lack of a homozygous reference genotype.
Moreover, the inability to exploit standard
genotyping methods, normally adopted in
inbred species where homozygous segregating
progenies can be more easily obtained, posed
some challenges. A low-pass genotyping-by-
sequencing strategy for heterozygous individ-
uals was implemented for the first time and
required the development of dedicated tools.
The method allowed to leverage very low
coverage to impute genotypic states of F1
segregating individuals and use this informa-
tion to arrange scaffolds in pseudomolecules.
The availability of a chromosome-scale refer-
ence sequence allowed to depict, for the first
time, the genomic landscape of globe arti-
choke. The work shed lights on its genes, their
structure and function, orthology and synteny
with other species, repeats and the timing of

their expansion, age of speciation and
whole-genome duplications. All the features
revealed in this study expanded the knowl-
edge base for comparative genomics across all
plants. More importantly, the genome
sequence of globe artichoke will facilitate
transferability of genomic and genetic findings
in the Compositae family, hence accelerating
the discovery of the molecular mechanism at
the base of economically important traits and
their exploitation for selection, genetic engi-
neering or utilization in biotechnological pro-
cesses, in the light of the richness of
nutraceutical properties of this species and
its overall economic importance for the
Mediterranean horticulture.

9.1 The Globe Artichoke
Sequencing Initiative

The world production of globe artichoke is led by
Italy. The genome of this commercial important
species (Cynara cardunculus var. scolymus L.)
has been recently sequenced by an international
Consortium which included the University of
Torino (DISAFA, Italy), the University of Cali-
fornia (The Genome Centre, Davis, CA, USA)
and the Università di Catania (Di3A, Italy). The
project started in 2011 in the framework of the
Compositae Genome Project (CGP) and later on
was joined by the University of British Columbia
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(Canada) and CREA (Genomics Research Cen-
tre, Italy). The sequence has been recently pub-
lished in Scientific Reports, and data is available
at www.artichokegenome.unito.it and on NCBI.

The globe artichoke (C. cardunculus var.
scolymus L.), together with cultivated cardoon
(C. cardunculus var. altilis), was domesticated in
the Mediterranean region from the wild cardoon
(C. cardunculus var. sylvestris). These species
are members of the Compositae (aka Aster-
aceae), which is the largest botanical family
among dicots, thus one of the most successful
botanical clade, including species of relevant
economic scale such as sunflower, lettuce and
chicory. The family most likely originated in
South America (30–100 Mya, Raven and Axel-
rod 1974). Rapid diversification of the Com-
positae in the mid-Eocene (40 Mya) is associated
with a polyploidization event near the base of the
family (Barker et al. 2008), and it has been
hypothesized that the base chromosome number
for the family is nine (Kesseli and Michelmore
1997). Italy, which harbours the richest primary
gene pool of cultivated globe artichoke, is the top
producing country, but globe artichoke cultiva-
tion has also emerged in other Mediterranean
countries and more recently to the Americas and
China. The primary product of globe artichoke is
the immature inflorescence (head or capitulum),
whose inner bracts and fleshy receptacle are
consumed as a fresh, preserved or frozen deli-
cacy. Noteworthy, similar to other members of
the C. cardunculus complex, it is also a rich
source of bio-active compounds, such as
antioxidant phenolics, sesquiterpene lactones and
inulin. The rich biomass of cardoon ecotype can
be exploited for the production of lignocellulosic
biomass while seed oil is valuable for both edible
and biofuel purposes.

C. cardunculus is a diploid species
(2n = 2x = 34) with a genome size estimated by
flow cytometry to be 1.07 Gb (Marie and Brown
1993). The few genomics data currently available
for this crop consists of a diversity survey
through restriction site-associated DNA
sequencing (RADseq, Scaglione et al. 2012a)
and RNAseq data with the release of reference
transcriptome of 38 K unigenes (Scaglione et al.

2012b). In the last decade, several genetic maps
of C. cardunculus have been developed relying
on a two-way pseudo-test-cross approach and
were exploited for the study of key breeding
traits via QTL analysis with the scope to develop
molecular tools for marker-assisted selection
(Lanteri et al. 2006; Portis et al. 2009, 2012,
2014). Also, the sequence of the chloroplast
genome has recently been reported (Curci et al.
2015).

Some Compositae crop genomes have been
already assembly at a good quality level: the
2.7-Gbp lettuce genome (http://lgr.genomecenter.
ucdavis.edu; GenomeProject ID: PRJNA68025)
and the 3.5-Gbp sunflower genome (http://www.
sunflowergenome.org; GenomeProject ID:
PRJNA64989) have been already obtained. The
335-Mbp genome of horseweed (Conyza
canadensis) has been also released, but the
sequence scaffolds have not been placed into
linkage groups or integrated into pseudo-
molecules. The comparative genomics with other
asterid species which have been recently
sequenced (potato, Xu et al. 2011; tomato, Sato
et al. 2012; pepper, Kim et al. 2014; Qin et al.
2014) and eggplant (Hirakawa et al. 2014;
Rotino et al. 2014) will provide unprecedented
insights into the molecular mechanisms at the
basis of the successful evolution of Compositae.
The availability of the globe artichoke genome
will contribute to this research and provide
understanding of ancestral genome duplications,
rearrangements and burst of repetitive elements
which shaped its structure.

On a more applicative outcome, the under-
standing of the genomic features of globe arti-
choke will serve the foundation for the study of
complex traits (Portis et al. 2018), where the
exploitation of comparative genomics and the
study of synteny within the family will facilitate
precision and effectiveness in the transfer of
genetic findings across species while fostering
community research and collaboration.
Short-read sequencing technologies are now
offering a democratized opportunity for
non-model species to gain access to the genomic
era. Still, chromosome-scale assembly of gen-
omes remains an endeavour that is constrained
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by genome complexity, technologies, costs and
analytical tools (Xie et al. 2010; Mascher et al.
2013). Indeed, to facilitate this task a globe
artichoke clone with low residual heterozygosity
was chosen. To assign scaffolds to genetic bins,
ordered along with chromosomal linkage groups,
a novel pipeline named SOILoCo—Scaffold
Ordering by Imputation with Low Coverage—
was developed. In particular, it provides
genotyping-by-sequencing capability in a
low-coverage (<1�) whole-genome shotgun,
even if segregation of heterozygous loci is the
only source of informative markers and none of
the segregating haplotypes is currently repre-
sented in the reference sequence.

The tools developed for the genome recon-
struction of globe artichoke are not exhausted
with the genome completion itself, but they will
be valued by adoption in further studies of
genetic traits and, possibly, to complement other
genome assembly works for this and other spe-
cies towards a pan-genomic era of Compositae.

9.2 Genome Sequencing
and Assembly

The genome assembly for a highly heterozygous,
outbreeding species like globe artichoke is known
to be a more challenging exercise than for a com-
parable genome in terms of size and complexity but
with a nearly homozygous genotype. The latter
would ease the reconstruction of single reference
sequence without redundancies caused by the
presence of two alleles, which may harbour struc-
tural variation other than single-nucleotide poly-
morphisms. A globe artichoke clone designated
“2C”wasobtainedby three cycles of self-cross (S3)
and analysis of 115 SSR markers assessed its
residual heterozygosity to approximately 10%
(Acquadro et al. 2009; Scaglione et al. 2009).DNA
was extracted from young leaves and one
paired-end and two mate-pair libraries were gen-
erated. The 100 bp paired reads sequencing, with
an average insert size of 170 bp, produced 67 Gbp
of raw data, on average covering 62 times the
estimated genome; 96% of pairs successfully gen-
erated 3’-overlaps (with mean of 26 bp), thus

satisfying the ALLPATH-LG algorithm require-
ments. The two mate-pair libraries, with effective
insert sizes of 2.5 Kbp and 5.5 Kb, produced
56 Gbp and 7 Gbp of raw data, respectively (cor-
responding to 52� and 6.5� genome coverages).
After cleaning the reads from ligation adapters and
low-quality bases, a total of 133.7 Gbp was avail-
able for the assembly exercise. The limited residual
heterozygosity of the 2C breeding line was con-
firmed by the analysis of k-mer spectrum (Fig. 9.1)
as compared to those of the parental lines (globe
artichoke and cultivated cardoon) of the mapping
population used in this study (see below). Based on
k-mer statistics and sequencing depth (Li et al.
2010), the globe artichoke genome size was esti-
mated to be 1084 Mb, being in close agreement
with the previous estimates by flow cytofluorom-
etry (Marie and Brown 1993). Sequencing errors
were corrected by a function implemented in
ALLPATHS-LG. After error correction, 87.5% of
paired-end reads were retained to be used in the
assembly, while the remainder were discarded as
containing sequence k-mer neither confirmed nor
corrected by those found in the raw data pool. The
largest 50% set of sequences from the de novo
assembly result (N50) was included in 10,596
contigs of 17.5 Kbp or larger, with 32% G + C
content, while all contigs, once assembled into
13,588 scaffolds (� 1000 bp), returned a N50 of
1408 and a L50 equal to 125.9 Kb (Table 9.1). The
final validated assembly spanned approximately
724.7 Mb, with the longest scaffold of 1.5 Mb
(Table 9.1).Chloroplast sequences thatwere found
to populate the final assembly were removed via a
BLAST analysis.

The completeness of the assembly was
assessed in two ways. First, the available unigene
set (Scaglione et al. 2012b) of the C. cardunculus
gene space was aligned to the genome sequence
and 37,018 of the 38,726 unigenes (95.6%)
found a positive hit, while unaligned unigenes
were analysed by blastx against Viridiplantae
proteins (Refseq) and the 69% of these had hits.
This data converged to a hypothetical total of
27,564 gene models, which would estimate the
proportion of non-assembled genes up to 2.5%.
Second, a survey based on 248 conserved
eukaryotic genes (CEGs, Parra et al. 2007)
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showed that their complete sequence was present
for more than 85% of them, while admission of
partial matches increased the percentage of
mapped CEGs to 96%. In particular, the seg-
mentation of CEGs based on their level of
sequence conservation (across CEGs’ species)
highlighted that the most divergent set “Group1”
report an average level of similarity of 80.3%,
which increased to 93.85% of “Group4”, the
most conserved. However, the level of similarity
with only partial alignments was similar among
the groups (95.45–98.46%). This suggested that
partial alignments were possibly due to sequence

divergence, and thus, at least 95% of the gene
space was represented in the draft genome
assembly.

9.3 Production
of the Pseudomolecules

The ordering and orientation of scaffolds in
chromosome-representative pseudomolecules
were achieved via linkage analysis. For this
purpose, a F1 population of 163 individuals was
obtained by crossing globe artichoke “C3”

Fig. 9.1 K-mer spectra analysis using 19-mer counts.
Clone “2C” (left) showed significantly lower heterozy-
gosity compared to that of cultivated “Romanesco C3”
artichoke and “Altilis A41” cardoon genotypes (right).

Among cultivated genotypes, the difference between
globe artichoke and cardoon was also evident and in
agreement with the previous reports (Portis et al. 2005)
(from Scaglione et al. (2016), used under CC BY 4.0)

Table 9.1 Genome
assembly statistics (from
Scaglione et al. (2016),
used under CC BY 4.0)

Features Contigs Scaffolds

Number of sequences 79,681 13,588

Sequences/Mb 121.6 18.9

Total length (Mb) 654.6 724.7

L50 (Kb) 17.5 125.8

N50 10,596 1411

L90 (Kb) 3.4 28.7

N90 41,711 6109

Number of sequences > 10 Kb 20,561 9187

Median size of gaps in scaffolds – 660 ± 86 bp
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genotype as the female parent and cultivated
cardoon “Alt41” genotype as the male parent.
The goal was to leverage segregation data
obtained by a low-pass sequencing of each pro-
geny line to generate a consensus map of both
maternal and paternal segregating alleles.
Low-pass sequencing has the benefit to provide
information across the whole genome, but it
requires to accommodate sparsity of data and
lack of coverage to call heterozygous genotypes
on each single base for all individuals. To
achieve this, we developed and implemented a
novel analysis concept for low-pass
genotyping-by-sequencing sequencing data
combined with conventional deep sequencing of
the heterozygous parents, whose chromosomal
phases were unknown. The method relies on the
de novo identification of parental allelic phases
(haplotype blocks), with no reliance on haplo-
types being shared with the reference sequence
assembly. The pipeline, whose workflow is
depicted in Fig. 9.2, was named SOILoCo
(Scaffold Ordering by Imputation with Low
Coverage). Its recipe requires: (i) a draft assem-
bly to a good state of contiguity (scaffold
L50 > 50 kb); (ii) paired-end whole-genome
sequencing data of each parent to a coverage of
at least 20� (used as input data for HAPCUT);
and (iii) whole-genome sequencing of their seg-
regating progeny to a coverage as low as 0.5�
each. In our experiment, short reads were gen-
erated on HiSeq2000 platform. Those of parental
lines were mapped to the draft assembly, popu-
lating the reference set of heterozygous SNPs for
each parent. Then, haplotype blocks, as a con-
tiguous set of heterozygous SNPs defined above,
were deconvoluted using the HAPCUT algo-
rithm (Bansal and Bafna 2008). For each parental
genome, pairs of single-nucleotide variants,
residing either on the same read or in sister reads,
were used to build a graph of phased
single-nucleotide variants, interrupted only when
the lack of heterozygous sites or repetitive
regions made unable to maintain a robust allelic
path. SNP polymorphisms for each progeny
individual were then collected with a shallow
coverage; most of the sites were called based on
single-read coverage, being representative of

only one of the two alleles, randomly. The
SOILoCo pipeline, made of a set of custom Perl
scripts, was then applied in consecutive steps to:
(i) extract SNP sites expected to segregate in a
test-cross fashion; (ii) infer the two segregating
haplotype block for each parent (phase 0 and
phase 1 in Fig. 9.2; (iii) analyse base calls for
each individual and given the haplotype
block/segregating phase; (iv) invoke an Hidden
Markov Model (HMM) engine to infer a
block-based haplotype call for each individual
(Fig. 9.3); and finally, (v) extract a confident set
of block calls filtered by marginal probability
estimates, obtained during the decoding function
of the Hidden Markov Model, and the rate of
successfully genotyped samples.

A total of 520 M reads (52.0 Gb, 48� cov-
erage) and 467 M reads (46.8 Gb, 43� cover-
age) were obtained by the sequencing of the
“C3” and the “Alt41” genotypes, respectively.
Once completed the quality cleaning of reads and
their mapping on the draft assembly, 5.8 M and
3.1 M heterozygous SNP sites were collected in
the two parental genotypes. The de novo recon-
struction of haplotype blocks in the “C3” geno-
type of globe artichoke yielded 192,938
segments, corresponding to 364 Mbp (L50:
4772 bp, N50: 19,921) with an average of 1 SNP
per 59 bp within such blocks. In cultivated car-
doon “Alt41”, the resulting haplotype blocks
were limited to 122,570 and totalled only
187 Mbp but with similar contiguity as com-
pared to “C3” (L50: 4104 bp, N50: 12,001). Also,
the rate of polymorphic sites within blocks was
equal to that of “C3” (1 SNP every 59 bp). This
statistic indicates that SNP-dense regions with
similar polymorphism content contributed in
extending haplotype blocks in both parents, but
similar contiguities and shorter overall size of
“Alt41” blocks confirmed the graphical obser-
vation that average lower heterozygosity of
“Alt41” is due to long homozygous segments in
the genome (Fig. 9.4) and not to an average
genome-wide reduction of allelic diversity. The
catalogue of SNP sites which were expected to
desegregate according to the cross model
(TC-SNPs) was made of 2,128,486 sites from
globe artichoke “C3” alleles, which were

9 Genomics 167



168 D. Scaglione et al.



organized in 138,608 haplotype blocks, while in
cultivated cardoon “Alt41” 1,356,998 variant
sites defined 78,458 haplotype blocks. For each
parent, and for each block, the invocation of the
HMM engine was performed on either phase 0 or
phase 1 segregating sites. When available, the
haplotype calls from both phase 0 and phase 1 of
the same block were used to cross-validate a
consensus call, while in case of contradictory
calls, those with a significantly higher probability

were chosen. A minimum calling rate of 70%
was adopted to retain a given block as informa-
tive maker for the segregating parent. The F1
mapping population was previously analysed for
linkage mapping purposes and did not showed
specific segregation (Portis et al. 2009); there-
fore, in order to clean up from spurious block
(false heterozygous stretches), X2 test threshold
was applied (p-value < 0.03). “C3” parental line
obtained successful calls for 23,381 blocks,

Fig. 9.3 Graphical representation of the HMM model
developed for the decoding of most probable genotype
paths given the observation of SNP calls at low coverage in
an expected heterozygosity scenario. A, B, H are possible
states of underlying sequence, while a, b and h represent
low-coverage calls obtained from Illumina reads. Ehet and

Ehom are the probability of false heterozygous calling for a
given site. C is the probability of obtaining a heterozygous
call at a given site by the presence of reads from both
alleles. T is the probability of transition from one genotype
to another (i.e. crossing-over events) (from Scaglione et al.
(2016), used under CC BY 4.0)

b Fig. 9.2 Workflow schema for the SOILoCo pipeline
used to anchor the C. cardunculus scaffolds in chromo-
somal pseudomolecules. Alignments of parental reads to
the draft scaffolds were used to (i) identify potential
heterozygous test-cross sites and (ii) to compute haplo-
type phases in both parents (P1 and P2). A multi-sample
VCF file of all the progeny was then processed to identify
informative heterozygous sites based on parental SNPs
and the phase of haplotype blocks (TC-separator.pl, blue
box). This assigned the sites according to which phase
(i.e. homologous chromosomes) they are expected to
segregate in. Subsequently, an HMM-based algorithm
was used to impute the most likely genotypes of each
haplotype block segregating in the progeny (gt-hmm.pl,
red box). A LOD score was also calculated to permit

filtering of ambiguous imputations. Genotype imputation
from the two alternative segregating phases was then
summarized; when there was a discordant call between
phases, a majority rule was applied and the highest LOD
score for each segregating haplotype used to impute the
most likely genotype (TC-string-merger.pl, green box).
After grouping markers, linkage maps were generated for
each parent using reiterative ordering with the MSTmap
software (http://alumni.cs.ucr.edu/*yonghui/mstmap.
html) and error correction using a Perl implementation
of SMOOTH algorithms (van Os et al. 2005). Maps were
finally merged to generate a consensus map and to
maximize the resolution of the order and orientation of
scaffolds in chromosomal pseudomolecules (from Sca-
glione et al. (2016), used under CC BY 4.0)
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distributed in 4234 scaffolds, while “Alt41” male
parent collected 15,262 genotyped blocks for
2779 scaffolds; both “C3” and “Alt41” had 1677
mapped scaffolds in common. The two-way
pseudo-test cross design allowed to obtain two
independent parental linkage analysis which
defined 1157 and 1497 genetic bins for the globe
artichoke and the cultivated cardoon, respec-
tively. Overall, this corresponded to 445 Mbp of
the assembly, or 23,366 markers for “C3” and
358 Mbp or 15,227 markers for “Alt41”. A Perl
implementation of the SMOOTH algorithm (van
Os et al. 2005) was used to impute missing calls
in the matrix, and further iterative steps (two) of
markers re-ordering were carried to re-locate
corrected makers and generated the final maps. In

“C3”, the linkage map counted a total of
1460 cM of segregation and 1748 cM were cal-
culated for “Alt41”; the average density of
markers was 1.28 cM and 1.18 cM, respectively.
The two maps resulted in an extraordinary high
level of co-linearity easing the generation of a
consensus map which worked as a framework to
separate co-segregating makers within the same
bin in a given map. The final map of 17 chro-
mosomes contained 2178 distinct genetic bins,
anchoring 5322 scaffolds and thus resulting in
526 Mbp arranged as pseudomolecules
(Table 9.2). Of these scaffolds, 936 (210 Mbp)
were oriented by correlating the genetic position
of each marker within a given scaffold along with
their physical coordinates. Pseudomolecules

Fig. 9.4 Characteristics of the globe artichoke genome.
(a) Heat map of repeat density in the reference genome
generated from globe artichoke 2C (blue, low; orange,
high density); (b) heat map of gene density in the
reference genome; (c) density of heterozygous SNPs in
the globe artichoke parental genotype, C3; (d) density of

heterozygous SNPs in the cultivated cardoon parental
genotype, Alt41; (e) extended homozygous regions in
cultivated cardoon: the colour of the boxes indicates
whether they occur in repeat-rich regions (green) or
gene-rich regions (red) (from Scaglione et al. (2016), used
under CC BY 4.0)
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were named to be consistent with previously
published linkage groups on the same progeny
(Table 9.2).

Since no other reference was available to
validate the current maps, the robustness of the
genetic anchoring of scaffolds was assessed by
means of comparing the two parental maps.
Briefly, all possible pairs of scaffolds separated
by 5 cM or less were analysed. Concordant pairs
were defined if two scaffolds maintained the
same reciprocal position across the two maps.
The former exercise indicated that 23,558 pairs
of scaffolds (87%) were collinear each other
across the two maps, while only 3480 had dis-
cordant positions. However, for scaffolds of
100 Kbp and more the proportion of valid pairs
raised to 94%. This indicated that the genotype
imputation method via low-coverage sequencing
was effective and errors where only introduced
by too small scaffolds (unable to provide a robust
path of allelic sites). Moreover, small structural
variation across the two genotypes cannot be
excluded.

High-density genetic maps have proved to be
a powerful tool for final ordering of scaffolds,
nowadays competing only with Hi-C data and
optical mapping. In the last years, increase in the
throughput of next-generation sequencing
democratized the production of massive amounts
of genotyping data in a cost-effective manner.
Different methods are based on a complexity
reduction of template genome operated by
restriction enzymes (GBS, Elshire et al. 2011;
RADseq, Etter et al. 2011; ddRAD, Peterson
et al. 2012; MSG, Andolfatto et al. 2011) which
showed to be widely adopted tools for
NGS-based genotyping. Still, restriction enzymes
recognition site, diversity of parental genotypes,
size of sequenced fragments will define the pool
of informative loci and its final size, also deter-
mining the rate of recall across the population
cohort. On the other side, several publications on
the ability of exploiting low-coverage
whole-genome sequencing of segregating indi-
viduals, requiring sequencing yields comparable
to those of restriction-based techniques (Mascher
et al. 2013). However, previous works were
based on availability of at least one parental

haplotype as represented in the reference
sequence or in homozygous parental lines. More
specifically, robust determination of genotype
states from shallow sequencing data (<1�) has
been so far explored only in the context of two
alternative haplotypes and a single read is virtu-
ally enough for genotype calling, thus restricting
their application to RILs. In other populations,
such as F2 and BC, higher local depth of cover-
age would be required to obtain a single-base
heterozygous genotype state and then proceed to
aggregate more sites to validate the genotype of a
given locus. For these reasons, to make it pos-
sible a linkage-based chromosomal anchoring in
F1 populations from heterozygous parents, as in
the outbreeding C. cardunculus, we proposed a
novel methodology, which employs
low-coverage genotyping-by-sequencing of an
F1 progeny based on haplotype phase informa-
tion computed at parental level. The pipeline
proved to allow a correct positioning and ori-
enting of large fraction of sequence from de novo
draft assembly of globe artichoke. Although the
pipeline was developed to analyse F1 progeny
data, F2, RILs and BC populations can be anal-
ysed similarly.

9.4 Gene Prediction

The coding fraction of the genome was identified
in 26,889 gene models (extended to 27,121
predicted transcripts), and 23,895 of them were
placed in the chromosomal pseudomolecules
(Table 9.3) with only 2994 residing in unmapped
scaffolds. The sum of gene models covered a
total of 146.5 Mbp, where 38 Mbp were made
by exons having a median length of 141 bp,
while introns had a median of 334 bp; coding
sequences represented 32.8 Mbp. Gene-rich
regions along with repeat-dense regions were
analysed and suggested the locations of the
centromeres.

Among 27,121 predicted protein sequences,
the molecular function of 19,554 (72%) was
found. Sequence clustering resulted in 3724
groups of proteins, accounting for 21,850
sequences (80.5% of the total number of
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predicted proteins). A functional enrichment
analysis (Table 9.4) of such groups indicated that
protein kinase domain is the most common
molecular function (primarily serine/threonine
kinases and tyrosine kinases) and followed by the
zinc finger domain and the leucine-rich repeats.

The same clustering was also performed
including proteins from annotated species Ara-
bidopsis thaliana, Brassica rapa, Fragaria
vesca, Solanum lycopersicum and Lactuca sativa
(Fig. 9.5). This resulted in 25,981 clusters, con-
sidered as gene families, made from 153,126

Table 9.3 Statistics on the predicted genes for each chromosomal pseudomolecule (from Scaglione et al. (2016), used
under CC BY 4.0)

Chromosome Gene models Transcripts Exons Average exons per gene # syntenic genes
with L. sativa

1 2630 2647 15,479 5.89 1942 (73.8%)

2 2351 2370 13,909 5.92 1639 (69.7%)

3 1868 1888 11,068 7.45 1187 (63.5%)

4 962 972 5809 6.04 703 (73.1%)

5 1640 1653 8632 5.26 1036 (63.2%)

6 903 915 5133 5.68 530 (58.7%)

7 907 914 5190 5.72 604 (66.6%)

8 1196 1209 7126 5.96 861 (72.0%)

9 1006 1012 5550 5.52 785 (78.0%)

10 1436 1444 8692 6.05 872 (60.7%)

11 1453 1462 9001 6.19 1238 (85.2%)

12 1404 1415 7814 5.57 898 (64.0%)

13 1801 1815 10,157 5.64 1140 (63.3%)

14 646 651 3515 5.44 396 (61.3%)

15 1466 1478 8288 5.65 1024 (69.8%)

16 949 960 5830 6.14 556 (58.6%)

17 1277 1290 7435 5.82 821 (64.3%)

Unmapped 2994 3026 15,576 5.19 0

Total 26,889 27,121 154,207 5.84 16,232 (67.9%)

Table 9.4 Most common
functional annotations in
the artichoke predicted
proteins (from Scaglione
et al. (2016), used under
CC BY 4.0)

Description Number of proteins

Protein kinase domain 1357

Zinc finger 1041

Serine/threonine protein kinases 898

Leucine-rich repeat 607

PPR repeat family 598

Protein tyrosine kinase 498

EF-hand domain 424

Cytochrome P450 306

ATPase family associated with various cellular activities (AAA) 283

Ring finger domain 267
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proteins from the pool of 201,990 across the six
taxa. 20,509 proteins of globe artichoke were
distributed into 14,810 gene families, of which,
6005 were shared by all the six species; only
2911 of these were detected as single copy in all
the species. Globe artichoke and tomato shared
the largest number of gene families, presumably
due to their closer phylogenetic relationship. The
shared families represented the 79.4% (for globe
artichoke) and 82.2% (for tomato) of their indi-
vidual total gene clusters (Table 9.5).

It was also investigated for the presence of
significantly larger gene families within species
(Table 9.6). Forty-six families returned a signif-
icant deviation, mostly driven by larger counts in
either Arabidopsis, tomato, strawberry or lettuce.
Only in four clusters globe artichoke showed

expanded number of genes. For three groups,
namely (i) cystatin-like proteins with the cysteine
proteases inhibitor signature (33 members),
(ii) replication factor A, C-terminal domain (15
members) and (iii) glycosyltransferase family 10
(fucosyltransferase, 8 members), it was found no
local clustering on chromosomes. Only a group
(27 members), encoding “p450 class E enzyme
group I proteins” was physically clustered in
chromosome 13 (15 out of 27 genes), in a locus
of 800 Kbp which harboured other 44 inter-
spersed genes (Fig. 9.6). A phylogenetic analysis
suggested that duplication events caused the
amplification of this gene family within the locus
(Fig. 9.6).

Moreover, globe artichoke and lettuce shared
five gene families with significant higher gene

Fig. 9.5 Venn diagram of orthologous gene clusters among Arabidopsis thaliana (a), Cynara cardunculus (c),
Fragaria vesca (f) and Solanum lycopersicum(s), showing a total of 9246 common gene clusters (from Scaglione et al.
(2016), used under CC BY 4.0)

Table 9.5 Statistical analysis of gene families per species (from Scaglione et al. (2016), used under CC BY 4.0)

Species Gene
number

Genes in
families

Unclustered
genes

Number
of
families

Unique
families

Genes in
unique
families

Average number of
genes per family

A. thaliana 27,416 23,172 4244 16,781 422 1254 1.38

B. rapa 40,905 31,625 9280 17,070 876 2916 1.85

C. cardunculus 27,196 20,509 6687 14,810 418 1170 1.38

F. vesca 32,831 23,729 9102 13,364 1394 6603 1.77

L. sativa 38,919 29,184 9735 16,258 1435 5950 1.79

S. lycopersicon 34,727 24,907 9820 14,307 1118 4743 1.74
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members in both. Two of them encoded
NB-LRR disease resistance-related proteins (with
20 and 19 members) and one having most of its
genes located on chromosome 10 but in two
distinct loci of 2 Mbp each. Another gene family
representing bulb-type mannose-specific lectin
associated protein kinases (19 members) was
mapped on three chromosomes (chromosome 5,

5 members; chromosome 6, 5 members and
chromosome 9, 4 members). Pentatricopeptide
proteins (36 members) were the largest group
while allergen-related protein family (13 mem-
bers) was mostly localized on chromosome 15
within a 1 Mbp region.

Gene families found to be exclusive of globe
artichoke were 418, counting 1170 genes

Fig. 9.6 Top: Gene clustering of some globe
artichoke-specific OrthoMCL gene groups. Bottom: Phy-
logeny of globe artichoke expanded P450 class E, group I,

comp_Artichoke 10249 (from Scaglione et al. (2016),
used under CC BY 4.0)
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(Fig. 9.7). Functions such as “response to stress”,
“phenylpropanoid biosynthesis” and “lipid
biosynthesis” were found as over-represented
classes in these genes. The specific genes are
widely distributed over the 17 pseudomolecules
and 18 regions showed clusters of genes likely
related to the same biological process (Fig. 9.8).

First insights into the coding gene space of C.
cardunculus were possible thanks to the avail-
ability of genome sequence. Gene duplication
has shown, like in other species, to be an
important factor contributing to gene families’
evolution and the neo-functionalization or
sub-functionalization of the same (Ohta 1991).
Also, the analysis of non-coding regions is a
focal point for understanding regulatory path-
ways in higher organisms, since their level of
complexity has been associated with the length
of non-coding sequences (Barrett et al. 2012).

Gene families such as the genes encoding
phytocystatins (PhyCys), responsible for pest
defence function (Martinez and Diaz 2008), and
P450 proteins which are known to contribute in
the metabolism of secondary metabolites were

found to contain many members as local clusters
(Fig. 9.6). Other expansions of gene families
such as NBS-LRR proteins were also shown to
be common in lettuce. All these genes can be the
subject of further studies to better understand
their role in biotic stress resistance and their
contribution to secondary metabolite pathways.
In general, physically clustered and/or
species-specific genes families are shown to be
frequent in globe artichoke. A comparative
analysis at genome scale with Cynara cardun-
culus wild relatives will be a powerful tool to
dissect the domestication footprint in the land-
scape of large gene families.

9.5 Repetitive Content
of the Genome

The genome sequence was assessed to be repet-
itive in 58.4% (424 Mbp) of its current assem-
bled length. The 41.73% of the repeats were not
present in current database and thus were not
classified. Retroelements were the most

Fig. 9.7 Top: GO enrichment diagram for the 1170 globe
artichoke-specific genes in the process, function and
component. Enrichment was calculated with AgriGo
(http://bioinfo.cau.edu.cn/agriGO) and visualized with
the REVIGO suite (http://revigo.irb.hr). Bottom: Genomic

distribution of the 1170 globe artichoke-specific genes
along the 17 chromosomes. Black arrows show gene
clusters (from Scaglione et al. (2016), used under CC BY
4.0)
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gene strand LG LG coordinates PHMMER (uniprotKB db) e-value (phmmer) PROCESS
Ccrd_v1.0_013577 - 1 38.330.947 Protein_ENHANCED_DOWNY 9,8E-39
Ccrd_v1.0_013578 - 1 38.332.679 Protein_ENHANCED_DOWNY 1,3E-09
Ccrd_v1.0_013579 - 1 38.333.957 Protein_ENHANCED_DOWNY 2,1E-17
Ccrd_v1.0_013580 - 1 38.335.514 Protein_ENHANCED_DOWNY 4,8E-13
Ccrd_v1.0_013581 - 1 38.335.793 Protein_ENHANCED_DOWNY 5E-23
Ccrd_v1.0_013582 - 1 38.337.064 Protein_ENHANCED_DOWNY 2,6E-28
Ccrd_v1.0_013583 - 1 38.342.744 Protein_ENHANCED_DOWNY 6,8E-14
Ccrd_v1.0_013584 - 1 38.350.535 Protein_ENHANCED_DOWNY 4,5E-30
Ccrd_v1.0_013585 - 1 38.352.862 Protein_ENHANCED_DOWNY 9,3E-57
Ccrd_v1.0_013586 - 1 38.356.901 Protein_ENHANCED_DOWNY 1,1E-14
Ccrd_v1.0_013587 - 1 38.357.345 Protein_ENHANCED_DOWNY 5,2E-28

Ccrd_v1.0_013882 + 1 47.958.758 LRR_receptor-like_serine/threonine-protein 1,2E-103
Ccrd_v1.0_013882 + 1 47.962.409 LRR_receptor-like_serine/threonine-protein 1,2E-103
Ccrd_v1.0_013882 + 1 47.966.732 LRR_receptor-like_serine/threonine-protein 1,2E-103
Ccrd_v1.0_013892 - 1 48.128.505 Receptor-like_protein_12 4,6E-107
Ccrd_v1.0_013892 - 1 48.131.550 Receptor-like_protein_12 4,6E-107
Ccrd_v1.0_013906 + 1 48.313.838 Myb-related_protein 1,2E-17
Ccrd_v1.0_013907 + 1 48.325.308 Transcrip on_factor_MYB51 1,1E-12
Ccrd_v1.0_013918 - 1 48.499.373 #N/D #N/D
Ccrd_v1.0_013927 - 1 48.653.548 Probable_acyl-ac va ng_enzyme_peroxisomal 3,5E-22
Ccrd_v1.0_013928 + 1 48.667.122 Probable_acyl-ac va ng_enzyme_peroxisomal 1,2E-20
Ccrd_v1.0_013947 - 1 48.983.694 Disease_resistance-like_protein 3E-13
Ccrd_v1.0_013947 - 1 48.994.352 TMV_resistance_protein 3E-20
Ccrd_v1.0_013952 + 1 49.085.948 Disease_resistance_protein 2,4E-16
Ccrd_v1.0_013953 - 1 49.095.145 Puta ve_Myb_family_factor 8,6E-15
Ccrd_v1.0_013954 + 1 49.100.100 Disease_resistance_protein 5,9E-26
Ccrd_v1.0_013998 + 1 49.601.344 Syntaxin-61 1E-17
Ccrd_v1.0_013998 + 1 49.606.095 Syntaxin-61 1E-17

Ccrd_v1.0_009654 + 2 7.461.604 Transcrip on_factor_BIM1 0,0035
Ccrd_v1.0_009654 + 2 7.466.862 Transcrip on_factor_BIM1 0,0035
Ccrd_v1.0_009658 + 2 7.547.756 unknown 0,42
Ccrd_v1.0_009659 - 2 7.549.840 Tubulin_beta-2_chain 7,4E-172
Ccrd_v1.0_009676 - 2 7.776.546 Transcrip onal_ac vator 8,9E-48
Ccrd_v1.0_009678 - 2 7.804.691 Myb-related_protein 1E-47

Ccrd_v1.0_010683 + 2 61.492.858 Stearoyl-[acyl-carrier-protein]_9-desaturase_6 7,7E-159
Ccrd_v1.0_010683 + 2 61.497.880 Stearoyl-[acyl-carrier-protein]_9-desaturase_6 7,7E-159
Ccrd_v1.0_010691 + 2 61.661.811 Stearoyl-[acyl-carrier-protein]_9-desaturase_6 8,6E-165

Ccrd_v1.0_018157 + 5 6.441.006 Cyclin-dependent_kinase 5,2E-113
Ccrd_v1.0_018158 + 5 6.446.869 Cyclin-dependent_kinase 2,5E-114
Ccrd_v1.0_018159 - 5 6.449.546 Cyclin-dependent_kinase 1,4E-129
Ccrd_v1.0_001281 - 5 6.451.678 Cyclin-dependent_kinase 2,3E-100
Ccrd_v1.0_018176 - 5 6.708.574 Cyclin-dependent_kinase 4,5E-114

Ccrd_v1.0_018581 + 5 20.768.511 GTP-binding_nuclear_protein 5,2E-18
Ccrd_v1.0_018581 + 5 20.769.926 GTP-binding_nuclear_protein 5,2E-18
Ccrd_v1.0_018581 + 5 20.771.685 GTP-binding_nuclear_protein 5,2E-18
Ccrd_v1.0_018581 + 5 20.772.331 GTP-binding_nuclear_protein 5,2E-18

Ccrd_v1.0_022377 - 6 11.215.709 Calre culin 1,5E-227
Ccrd_v1.0_022382 - 6 11.427.186 B2_protein 0,0018
Ccrd_v1.0_022383 + 6 11.441.485 Puta ve_calmodulin-like_protein 0,000000063
Ccrd_v1.0_022383 + 6 11.442.672 Puta ve_calmodulin-like_protein 0,000000063
Ccrd_v1.0_022384 + 6 11.465.132 Calmodulin-like_protein 0,000000025

Ccrd_v1.0_022580 + 6 16.109.439 Two-pore_potassium_channel 1,2E-30
Ccrd_v1.0_022583 - 6 16.135.474 Two-pore_potassium_channel 1,4E-29
Ccrd_v1.0_022582 + 6 16.138.823 Two-pore_potassium_channel 2,3E-23
Ccrd_v1.0_022584 + 6 16.168.013 Two-pore_potassium_channel 5,2E-30

Ccrd_v1.0_003123 + 9 7.792.930 Fibrillin-1 1,2E-79
Ccrd_v1.0_003124 + 9 7.827.169 Fibrillin-3 4,6E-48
Ccrd_v1.0_003138 - 9 8.112.291 Wall-associated_receptor_kinase 5E-14
Ccrd_v1.0_003138 - 9 8.122.522 Wall-associated_receptor_kinase 5E-14
Ccrd_v1.0_003138 - 9 8.125.063 Wall-associated_receptor_kinase 5E-14
Ccrd_v1.0_003138 - 9 8.126.938 Wall-associated_receptor_kinase 5E-14
Ccrd_v1.0_003139 - 9 8.158.833 Fibrillin-1 2,4E-75
Ccrd_v1.0_003140 - 9 8.180.750 Wall-associated_receptor_kinase 4,6E-12
Ccrd_v1.0_003141 - 9 8.203.319 Fibrillin-3 3,1E-85
Ccrd_v1.0_003142 - 9 8.224.128 Fibrillin-3 3,3E-86
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Fig. 9.8 Globe artichoke-specific genes and their clustering coordinates. The main biological process for each cluster
is reported (from Scaglione et al. (2016), used under CC BY 4.0)
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gene strand LG LG coordinates PHMMER (uniprotKB db) e-value (phmmer) PROCESS
Ccrd_v1.0_021222 + 10 19.090.822 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 5,5E-36
Ccrd_v1.0_023603 + 10 19.179.725 Probable_serine/threonine-protein_kinase 1,4E-99
Ccrd_v1.0_021229 + 10 19.252.203 Receptor-like_protein_kinase 2,7E-53
Ccrd_v1.0_021232 - 10 19.311.453 Probable_serine/threonine-protein_kinase 4,1E-26
Ccrd_v1.0_021232 - 10 19.317.722 Probable_serine/threonine-protein_kinase 4,1E-26

Ccrd_v1.0_016160 + 13 3.282.715 Puta ve_receptor-like_protein 4,8E-71
Ccrd_v1.0_016161 + 13 3.286.163 Puta ve_receptor-like_protein 4,8E-59
Ccrd_v1.0_016162 + 13 3.299.609 Receptor-like_protein_kinase 4E-67
Ccrd_v1.0_016164 + 13 3.315.293 Receptor-like_protein_kinase_1 1,9E-68
Ccrd_v1.0_016165 - 13 3.322.034 TMV_resistance_protein 1,4E-46
Ccrd_v1.0_016170 + 13 3.370.130 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 1,7E-47
Ccrd_v1.0_016173 + 13 3.412.192 unknown 0,09
Ccrd_v1.0_016174 + 13 3.427.346 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 1,7E-47
Ccrd_v1.0_016175 + 13 3.440.527 TMV_resistance_protein 3,1E-16
Ccrd_v1.0_016175 + 13 3.440.527 TMV_resistance_protein 1,7E-16
Ccrd_v1.0_016175 + 13 3.447.201 TMV_resistance_protein 1,7E-16
Ccrd_v1.0_016175 + 13 3.447.202 TMV_resistance_protein 3,1E-16
Ccrd_v1.0_016176 + 13 3.462.836 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 3,4E-43
Ccrd_v1.0_016177 + 13 3.476.304 TMV_resistance_protein 8,4E-20
Ccrd_v1.0_016178 + 13 3.482.883 TMV_resistance_protein 2,5E-15
Ccrd_v1.0_016179 + 13 3.492.917 TMV_resistance_protein 1,4E-18
Ccrd_v1.0_016196 - 13 3.799.430 RNA_polymerase_II_5-media ng_protein 0,0000022
Ccrd_v1.0_016267 - 13 4.833.186 Serine/threonine-protein_kinase-like_protein 0,0000082
Ccrd_v1.0_016291 - 13 5.184.329 Probable_receptor-like_protein 2,4E-69

Ccrd_v1.0_008635 + 14 4.964.500 Chlorophyll_a-b_binding_16_chloroplas c 1,6E-162
Ccrd_v1.0_008642 - 14 5.121.295 Chlorophyll_a-b_binding_16_chloroplas c 6,6E-163
Ccrd_v1.0_008644 + 14 5.146.900 ATP-dependent_Clp_protease_subunit_ClpA 0,0015
Ccrd_v1.0_008645 - 14 5.155.501 Chlorophyll_a-b_binding_16_chloroplas c 2,1E-160
Ccrd_v1.0_008646 - 14 5.168.538 Chlorophyll_a-b_binding_16_chloroplas c 2,8E-161
Ccrd_v1.0_008647 - 14 5.220.185 Chlorophyll_a-b_binding_16_chloroplas c 3,4E-164

Ccrd_v1.0_008736 - 14 8.288.381 Transcrip on_factor_MYB48 6,3E-14
Ccrd_v1.0_008736 - 14 8.292.935 Transcrip on_factor_MYB48 6,3E-14
Ccrd_v1.0_008737 - 14 8.293.175 Myb-related_protein_306_majus 1,3E-16

Ccrd_v1.0_008997 - 14 14.153.985 Auxin_response_factor 2,7E-71
Ccrd_v1.0_008999 + 14 14.177.331 Auxin_response_factor 1,9E-83
Ccrd_v1.0_009000 + 14 14.188.710 Auxin_response_factor 1,2E-57

Ccrd_v1.0_001911 - 15 9.910.627 Auxin-responsive_protein_SAUR22 4,3E-30
Ccrd_v1.0_001912 - 15 9.919.876 Auxin-responsive_protein_SAUR22 4E-30
Ccrd_v1.0_001914 - 15 9.929.794 Auxin-responsive_protein_SAUR21 5E-27
Ccrd_v1.0_001921 - 15 10.026.525 Auxin-responsive_protein_SAUR19 5,4E-26
Ccrd_v1.0_001923 + 15 10.029.056 Auxin-responsive_protein_SAUR22 3E-21
Ccrd_v1.0_001922 - 15 10.029.639 Auxin-responsive_protein_SAUR21 1,5E-24

Ccrd_v1.0_006281 - 16 4.067.666 Early_light-induced_protein_chloroplas c 1,6E-51
Ccrd_v1.0_006282 - 16 4.074.913 Early_light-induced_protein_chloroplas c 1,6E-48
Ccrd_v1.0_006282 - 16 4.075.565 Early_light-induced_protein_chloroplas c 1,6E-48
Ccrd_v1.0_006282 - 16 4.079.627 Early_light-induced_protein_chloroplas c 1,6E-48
Ccrd_v1.0_006285 - 16 4.116.754 Early_light-induced_protein_chloroplas c 1E-50

Ccrd_v1.0_006864 + 16 21.154.883 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 3,4E-22
Ccrd_v1.0_006905 - 16 21.626.285 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 2,3E-37
Ccrd_v1.0_006906 - 16 21.677.103 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 1,3E-33

Ccrd_v1.0_006908 - 16 21.698.804 Protein_SUPPRESSOR_OF_CONSTITUTIVE_1 2,3E-36

Ccrd_v1.0_019921 + 17 7.249.743 WAT1-related_protein 8,9E-51
Ccrd_v1.0_019923 + 17 7.281.844 WAT1-related_protein 1,8E-28
Ccrd_v1.0_019925 + 17 7.311.521 WAT1-related_protein 5,4E-51
Ccrd_v1.0_019926 + 17 7.327.575 WAT1-related_protein 5,9E-36
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Fig. 9.8 (continued)
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abundant, with Ty/1 Copia (27.84%) and Gypsy
elements (16.48%) as the most represented
super-families, followed by class II DNA ele-
ments (7.66%). Of the 14,449 complete LTR
retrotransposon-like elements predicted, 610
clustered families were obtained and 354 were
successfully classified into families and
sub-families, while 154 were assigned to main
families (RLG—retrotransposon LTR Gypsy,
RLC—retrotransposon LTR Copia and RIX—
retrotransposon unclassified). Of the remainder
12,107 unclustered elements, a BLAST search
against the TREP database (http://wheat.pw.
usda.gov/ggpages/Repeats/) aided to the assign-
ment of further 7909 repeats to their type/family.
Among annotated repeats, Gypsy and Copia
families showed a rate of 57 and 37%, respec-
tively. Age of elements was estimated with the
analysis of LTRs sequences, using as a proxy the
rate of divergence within a cluster. The data
provided evidence of a large expansion across all
elements that happened some 2.5 Mya ago.
Gypsy elements showed a lower variability in the
rate of mutations across sub-type, suggesting a
more stable family across time. This was not true
for the Fatima sub-family and for most of sub-
types of the Copia family were some
sub-families showed a reduction of expansion
over the time, while others had a higher pro-
portion of young elements (Fig. 9.9). Timing of
repeats expansion in C. cardunculus indicates it
took place quite recently and after divergence
from the Heliantheae–Cichorieae lineage (see
next section). Recent increase in retrotransposon
activity has also been reported in sunflower
(Staton et al. 2012), and this suggested this
common trend is related to evolutionary events
since they all occurred after the separation of the
tribes. The sunflower repeats’ expansion is
younger, less than 1 Mya, than the expansion
that occurred 2.5 Mya in the globe artichoke
lineage. This might find an explanation in the
second WGD event which occurred only in the
Heliantheae lineage and justify the significant
genome size differences between the two tribes.

Satellite sequences were also searched in the
assembly, and the three most abundant were

monomers of 96, 94 and 103 bp, found 493, 477
and 191 times, respectively. Less frequent satel-
lites were also found; however, the overall
landscape of satellite motifs across the pseudo-
molecules showed a general localization within
presumptive centromeres along with other
repeats. It was not possible to determine a
specific satellite motif involved in centromeres.

Pseudomolecules and all unmapped scaffolds
were surveyed for candidate SSR markers and
populated the first microsatellite database CyM-
SatDB (Cynara cardunculus MicroSatellite
DataBase), available at www.artichokegenome.
unito.it containing nearly hundred eighty thou-
sands of perfect SSR motifs with some 15%
being compound SSRs and some two hundred
forty-four thousands of imperfect repeats.
The SSR catalogue (namely CyMSat) was clas-
sified on the basis of the repeat motif, the number
of units and their localization on the pseudo-
molecules (Portis et al. 2016). Di-nucleotides are
the most frequent (73.0%), followed by tri-
(11.2%), tetra-nucleotides (6.1%) and mono-
(4.7%); penta- and hexa-nucleotides are rare (2.4
and 2.5%, respectively). The database is serving
the community as a repository of candidate
markers of known genomic positions to be
exploited for rapid marker development of traits
of interest in varying genetic background given
the high level of polymorphisms provided by
simple repeats.

9.6 Age of Speciation

Ages of speciation for C. cardunculus were
estimated through the analysis of synonymous
nucleotide substitutions (Ks). Whole-genome
duplication preceding the divergence of the
Compositae family was placed at Ks * 0.78 in
C. cardunculus and Ks * 0.95 in L. sativa.
After correcting those values for nuclear rate
heterogeneity across Compositae with factors
already estimated elsewhere (Barker et al. 2008),
the C. cardunculus and L. sativa WGD were
narrowed at Ks = 0.84 and Ks = 0.87, respec-
tively, providing a solid evidence for a common
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Fig. 9.9 Repeats’ identification and dating in the genome of C. cardunculus. a Overall distribution of the repetitive
fraction. b Distributions of insertion ages in different families of LTR elements (from Scaglione et al. (2016), used
under CC BY 4.0)
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Compositae WGD. The diversification of Car-
dueae and Cichorieae was placed at Ks * 0.55.
Since the same age estimation pipeline was
adopted for pepper and tomato which reported
Ks = 0.27, it agreed with the previous estimation
(Ks = 0.30, Kim et al. 2014). Therefore, pepper
and tomato divergence, previously reported at
19.1 Mya, places the time of divergence of the
Cardueae, Cichorieae and Heliatheae between
35 and 40 Mya.
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10The Chloroplast Genome

Gabriella Sonnante

Abstract
In the last years, the availability of chloroplast
genomes for plants and algae is increasing.
These data can be useful both in the biotech-
nological area and in the evolutionary field,
for the analysis of phylogenetic relationships
among groups of organisms. Thanks to the
advance of high-throughput sequencing, it is
now possible to obtain the chloroplast genome
sequence as a contaminant of whole-genome
sequencing projects. Otherwise, the entire
organelle genome can be recovered by means
of long-range PCR amplification, using uni-
versal primers designed on highly conserved
regions. The fragments obtained can be mas-
sively sequenced and the reads mapped on a
reference genome. The chloroplast genomes
of the Cynara cardunculus taxa, namely the
globe artichoke, wild and cultivated cardoon
and of other Cynara wild species are now
available in the public databases. The structure
of the Cynara chloroplast genome shows the
classical quadripartite organization, with a
long- and a short-single copy region and two
inverted repeats. Within the globe artichoke, a
marked variation is observed between the
Romaneschi group and the other artichoke

varietal types, due to some deletion events
present in the Romaneschi. The highly variable
regions found in the chloroplast genome can
be used for barcode applications and phyloge-
netic relationships, not only in the genus
Cynara, but also in the Asteraceae family.

10.1 Introduction

Chloroplast organelles are found exclusively in
plant and algal cells and are specialized in per-
forming photosynthesis, which converts solar
energy to carbohydrates releasing oxygen (Jarvis
and López-Juez 2013), thus allowing life on
our earth. The only prokaryotic organisms
evolving this metabolism were the cyanobacteria
(Sánchez-Baracaldo et al. 2017), which were
hypothesized, already at the beginning of the
twentieth century, to have given origin to the
chloroplasts about 1.5 billion years, when a
cyanobacterial cell was englobed into a hetero-
trophic eukaryote (Mereschkowsky 1905).
Besides carrying out photosynthesis, the chloro-
plast (cp) plays other crucial roles in plant
physiology and development, being involved in
the synthesis of many compounds such as amino
acids and fatty acids (Pogson et al. 2015).

Chloroplasts possess multiple copies of a
small circular genome ranging from 110 to
200 kb about, which is maternally inherited in
angiosperms, and is highly conserved in structure
and function (Olmstead and Palmer 1994;
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Daniell et al. 2016). The cp genome contains
30–50 RNA genes and about 100 protein-coding
genes in land plants and green algae; the protein-
coding genes can be involved in the expression
and translational machinery of the chloroplast or
in photosynthesis and other metabolic processes
(De Las Riva et al. 2002). The typical cp genome
is composed of two single copy regions (a long
one and a short one), separated by two inverted
repeat regions. Although conserved in its struc-
ture, the plastid genome may present striking
features in some groups of plants. In legumes, for
instance, the inverted repeat regions are missing
(Palmer and Thompson 1982; Wu et al. 2011),
while in grass cp genome, some important genes
have been lost, and other plant species show
large rearrangements (Guisinger et al. 2010). The
plastid genome stable structure, but at the same
time, the presence of variable sites makes
chloroplast an informative and important resource
for phylogenetic analysis at various taxonomic
levels and for barcode applications (Curci et al.
2016; Bi et al. 2018). Knowledge of the chloro-
plast genome can be also useful for biotechno-
logical purposes. Transplastomic plants, in fact,
offer some advantages compared to classical
nuclear transgenic plants. A high number of
transgene copies can be engineered into the
chloroplast genome, ensuring very high levels of
expression; moreover, since cp genomes are
generally maternally inherited, transgene escape
via pollen is eliminated or reduced (Daniell 2007;
Daniell et al. 2016).

Cynara L. is a Mediterranean genus com-
posed of nine perennial species, which are
characterized by spiny leaves and heads
(Wiklund 1992; Rottenberg 2015). The interest-
ing feature of these species is that they typically
grow either in the eastern (C. cornigera and
C. syriaca) or in the western (C. humilis and
C. baetica) part of the Mediterranean basin
and share molecular features according to their
geographical distribution (Sonnante et al. 2008).
Within the Cynara genus, the most plastic entity
appears to be the wild C. cardunculus,

distributed over the south Mediterranean area,
from Greece to Spain and North Africa.

The globe artichoke, C. cardunculus var.
scolymus (L.) Fiori, is a diploid outcrossing plant
(2n = 2x = 34), which constitutes a single bio-
logical species together with the cultivated leafy
cardoon (C. cardunculus var. altilis DC) and the
wild ancestor of both crops, C. cardunculus var.
sylvestris Lam. Based on molecular and pheno-
typic differences between wild C. cardunculus
from the eastern (Greece/Italy) and the western
(Iberian Peninsula) Mediterranean basin, it has
been suggested that wild cardoon from Spain and
Portugal might be a feral form of the cultivated
cardoon (Gatto et al. 2013; Pavan et al. 2018).
Within the globe artichoke, four morpho-
agronomic groups have been recognized: Cata-
nesi (CAT), Spinosi (SPI), Violetti (VIO) and
Romaneschi (ROM), which can be distinguished
according to flower head shape and colour, and for
flowering time, CAT artichokes being early vari-
eties, while most of the others are late varieties.
Besides these recognized types, other artichoke
varieties have different or intermediateflower head
traits and therefore do not fall in any of the groups
above (Porceddu et al. 1976; Sonnante et al. 2003).

In recent years, the availability of next-
generation sequencing (NGS) has boosted the
obtainment of whole plant genome sequences,
due to the continuous improvement of tech-
nologies and the reduction of costs. Although
during the preparation of DNA for whole-
genome sequencing chloroplast DNA is gener-
ally removed, the high abundance of this
molecule in the cells prevents its complete
elimination. Therefore, when analysing sequenc-
ing outputs, reads from cp DNA can be found,
and the cp genome can be reconstructed. The first
complete cp genome sequence was obtained for
Nicotiana tabacum using a strategy based on the
sequencing of plasmid and cosmid libraries
(Shinozaki et al. 1986), and since then hundreds
of plant and algae cp sequences have been pro-
duced and deposited in the Organelle Genome
Resources database of NCBI.
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10.2 Chloroplast Genome
Sequencing of the Globe
Artichoke and Other Cynara
Genotypes

Before the advent of next-generation sequencing
(NGS) technologies, the complete cp genome
sequencing was quite a laborious task and could
be obtained either by screening bacterial artificial
chromosome (BAC) libraries (e.g. Sato et al.
1999; Jansen et al. 2006), or by means of rolling
circle amplification (e.g. Lee et al. 2006; Saski
et al. 2007). High-throughput sequencing has
now become the preferred approach for the
obtainment of the cp genome, with Illumina
being the major platform (Daniell et al. 2016).
The first globe artichoke cp genome was
sequenced by using a combined methodology:
Illumina and BAC clone sequencing. Illumina
short reads deriving from whole-genome
sequencing of the globe artichoke, Brindisino
variety, were filtered against the closest cp gen-
ome available by that time in NCBI database,
Lactuca sativa (Curci et al. 2015). However, by
this approach, the artichoke cp genome sequence
was not entirely covered, and about 10% was still
missing. Thanks to the availability of a BAC
clone library from the same Brindisino genotype,
a PCR screening of the library with primers
designed on cp sequence allowed to identify a
clone containing the whole cp genome. The BAC
clone was thus isolated and sequenced (Curci
et al. 2015). The assembly of NGS short reads
can be performed using a reference-based strat-
egy when a cp sequence is already available for a
closely related organism, or a de novo assembly
approach, when such a sequence is not available.
Reference assemblies usually require less com-
putational effort, but can provide a limited
number of variants between the two cp genomes
compared; in most cases, a de novo strategy is
the preferred approach for a precise assembly
(Dierckxsens et al. 2016). In the case of the globe
artichoke, both assemblies were carried out, the
former using the cp genome of L. sativa as a
reference. The de novo reconstruction of the
globe artichoke cp genome sequence provided
almost the same results as the reference-based

assembly, with a few incongruences, which
could be solved by Sanger sequencing. Mostly,
when a lack of correspondence between the two
assembly methods was observed for artichoke cp
genome, the de novo prediction was correct
(Curci et al. 2015).

The cp genome sequence was also obtained
for the wild progenitor of the globe artichoke,
“Sylv Calabria” from Calabria, Italy. In this case,
short reads from whole-genome sequencing were
mapped on the Brindisino cp genome (Curci
et al. 2016).

Long-range PCR of cp fragments, coupled
with Illumina sequencing, can provide a cheap
method to obtain complete cp sequence (Yang
et al. 2014b) . In order to investigate cp sequence
variation within C. cardunculus and in the genus
Cynara, a long-range PCR approach was used on
19 genotypes representing the globe artichoke,
cultivated andwild cardoon and otherwildCynara
species. Primers were designed on conserved cp
sequences shared among Brindisino, “Sylv
Calabria” andL. sativa. Long PCR fragments were
subsequently subjected to high-throughput
sequencing using Illumina technology (Curci and
Sonnante 2016; Curci et al. 2016).

10.3 Genome Organization
of Cynara Chloroplast

The cp genome of the globe artichoke, as well as
of the other C. cardunculus organisms and wild
Cynara spp., possesses the typical quadripartite
structure, comprising one long single copy
(83,578 bp in Brindisino), one short single copy
(18,641 bp in Brindisino) region and two inver-
ted repeats (IR), each of 25,155 bp in Brindisino
(Fig. 10.1).

Inverted repeats are generally conserved in
terms of gene content and sequence, primarily
due to the occurrence of rRNA genes (Li et al.
2013); however, expansion or reduction of the IR
region and the SSC or LSC boundary regions are
the main causes for size differences in angios-
perm cp genomes (Chung et al. 2006; Yang et al.
2014a) . Due to these variations, the structure of
these regions should be confirmed by classical
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Sanger sequence when obtaining cp genome
sequences from NGS short reads. The use of
high-throughput sequencing producing long
reads, such as PacBio technology, may overcome
this problem and facilitate the assembly espe-
cially in the junction regions (Ferrarini et al.
2013; Li et al. 2014). In C. cardunculus taxa and
even in wild Cynara species, the borders
between single copy regions and IRs are orga-
nized in the same manner, highlighting that no IR
expansion has occurred within this genus (Curci
and Sonnante 2016; Curci et al. 2016). On the

other hand, when aligning these regions with the
corresponding sequences of other Asteraceae cp
genomes, various degrees of expansion have
been noticed in C. cardunculus compared to the
other species belonging to the same family
(Curci et al. 2015).

The total length of the Brindisino cp genome
is 152,529 bp, and a range between 152,462 and
152,585 bp has been observed within the Cynara
genus (Table 10.1).

Variation in the whole cp genome length has
been detected also within the globe artichoke

Fig. 10.1 Map of the Cynara cardunculus chloroplast genome. In the larger circle, genes are placed outside or inside,
if they are transcribed clockwise or counterclockwise, respectively. Adapted from Curci et al. (2015, 2016)
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genotypes sequenced so far. The “Spinoso
Sardo” shows a longer cp genome sequence
compared to “Brindisino”, while the three ROM-
type artichokes possess a shorter sequence
(152,462 bp). The reduced length of the ROM
artichoke cp sequence is due to the presence of
some deletion events, the more relevant one
(30 bp) occurring in the ycf1 gene (Curci et al.
2016). Therefore, it seems that the ROM-type
artichokes are very similar, if not identical, to
each other, at the level of cp genome, while a
higher variation has been observed at the nuclear
genomic level among the different varieties
belonging to the ROM type (Gatto et al. 2013;
Pagnotta et al. 2017; Pavan et al. 2018). Ycf1 is
one of the most variable genes in several cp
genomes, showing SNPs and insertion/deletion
variations higher than average (Wu et al. 2009;
Doorduin et al. 2011). The two cultivated car-
doon genotypes from Italy and Spain have only
one nucleotide difference, while the cp genome
length for the wild cardoon ranges between
152,501 and 152,510 for the material from Italy,
Greece and Malta, and between 152,527 and
152,528 for the Spanish and the Tunisian geno-
types, respectively (Table 10.1). Based on SSR
and SNP analyses, the wild cardoons from the

Iberian Peninsula have proven to resemble more
the cultivated than the wild cardoon, and it has
been hypothesized that they could represent feral
forms (Gatto et al. 2013; Pavan et al. 2018).

The cp genomes of all the Cynara taxa and
genotypes analysed so far are composed of 114
unique genes: 30 tRNA, 4 rRNA and 80 deduced
protein-coding genes; moreover, the IR regions
contain 17 duplicated genes, and thus, the total
number of genes adds up to 131 (Curci et al.
2015; Curci and Sonnante 2016; Curci et al.
2016). About 42% of the whole sequence is
composed of non-coding introns, intergenic
spacers or pseudogenes. Although gene number
and structure are well conserved in the cp gen-
ome of most plants (Tiller and Bock 2014), some
genes may have moved to nuclear or mitochon-
drial genomes in a few species, providing useful
evidence for evolutionary studies (Jansen et al.
2007).

In general, IR regions contain a lower number
of ATs compared to the single copy regions, due
to the reduced content of AT nucleotides in
rRNA genes. It has been hypothesized that the IR
regions play a role in the stabilization of the
cp genome, and in fact, some legumes that
have lost the IR regions are more exposed to

Table 10.1 List of the complete Cynara chloroplast genomes available in NCBI database and their size

Variety (morpho-group) Origin Acc. number/s Length (bp)

Brindisino (CAT) Italy KM035764 152,529

Violetto di Toscana (VIO) Italy KP842713 152,529

Spinoso Sardo (SPI) Italy KP299293 152,585

Romano-Tondo Paestum/Camus Bretagne (ROM) Italy/France KP842709/10/11 152,462

Blanca de Tudela (OUT) Spain KP842708 152,529

Bianco Avorio/Verde Peralta (CC) Italy/Spain KP842704/05 152,510/11

Wild cardoon Italy KP842714/17/18/19 152,501/02/10

Wild cardoon Greece KP842715 152,509

Wild cardoon Malta KP842716 152,503

Wild cardoon Tunisia KP842721 152,528

Wild cardoon Spain KP842720 152,527

Wild C. baetica Spain KP842706 152,548

Wild C. cornigera Egypt KP842707 152,550

Wild C. humilis Spain KP299292 152,585

CAT Catanesi; VIO Violetti; SPI Spinosi; ROM Romaneschi; OUT no group; and CC cultivated cardoon
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rearrangements than plants that have not (Palmer
and Thompson 1982).

In the Brindisino cp genome, alternative start
codons have been observed for some genes: for
instance, in nadhD and psbL genes, ACG is used
instead of ATG as a start codon; this type of
conversion has also been noticed in tobacco
(Sasaki et al. 2003). Another case for alternative
start codon usage (GUG) in Brindisino is present
in rps19 gene (Curci et al. 2015). As in the
majority of angiosperms (Qian et al. 2013;
Cheng et al. 2017), also in Cynara leucine is the
most abundant amino acid (about 10%), while
cysteine is the most infrequent, with about 1%
(Curci et al. 2015).

10.4 Repeat Composition
and INDELs

Repeats are usually divided into two groups:
microsatellites (SSRs) and other repeats. While
SSRs are tandem repeats of one to six nucleotides,
the other class consists of longer repeat units.
Although less variable than nuclear microsatellite
regions, cp SSRs can vary as well and can be
therefore used to assess population diversity and
relationships (George et al. 2015). The Brindisino
cp genome contains 127 SSRs, most of which are
mononucleotides, as usually observed in most
plant species (Powell et al. 1995). Moreover, in
higher plants, there is a tendency of mononu-
cleotide repeats to occur in the non-coding region
of the genome (George et al. 2015). The preferred
location for artichoke cp SSRs is in the LSC and in
spacer regions, followed by SSC and coding
regions; fewer SSRs are found in the IRs, in
intronic and finally in pseudogene regions (Curci
et al. 2015). Thirty-seven primer pairs designed on
SSR flanking regions shared within Cynara genus
are available and have been used to validate these
markers in Cynara genotypes (Curci et al. 2016).

Excluding SSRs, 23 direct and 16 palindromic
repeats are present in the Brindisino cp genome.
Most of these repeats are organized in tandem,
and half of them are located in intergenic regions,
while about one-third are in coding regions and
13% in intronic regions. The coding region of

ycf1 has the highest number of repeats in cds and
possesses the longest repeat (45 bp) present in
two copies and organized in tandem (Curci et al.
2015).

Insertion/deletion (INDEL) events different
from microsatellites are useful markers for bio-
diversity and phylogenetic analyses (Yamane
et al. 2006). Within the genus Cynara, a total of
34 of such cp INDELs are present, from 1 to
33 bp in length, with a prevalent distribution in
non-coding (spacer) regions, as for other plant
species (Chen et al. 2016; Daniell et al. 2016).
Some of these INDELS are specific to either
one of the wild Cynara species (C. baetica,
C. humilis, C. syriaca or C. cornigera). Cynara
cardunculus taxa share a deletion of 33 bp in the
spacer of ycf3-trnS genes, which is not present in
all the wild Cynara species listed above. Within
C. cardunculus, a long deletion of 30 bp (in ycf1)
and a deletion of 6 bp (in psbC-trnS spacer) are
specific to the Romaneschi artichokes and are not
found in the other artichoke varieties or inwild and
cultivated cardoon (Curci et al. 2016). Moreover,
Romaneschi genotypes are the only artichoke
samples sharing a deletion of 24 bp (in petD
intron) and an insertion of 5 bp (in petA-psbJ
spacer) with most of the wild genotypes and with
the wild cardoons (Curci et al. 2016).

10.5 Phylogenetic Analysis
and DNA Barcode

In the past years, the sequences of a few cp regions
were used to infer phylogenetic relationships
among related species (Downie and Palmer 1992;
Stefanović et al. 2009). In Cynara, the psbA-trnH
spacer was amplified and sequenced in genotypes
belonging to C. cardunculus and to other Cynara
species, but no variation was observed in that
portion of the cp genome (Sonnante et al. 2007).
Recently, entire plastid genomes have proved to be
a valuable resource for phylogenetic analyses and
barcode applications, since the whole cp genome
can be considered as a “super barcode” (Li et al.
2015).

In this study, the whole cp sequence available
on NCBI database was retrieved for a subset of
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the genotypes used in Curci et al. (2016), in order
to represent some of the main types of the
artichoke morpho-types (Catanesi, Violetti,
Romaneschi), together with Blanca de Tudela,
and two wild cardoons. As for the Romaneschi
type artichokes, all the three genotypes for which
a cp genome sequence is available were consid-
ered. A phylogenetic analysis was carried out
based on the Neighbour-Joining method (Saitou
and Nei 1987), considering all the variable sites
in the cp genome, with 1000 bootstrap replica-
tions. The result of this analysis (Fig. 10.2) evi-
dences a clear separation, within the globe
artichoke genotypes, of the Romaneschi-type
artichokes from the others. This is mainly due
to the long (30 bp) and other shorter INDELs
characterizing particularly the three ROM geno-
types. A similar result was obtained by Curci
et al. (2016) when comparing a higher number of
genotypes: in their phylogenetic tree, ROM
genotypes occupied a more basal position, com-
pared to the other artichoke types, probably
because these artichokes, characterized by a big
flower head, are the most ancient, being head size
one of the early traits selected for domestication.

It has been observed that, for phylogenetic
analysis within the genus Cynara, the use of all
variable sites in the chloroplast genome provides
a better resolution compared to the use of just
parsimony-informative characters (Curci et al.
2016).

The sequence of six cp intronless genes was
used to perform a phylogenetic analysis among
69 Asteraceae species, belonging to the main
Asteraceae subfamilies, providing evidence on
the position of C. cardunculus in the Asteraceae
metatree (Curci et al. 2015).

Moreover, the comparison of fully sequenced
cp genomes of nine Asteraceae species has
allowed the identification of 19 highly poly-
morphic regions. In particular, eight of these cp
DNA sequences with a parsimony-informative
rate above 4% (ycf1, rps16, ccsA, rbcL, ndhA,
matK, clpP and accD) have been proposed as
possible barcode regions in the Asteraceae family
(Curci et al. 2015).

In conclusion, cp whole-genome sequencing
is an important tool for exploring molecular
diversity, for phylogenetic and evolutionary
investigations and for the development of bar-
code regions in C. cardunculus and in plants in
general.
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11miRNome

Lorenzo Barchi and Alberto Acquadro

Abstract
MicroRNAs in plants are endogenous small
non-coding RNAs involved in many biological
processes related to growth, development and
stress response, through post-transcriptional
silencing of key target genes. Only a few
studies have described the miRNome of globe
artichoke. In a very first attempt, 122 new
miRNAs were mined through miRNA tran-
scriptomic analysis in leaves and roots of
young plants in a NaCl treatment experiment.
Computational approach based on known
miRNAs sequences was adopted to predict
candidate miRNAs in the reference genome
sequence, while the recent resequencing of
four globe artichoke and one cultivated car-
doon genotypes has allowed to expand the
prediction of high confidence miRNA-coding
sequences. Although many plant microRNAs
are evolutionary conserved, polymorphisms
exist in many loci affecting miRNA biogene-
sis, function and target recognition, with a
possible effect on phenotype. The existing
variation observed in the globe artichoke
germplasm could explain the variable number
of predicted miRNAs and related target genes,

across the tested genotypes and could be
exploited in the future as a source of genetic
variation for future crop improvement.

11.1 Introduction to miRNAs

MicroRNAs (miRNAs) are members of the
endogenous small non-coding RNA group (with
a typical length of 20–24 nt) which are involved
in post-transcriptional repression of gene
expression both in animals and plants (Axtell
2013). They are coded by MIR genes (usually
found in intergenic regions but also within genes,
Colaiacovo et al. 2010), whose transcription,
mainly by RNA polymerase II, produces the
primary miRNA (pri-miRNA). Pri-miRNA is
then capped at 5′ end and poly-adenylated at the
3′ end and introns are spliced out. Pri-miRNA is
then further processed by the dicing complex
(which includes as core components the
RNase III enzyme DICER-LIKE (DCL), the
HYPONASTIC LEAVES1 protein (HYL1) and
the SERRATE protein (SE), into a stem
loop-containing intermediate (the precursor
miRNA or pre-miRNA) and finally into the
miRNA/miRNA* duplex which, after stabiliza-
tion through 2′-O-methylation of the 3′ termini
by the methyltransferase HUA ENHANCER 1
(HEN1), moves to the cytoplasm thanks to the
protein HASTY. The duplex is then unwound
allowing only one strand (the one whose 5′-end
is less stably, i.e. the guide strand) to guide
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mature microRNA for a sequence-based recog-
nition of the specific target mRNA, while the
other strand (passenger strand) is generally
degraded, even if recent studies found that some
minor miRNAs persist and have a functional role
in gene regulation (Pashkovskiy and Ryazansky
2013). Methylation of the 3′ termini by HEN1 is
necessary to protect the unwound mature miRNA
from degradation by exonucleases, such as small
RNA-degrading nuclease (SDN) protein. The
protein responsible for loading microRNA and
taking it into the RNA-induced silencing com-
plex (RISC complex) is the ARGONAUTE
(AGO). At this point, there are two major ways
for miRNA action: one is based on the cleavage
of the recognized mRNA, while the other one
leads to its translational inhibition, resulting in
the post-transcriptional silencing of the target
gene expression. Generally, plants miRNAs and
their target mRNAs have nearly perfect com-
plementarity (Yu et al. 2017) and was thought
that transcript cleavage was the predominant
mode of action of plant miRNAs (Voinnet 2009;
Rogers and Chen 2013). However, a high degree
of sequence complementarity may result in
miRNA-mediated translation inhibition (Yang
et al. 2012; Li et al. 2013), including some key
processes such as developmental switches
(Budak and Akpinar 2015). MicroRNA targets in
plants are involved in many biological processes
related to growth, development and stress
response. Many transcription factors have been
identified as targets of microRNAs (Samad et al.
2017): this finding highlights the role of these
tiny regulators as central hubs in complex regu-
latory networks. Consequently, a growing body
of interest has been recently devoted to the
exploration of possible applications of miRNAs
and their target genes to crop improvement
(Djami-Tchatchou et al. 2017). Besides, con-
served miRNAs (Colaiacovo and Faccioli 2013)
tend to have also conserved targets suggesting
the possibility of applying them to the agro-
nomical improvement of several crops (Tang and
Chu 2017). Another very interesting group of
microRNA targets includes the major class of R
genes which are involved in plant immune
response. Besides protein-coding genes, long

non-coding RNAs (lncRNAs) have been identi-
fied that act as a target mimic for microRNAs
leading to the inhibition of physical interaction
between a miRNA and its target (Liu et al. 2015).

Plant microRNAs are part of gene families
with variable size which in some cases can be
very large and can be found as independent loci
or in clusters coding for homologous miRNAs
(such that co-transcription has a consequent
dosage effect) or non-homologous clusters whose
members target different proteins belonging to a
specific family, thus leading to their
co-regulation (Budak and Akpinar 2015). As
above reported, miRNAs are classified into two
groups: conserved and non-conserved (Baldrich
et al. 2018). Conventionally, conserved miRNAs
are those present in most or all of the land plant
lineages analysed, are abundantly expressed,
show low sequence variation across diverse plant
families and target mainly genes involved in
plant development and stress response. On the
contrary, non-conserved, young miRNAs are
lineage-specific, and they are expressed at low
levels and are often involved in the control of
species-restricted processes. Recently Axtell and
Meyers (2018) defined a conserved miRNA land
plant miRNA family as a family “which has been
annotated in miRBase21 in at least two out of the
eight major taxonomic divisions” with at least
one of the annotations designed as “high confi-
dence” in miRBase21.

11.2 miRNAs Identification
in Cynara cardunculus Taxa

The first description of the globe artichoke
miRNome was reported by De Paola et al.
(2012). The study was based on small RNA
(sRNA) sequencing in leaf and root tissues of
young globe artichoke plants, untreated or treated
with NaCl. The work yielded 98 known C. car-
dunculus miRNAs (referred as cca-miRNA)
identified by comparing sRNA sequences to
miRBase Sequence Database (release 17.0,
Kozomara and Griffiths-Jones 2011) and
assigned to 25 families, five of them with only
one member. About half of them, 46 out of 98,
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were shared with other plant species, and some
were previously reported to be involved in the
plant response to salt stress. In Arabidopsis,
miR159 and 319 were up-regulated following
saline treatment, as observed in both leaves and
root of C. cardunculus. In other cases, as for
miR156 and 167, the regulation after salt stress
was opposite in Arabidopsis compared to globe
artichoke (Covarriubas and Reyes 2010). Fur-
thermore, De Paola et al. (2012) have also
reported the identification of 122 novel artichoke
miRNAs.

The sequencing of the globe artichoke gen-
ome (accession 2C, Scaglione et al. 2016) has
allowed the genome-wide identification of can-
didate miRNAs by computational analysis using
a dedicated software (MIReNA, Mathelier and
Carbone 2010) and known miRNAs sequences
(miRBase release 20, Kozomara and
Griffiths-Jones 2011) from 11 plants and algae.
The predicted miRNAs were searched for tran-
scriptional evidences on pre-existing RNA-seq
data (Scaglione et al. 2012) re-analysed using
HTSeq-count (Anders et al. 2015). The putative
miRNA positions in the reference genome were
considered as genomic features, and subse-
quently used for reads alignment, position with
more than 10 mapped reads/miRNA loci was
considered as expressed genomic features.
Finally, when the putative miRNA-coding
sequences were subjected to BLASTn analysis
against C. cardunculus ESTs (NCBI dbEST) and
C. cardunculus transcript sequences (Scaglione
et al. 2012), a total of 73 different miRNAs have
been identified. Some known and conserved
miRNAs (i.e. miR162 and miR482) were not
retrieved by this analysis, probably due to the
absence of these genomic loci in the assembly.
Notwithstanding, the computational pipeline
allowed to identify all but one of the 19 miRNAs
previously verified by qPCR by De Paola et al.
(2012). Fifty-eight miRNAs were represented by
less than 10 loci, nine between 10 and 99 loci
and four ranged between 100 and 999; finally,

two were found to be present in the 2C genome
with more than 1000 loci (Fig. 11.1). All the
miRNAs with more than 100 loci were C. car-
dunculus-specific (considering miRNAs present
in miRBase release 21), although some low-copy
species-specific miRNAs were also detected.

The recent resequencing of four globe arti-
choke genotypes (Violetto di Sicilia, Violetto di
Toscana, Romanesco C3 and Spinoso di
Palermo) and of one cultivated cardoon (Altilis
41) has expanded the prediction of high confi-
dence miRNA-coding sequences (Acquadro et al.
2017). MIReNA software (Mathelier and Car-
bone 2010) was run on each pseudomolecule of
the resequenced genotypes, together with the
reference artichoke genome (accession “2C”),
and known high confidence miRNAs belonging
to 13 species (plants and algae) from the miR-
Base database (release 21, Kozomara and
Griffiths-Jones 2011) were used to carry out a
homology search. The predicted non-redundant
miRNAs ranged between 51 (mapped to 74
regions of Violetto di Toscana genome) and 143
(mapped to 241 regions of the reference 2C
genome). The identified miRNA belonged from
32 (Spinoso di Palermo) to 45 (reference 2C)
miRNA families (Fig. 11.2).

Fig. 11.1 Number of loci identified per miRNA grouped
in four frequency classes: (1) <10 loci; (2) 10–99 loci;
(3) 100–999 loci; (4) >1,000 loci (from Scaglione et al.
2016, used under CC BY 4.0)
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11.3 miRNAs and Their Target
Identification in Cynara
cardunculus Taxa

As reported above, three main studies were
dedicated to the analysis of the artichoke miR-
Nome, and each of them contains some attempts
to identify miRNA targets. The first report (De
Paola et al. 2012) aligned conserved and novel
miRNAs against artichoke ESTs in NCBI and
Illumina genomic sequences (Sonnante et al.
2010). After removing redundant sequences and
retaining only those having a match in the Ara-
bidopsis proteome, 43 sequences were retained,
20 of which matching conserved and 23 novel
artichoke miRNAs. Several artichoke miRNAs
were predicted to target known transcription
factors related to flowering time, plant develop-
ment and morphology, for example, NAC and
AP2 domain-containing protein, auxin response
factor involved in developmental growth. Some
putative targets were annotated as laccase gene
family, a well-known component of the salt
response (Cai et al. 2006) and of pathways
leading to lignin (Gavnholt et al. 2002), proan-
thocyanidin and tannin biosynthesis (Pourcel
et al. 2005). Among the predicted novel arti-
choke miRNAs, some target genes were found to
be involved in several stress responses (NaCl,
cadmium, fungi infection, oxidative conditions).

After the sequencing of the artichoke reference
genome (Scaglione et al. 2016), the miRNAs and

the predicted transcripts were analysed using the
psRNATarget tool (http://plantgrn.noble.org/
psRNATarget) to search for putative miRNA:
mRNA interactions. Putative miRNA targets GO
were then compared against thewhole genomeGO
annotation data set of the reference artichoke gen-
omebymean of theAgriGo suite (Du et al. 2010) at
p values <e−5 andwith a false discovery rate <0.01.
Finally, DAVID tool (https://david.ncifcrf.gov/)
was used for clustering the miRNA target tran-
scripts according tomiRNAfamilies.A total of 256
transcripts were found to be targeted by 57 miR-
NAs at 297 different sites. As examples, the con-
served miR156, miR395 and miR396 have as
putative targets 23, 26 and 39 genes, respectively,
while, the non-conserved miRNAs, miR6108,
miR6111 and miR6114 were found to putatively
interact with 28, 24 and 15 genes, respectively.
The GO enrichment analysis of the miRNA target
transcripts identified several categories showing an
enrichment compared to the whole GO annotation
(Fig. 11.3). For processes (P), enrichments were
observed for the regulation of transcription
(GO:0006355, GO:0045449), protein localization
in the mitochondrion (GO:0070585) and protein
import/transport (GO:0017038, GO:0015031).
With respect to functions (F), enrichments were
observed in nucleic acid binding (GO:0003676),
protein transporter activity (GO:0008565) and
ATP binding (GO:0005524), while for compo-
nents (C) enrichments were present for: nucleus
(GO:0005634) andmitochondrial membrane outer
membrane translocase complex (GO:0005742).

As expected several conserved miRNAs were
found to target known transcription factors rela-
ted to plant development, as well as to flowering
time and plant morphology. Examples include
the miR156, which was found to target SQUA-
MOSA promoter-binding-like proteins, miR160
targeting the auxin response factor (ARF), the
miR164 and NAC-like proteins, miR171 with
GRAS-like proteins and miR172 targeting
AP2-like proteins. On the other side, putative
artichoke-specific miRNAs were found to pref-
erentially target genes coding for enzymes and
proteins involved in adaptation mechanisms.
Among these, miR6108 was found to target
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Fig. 11.2 Relative number of predicted miRNAs loci
(data from Acquadro et al. 2017, used under CC BY 4.0)
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metal ion-binding proteins involved in ion
transport in plasma membrane, miR6110 on
nucleotide binding, miR6111 was predicted to
act on serine/threonine protein kinase, miR6114
target metal ion-binding proteins and ATP
binding proteins, while miR6118 putatively
control ATP binding proteins and leucine-rich
repeat (LRR), as well as protein with
serine/threonine kinase activity.

More recently, Acquadro et al. (2017) identi-
fied the miRNA targets with Tapir software
(Bonnet et al. 2010) and corresponding GO
enrichments using the information generated
through the resequencing of the five artichoke
genotypes. Overall, between 307 (Violetto di
Sicilia) and 1,167 (accession 2C), putative
miRNA:mRNA duplexes were identified by the
Tapir analyses. Almost 90% of genes encoding
predicted target transcripts were found to have an
InterPro annotation using InterProScan pipeline
(Jones et al. 2014). The miRNA families
involved in miRNA:mRNA interactions varied
from 20 in Violetto di Sicilia to 45 in the refer-
ence genome and in the cultivated cardoon
genotype Altilis 41. With the exception of Spi-
noso di Palermo, miRNA172 was found to be the
top-ranked family involved miRNA:mRNA
duplex formation in the six artichoke genotypes
considered with a number of duplex between 83
(Violetto di Sicilia) and 283 (cultivated cardoon
Romanesco C3). Besides miRNA172, the other
main families involved in miRNA:mRNA duplex
formation showed a genotype-specific behaviour.
AGRIGO (Du et al. 2010) cross-comparison of
SEA (SEACOMPARE) was applied to spot
common and different enrichment GO terms
between the genotypes. Significant GO enrich-
ments in the miRNA target genes were found for
some GO terms in all genotypes except in Vio-
letto di Toscana (Fig. 11.4).

Artichoke miRNAs were found to putatively
target transcription factors related to plant
development, flowering time and plant mor-
phology as described in other species (Li and
Zhang 2016; Acquadro et al. 2017). For instance,
SQUAMOSA promoter-binding-like proteins
(miR156), auxin response factor (miR160),
NAC-like protein-coding genes (miR164),

GRAS-like-protein-coding genes (miR171) and
AP2-like-protein-coding genes (miRNA172).
Furthermore, several NBS-LRR genes involved
in the resistance to pathogens (Zhang et al. 2016)
were found among the transcript putatively tar-
geted by globe artichoke miRNAs.

11.4 miRNA Relationship
with Repeated Sequences

Several evidences have indicated that variants
altering gene expression, rather than variants
altering protein sequences, act as the primary
cause of natural variation in complex traits (Chen
et al. 2016). Although, as above reported, many
plant miRNAs are evolutionary conserved,
polymorphism exists in the corresponding loci
that can affect miRNA biogenesis, function and
target recognition with a possible phenotypic
variation outcome (Chen et al. 2016). Natural
miRNA variants can thus be valuable sources for
genome-wide association studies (GWAS) and
crop improvement (Tang and Chu 2017).

Simple sequence repeats (SSRs) are ubiqui-
tous, highly polymorphic, usually co-dominant
and readily assayed by conventional PCR so very
suitable for plant breeding applications. The
presence of SSRs within miRNA-coding loci is
of great significance for gene expression, thus
taking it beyond their conventional use as simple
genetic markers. Several putative miR-SSR have
been found throughout the genome of globe
artichoke, among them the most frequent are
di-nucleotides (mainly TA/AT), followed by tri-
and tetra-nucleotides, while mono-, penta- and
hexa-nucleotides are rarest (Scaglione et al.
2016). Recently a web-based database (CyM-
SatDB) was developed to provide a searchable
interface for artichoke SSR data (Portis et al.
2016), which can facilitate the future identifica-
tion of miR-SSR markers as well as suggesting
the design of the best primers to be used for the
corresponding analysis.

miR-SNPs (single-nucleotide polymorphisms)
are another interesting class of markers with
putative application to crop improvement. The
resequencing of six globe artichoke genotypes
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has led to the identification of more than
23 million SNPs/indels among them (Acquadro
et al. 2017). Interestingly, the number of pre-
dicted miRNAs, as well as the number of pre-
dicted target genes, varied across the different
tested genotypes and this variable number of
identified miRNAs might arise from SNPs pre-
sent in some loci that hamper their identification
in some genotypes.

SSRs and indels have been identified among
chloroplast genomes of seven globe artichokes,
two cultivated cardoons, eight wild artichokes
and three other wild Cynara species (C. baetica,
C. cornigera and C. syriaca) by Curci et al.
(2016). This resource has become very interest-
ing also for miRNAs studies in Cynara genus
since it has been hypothesized the existence of
organellar miRNA-like molecules residing in

GOTerm Onto Description 2C A41 VS C3 SP

GO:0016070 P RNA metabolic process                
GO:0080090 P regulation of primary metabolic process                
GO:0019222 P regulation of metabolic process                
GO:0009698 P phenylpropanoid metabolic process                
GO:0060255 P regulation of macromolecule metabolic process                
GO:0019439 P aromatic compound catabolic process                
GO:0009889 P regulation of biosynthetic process                
GO:0006355 P regulation of transcription, DNA-dependent                
GO:0006350 P transcription                
GO:0006351 P transcription, DNA-dependent                
GO:0032774 P RNA biosynthetic process                
GO:0009808 P lignin metabolic process                
GO:0046274 P lignin catabolic process                
GO:0046271 P phenylpropanoid catabolic process                
GO:0051252 P regulation of RNA metabolic process                
GO:0031326 P regulation of cellular biosynthetic process                
GO:0045449 P regulation of transcription                
GO:0042219 P cellular amino acid derivative catabolic process                
GO:0010467 P gene expression                
GO:0010556 P regulation of macromolecule biosynthetic process                
GO:0010468 P regulation of gene expression                
GO:0019219 P regulation of nucleobase, nucleoside, nucleotide and nucleic acid metabolic process                
GO:0051171 P regulation of nitrogen compound metabolic process                
GO:0006139 P nucleobase, nucleoside, nucleotide and nucleic acid metabolic process                
GO:0031323 P regulation of cellular metabolic process                
GO:0007275 P multicellular organismal development                
GO:0003676 F nucleic acid binding                
GO:0043227 C membrane-bounded organelle                
GO:0043231 C intracellular membrane-bounded organelle                
GO:0005634 C nucleus                
GO:0019748 P secondary metabolic process                
GO:0006725 P cellular aromatic compound metabolic process                
GO:0005507 F copper ion binding                
GO:0005576 C extracellular region                
GO:0048046 C apoplast                
GO:0032502 P developmental process                
GO:0044249 P cellular biosynthetic process                
GO:0003677 F DNA binding                
GO:0009719 P response to endogenous stimulus                
GO:0010033 P response to organic substance                
GO:0009725 P response to hormone stimulus                

CMGo information

Fig. 11.4 SEACOMPARE from AGRIGO of the GO terms enriched for genotypic exclusive genes data (from
Acquadro et al. 2017, used under CC BY 4.0)
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mitochondria (mitomiRs) and chloroplast (cipo-
miRs), opening the possibility that some small
non-coding RNAs could be encoded and pro-
cessed by the genomes of these organelles
(Budak et al. 2015; Budak and Akpinar 2015).

11.5 Conclusions

Many conserved miRNAs detected in the globe
artichoke genome are predicted to target
well-known biological processes. The number of
identified miRNAs varied across the different
genotypes (Acquadro et al. 2017). These results
can be due to incomplete sequence and/or from
SNPs present in some miRNA loci that might
hamper their identification in some genotypes.
The analysis of GO term enrichments of miRNA
target transcripts revealed that GO terms related
to binding and transcription were common sup-
porting the involvement of miRNAs in tran-
scription factors regulation. Furthermore,
artichoke miRNAs have been shown to be
involved in the response of the species to stress
response, as shown for salinity (De Paola et al.
2012), suggesting their possible role in environ-
mental adaptation (Qin et al. 2014). Altogether,
the miRNA features, as well as the genetic
variation, highlighted represent a source of
information which could assist the future imple-
mentation of crop improvement programs.
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12Genome Resequencing

Alberto Acquadro, Lorenzo Barchi, Ezio Portis
and Sergio Lanteri

Abstract
The first reference genome sequence of the
highly heterozygous globe artichoke has been
recently released (January 2016, www.
artichokegenome.unito.it), organized in 17
pseudomolecules and including about 27,000
predicted genes. Since the release of the first
genome draft, it was clear that, due to the its
homozygous profile, the plant selected for the
draft assembly should be flaked by other
assembled genomes cultivated and highly
heterozygous. Acquadro and colleagues (Sci
Rep 7:5617, 2017) resequenced and assembled
six Cynara cardunculus genotypes (40�),
which are representative of the four main
varietal types, as well as one genotype of
cultivated cardoon (C. cardunculus var. altilis).
The genomes were annotated revealing an
analogous number of genes in all the genotypes,
ranging from 27,121 in the ‘Catanese’ to
28,029 in the ‘Romanesco.’The five proteomes
were also analyzed/categorized for RGA fea-
tures. A total of *23.5 M SNPs/indels were
discovered, and a functional SNPs analysis was
established. Recently, to improve the quality
metrics of the first reference genome assembly

(v1.0), a resequencing of the genotype was
attempted through the implementation of a
Hi-C library and the production of a v2.0 of the
assembly with improved assembly metrics.
This new high-quality reference genome,
together with the genomic data from the other
resequenced genotypes, representing a
one-stop resource forC. cardunculus genomics
will enable map-based cloning of useful genes
from the species and will enhance the taxo-
nomic breadth of the data available for com-
parative plant genomics in Compositae.

12.1 The Genome Resequencing
Way

Cynara cardunculus (Asteraceae family) geno-
mics has long remained poorly examined in
respect of other species of the family, for which
sequencing efforts were already attempted. In
January 2016, the first genome sequencing has
been publicly released; since the release of the
first draft, it was clear that, due to the its artificial
homozygous profile, the plant selected for the
draft assembly should be flaked by other
assembled genomes cultivated and highly
heterozygous. Moreover, the survey through
resequencing of C. cardunculus genetic resour-
ces is critical for understanding the species evo-
lution, to carry out genetic studies and to
implement new breeding strategies.
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Italy is the globe artichoke top producing
country and harbors the richest primary cultivated
gene pool, classified based on capitulum traits
(Dellacecca et al. 1976; Porceddu et al. 1976;
Vanella et al. 1981) in (i) ‘Spinosi’: with long
sharp spines on bracts and leaves; (ii) ‘Violetti’:
with medium-sized, violet-colored capitula and
fleshy thorns; (iii) ‘Romaneschi’: with spherical
or sub-spherical green capitula; (iv) ‘Catanesi’:
with relatively small, elongated capitula with
more or less marked violet streaks. Acquadro and
colleagues (2017) considered six C. cardunculus
genotypes (Table 12.1) for the resequencing
analysis, comprising one cultivated cardoon
(‘A41’—Altilis 41) and five globe artichoke: ‘2C’
(reference genome), VS (‘Violetto di Sicilia’), VT
(‘Violetto di Toscana’), C3 (‘Romanesco C3’),
and SP (‘Spinoso di Palermo’), representative of
the core varietal types. All the genotypes were
derived from propagated clones except for A41
and VT, which were seed propagated.

Sequencing was conducted using the Illumina
platform with the 2PE � 150 bp chemistry to
reach an average coverage of 35�, ranging from
24.4� for A41 to 45.3� for SP. Using a genome
reconstruction approach based on iterative map-
ping and reference-guided assembly (Gan et al.
2011), the resequenced genomes were assembled
and reconstructed at a chromosome scale. In
detail, de novo assembly was performed with
ABySS 1.9.0 assembler (Simpson et al. 2009)
after a step of k-mers optimization, to reach the
optimal assembly performances. Then, the
IMR/DENOM pipeline (Gan et al. 2011) was
adopted to reconstruct the genome of each vari-
etal type, starting from the initial assembled set of
contigs using the globe artichoke genome

reference sequence as a guide. This approach
avoided the requirement of multiple libraries
construction (e.g., mate pair libraries) and resul-
ted to be less demanding in terms of bioinfor-
matics resources in respect of a de novo assembly
step. The average percentage of reconstruction
was close to 98.9%, analogous to the one of the
reference genomes, but smaller compared to the
estimated genome size of C. cardunculus
(1,084 Mb). This fact is probable ascribable to
the absence of portions of highly repetitive loci in
the reference genome assembly; nevertheless,
globe artichoke incorporated about 95% of the
existing genes (Scaglione et al. 2016).

12.2 Gene Prediction and Gene
Families

The MAKER-P suite (Campbell et al. 2014) was
used to conduct the structural annotation of the
genomes of the five resequenced genotypes
(globe artichoke: 2C, SP, C3, VS, and VT) and
cultivated cardoon (A41). Indeed, by repeating
the gene prediction pipeline of the reference
genome sequence, but applying a more severe
AED threshold, 28,310 features were spotted,
which correspond to a 5% of increase in respect
of the 26,889 previously predicted (Scaglione
et al. 2016). The six genomic sequences, together
with the corpus of information related to struc-
tural and functional annotations, are accessible
from the Web site www.artichokegenome.unito.
it, where six independent JBrowse (Skinner et al.
2009) interfaces have been ad hoc built to facil-
itate the comparative search of genes/features
within the species.

Table 12.1 Details of the
Cynara cardunculus
genotypes studied (from
Acquadro et al. (2017),
used under CC BY 4.0)

Accession name Group Code Propagation

‘2C’ (reference) Artichoke breeding line 2C Seed

‘Altilis 41’ Cultivated cardoon A41 Seed

‘Violetto di Sicilia’ Catanesi VS Shoot

‘Violetto di Toscana’ (‘Tema’) Violetti VT Seed

‘Romanesco C3’ Romaneschi C3 Shoot

‘Spinoso di Palermo’ Spinosi SP Shoot
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The gene comparative analysis showed, for all
the analyzed plants, a similar number of genic
features (Fig. 12.1, Table 12.2), where 2C
showed the upmost (28,310) number of genes
(AED � 0.5), while VS the lowest one (27,121).
The OrthoMCL pipeline (Li et al. 2003) was able
to group together 161,855 sequences into 24,417
gene families, considering gene from the six
genotypes (excepting singletons, Fig. 12.1).
A total of 18,826 gene families (i.e., 138,098
genes) appeared shared between the six consid-
ered genotypes, whereas only 426 (i.e. 2,145
genes) were common if only the globe artichoke
genotypes were included in the analysis. Overall,
a limited number of gene families (i.e. 11, for a
total of 24 genes) were exclusive of the reference
genome, while one (i.e. 2 genes) appeared unique
for both VS/SP genotypes. Analyzing the shared
gene families, 12 (i.e. 36 genes) were in common
among the non-spiny genotypes (VS/VT/C3),
while 159 gene families (i.e. 318 genes) were
shared by the ‘pigmented’ types (VS/VT). The
oblong capitula types (SP, VS, and VT) showed
to share a whole of 149 gene families (i.e.
449 genes). Finally, sequences not belonging to
any cluster (singletons) varied from 149 (in the
reference 2C) to 999 (in A41).

Some significant GO enrichments for genes in
common among the five globe artichoke geno-
types were observed. Notably, the top-level
enrichments in GO processes were translation
(GO:0006412) and gene expression
(GO:0010467), although the latter was absent in
C3 genotype. Considering the GO functions (F),
enrichments were highlighted in structural
molecule activity (GO:0005198) and structural
constituent of ribosome (GO:0003735).
Some GO components (C) enrichments were
present for ribosome (GO:0005840) and ribonu-
cleoprotein (GO:0030529) complexes. The 80%
of the predicted genes showed a minimum of one
IPR domain (Table 12.2), when analyzed with
InterProScan. The most abundant domain of the
top 20 SUPERFAMILY (de Lima Morais et al.
2011) domains was ‘P-loop containing nucle-
oside triphosphate hydrolase’ (SSF52540) which
belongs to several UniPathway, like chlorophyll
or coenzyme A biosynthesis. The second most

retrieved SUPERFAMILY IDs were (i) ‘protein
Kinase-like domain’ (SSF56112), which contains
genes involved in signaling and regulatory pro-
cesses in the eukaryotic cell, (ii) Armadillo-type
fold (SSF48371), and (iii) ‘Leucine-rich repeat
domain, L domain-like’ (SSF52058). The latter
two are involved in translation factor activity and
defense response, respectively.

12.3 Focus on Resistance Genes

A long time of cultivation and selection of globe
artichoke germplasm, mainly concentrated on
desirable commercial traits, give rise to an
increase of losses due to the emergence of several
diseases in both globe artichoke and cultivated
cardoon. In this regard, the proteins encoded by
resistance genes analogs (RGAs) have a crucial
role in boosting (or not) the defense mechanism
used by plants to recognize and react to patho-
gens. RGAs are generally divided into three main
groups. The first one includes the so-called
NLRs, which consist of a non conserved
N-terminus, together with (NB)-ARC and LRR
domains (Hulbert et al. 2001), as well as other
extra motifs which usually are not kinase
domains. They can be further divided into two
major subgroups (TNLs and non-TNLs) based on
the presence/absence of a TOLL/interleukin-1
receptor (TIR) domain at the N-terminus (Takken
and Goverse 2012). The second group includes
the receptor-like kinases (RLKs), while the third
one groups the receptor-like proteins (RLPs);
both contain a transmembrane domain (TM), but
only RLKs exhibit a kinase cytosolic domain
(Monaghan and Zipfel 2012).

The RGAs were mined and characterized in
the five reconstructed genomes, together with the
reference one. Candidates RGAs were identified
using a Blastp approach starting from a set of
2,860 Arabidopsis RGAs downloaded from
PRGDB (Plant Resistance Genes database (San-
severino et al. 2010), http://prgdb.crg.eu/) against
all the six proteomes, and classified following
HMMER (http://hmmer.janelia.org/) analyses in
six groups. The results are depicted in
Table 12.3.

12 Genome Resequencing 207

http://prgdb.crg.eu/
http://hmmer.janelia.org/


Fig. 12.1 a Capitula of the six genotypes. b N° of genes, miRNAs, and RGAs loci. c Orthologous gene families (from
Acquadro et al. (2017), used under CC BY 4.0)
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Overall, the majority of resistance genes
belonged to the RLK family (up to 180 in C3),
followed by those enclosing Pkinase and TM
domains (other-KTM, up to 157 in 2C), and RLP
(up to 86 in 2C). On the other side, a few RGAs
including at least one NB-ARC domain (NBS
such as TNL, CNL, and TN) were poorly rep-
resented. It has been described that NBS-LRR
genes, after speciation events, experienced a gene

expansion in several species such as Arabidopsis
(Meyers et al. 2003; Ding et al. 2007) and rice
(Zhou et al. 2004). On the contrary, these results
seem to confirm a species-specific evolution of
TNLs in Asterids, as hypothesized by Kim et al.
(2012), and are in accord with what Christo-
poulou et al. (2015) recently reported in their
study, where RLK class is the most represented
in lettuce. Interestingly, several identified

Table 12.2 Sequencing, assembly and structural annotation statistics

Sequencing data 2C A41 VS VT C3 SP

SRA codes SRR1914377;
SRR1914378

SRR1826176;
SRR1826114;
SRR1914331

SRP055806 SRP055806 SRR1826175;
SRR1825940;
SRR1914330

SRP055806

Number of raw
reads

– 90,410,254
(�2)

148,872,150
(�2)

129,452,237
(�2)

126,585,508
(�2)

174,120,908
(�2)

Number of reads – 88,593,112
(�2)

138,616,098
(�2)

121,283,190
(�2)

123,535,166
(�2)

163,030,615
(�2)

Total amount
sequence (Gb)

– 110 82.1 64 46 93.6

Estimated fold
coverage

– 24.6� 38.5� 33.7� 34.3� 45.3�

ABySS assembly

Number of contigs – 5,741,441 6,988,492 6,242,434 8,456,162 7,566,149

Total length
(contigs, Mb)

– 1,106.4 1,001.4 922.1 1,409.1 1,116.3

IMR/DENOM reconstruction

Number of
sequences

79,681 95,970 74,740 74,498 77,535 74,317

Sequences/Mb 121.6 147.2 115.7 115.5 118.7 115.3

Total length
(contigs, Mb)

654.6 651.6 (99.5%a) 645.9
(98.6%a)

644.7
(98.4%a)

652.8 (99.7%a) 644.3
(98.4%a)

Total length
(scaffold, Mb)

724.7 721.9 (99.6%a) 714.6
(98.6%a)

713.1
(98.4%a)

722.9 (99.7%a) 712.3
(98.3%a)

L50 (kb) 17.5 13.5 8.9 8.9 9.5 8.9

N50 10,596 13,964 20,425 20,491 19,621 20,504

L90 (kb) 3.4 1.3 1.3 1.3 1.4 1.4

N90 41,711 46,781 46,036 45,970 45,776 45,799

G + C % 32.00 35.18 35.04 35.08 35.28 35.01

N° of
sequences > 10 kb

20,561 20,897 19,975 19,915 20,454 19,922

Number of genes 28,310 27,785 27,121 27,160 28,029 27,326

Number of
proteins with IPR

22,571
(79.7%)

22,199 (79.9%) 21,898
(80.7%)

21,888
(80.6%)

22,406 (80%) 21,997
(80.5%)

aNew genomes were compared with metrics deriving from the reference (2C) (from Acquadro et al. (2017), used under CC BY
4.0)
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putative RGAs showed missing domains com-
pared to ‘canonical’ NBS, RLPs and RLKs, in
line with already reported by several authors
(Büschges et al. 1997; Brandwagt et al. 2007;
Wretblad et al. 2007; Cao et al. 2011; Gururani
et al. 2012; Wang et al. 2013). The identified
resistance genes represent, on average, about 2%
of the total predicted genes for each of the
genotypes in study. Although RGAs appeared
quite uniformly distributed along the 17

chromosomes, they were preferentially located
on six chromosomes, namely 1, 2, 3, 5, 10, and
13, suggesting a sort of specialization in resis-
tance pathways. Furthermore, some distinct
cluster of RGAs were identified, as on chromo-
some 10, where a cluster of genes with NB
domain in a region of 2 Mb (16–18 Mb) and one
of other-KTM genes at 10–11 M were spotted.
On the other side, no clusters for RLK genes
were highlighted.

Table 12.3 Classification of RGAs identified in the six genotypes

Identified domains Acronym 2C A41 VS VT C3 SP

LRR:NB-ARC NL 9 7 7 6 8 7

LRR:NB-ARC:CC CNL 4 4 4 6 4 5

LRR:NB-ARC:TIR TNL – – 1 – – –

LRR:NB-ARC:TM Other-TMNL 1 – 1 – 1 –

LRR:NB-ARC:TM:CC Other-LNTMC – – – – – 1

NB-ARC N 9 8 9 8 9 11

NB-ARC:CC CN 7 7 8 8 8 10

NB-ARC:TIR TN 1 1 1 1 1 1

NB-ARC:TM Other-NT 4 3 3 2 4 2

NB-ARC:TM:CC Other-NTMC 3 2 1 2 3 1

LRR:Pkinase:TM RLK 173 175 175 170 180 173

LRR:TM RLP 86 72 65 71 77 65

Pkinase Other-K 59 58 57 54 58 60

Pkinase:CC Other-KC 9 9 8 9 9 8

Pkinase:TM Other-KTM 157 146 149 156 155 148

Pkinase:TM:CC Other-KTMC 4 4 3 3 4 5

LRR:Pkinase KL 1 3 2 1 1

LRR:Pkinase:TM:CC Other-LRTMC 5 5 4 6 6 6

LRR:TM:CC Other-CLTM 1 – – – – –

TIR T 2 2 – 2 2 2

LRR L 22 27 24 17 19 23

ABC_tran Other-A 1 1 1 2 1 2

ABC_tran:Pkinase:TM Other-AKTM – 1 – – – –

ABC_tran:TM Other-ATM 49 46 46 47 50 46

ABC_tran:TM:CC Other-ACTM 4 4 5 4 3 4

Total – 611 585 574 574 603 581

% of Blastp genes identified with HMM
domains

– 0.9 0.9 0.9 0.9 0.9 0.9

Blastp genes identified – 685 654 643 640 675 647

RGA proteins classified based on domain identification together with their frequency (from Acquadro et al. (2017), used
under CC BY 4.0)
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RAxML (Stamatakis 2014) analyses, carried
out on RGA amino acid sequence alignments,
allowed to generate phylogenetic trees for each
of the RGA classes in study (Fig. 12.2). Each
resistance gene predicted in one genome clus-
tered together with its orthologs from the other
five genomes, although some taxa were orphan
of one or more orthologs. As an example, 46
(24%) and 45 (50%) were the taxa lacking at
least a RGA from no less than one genotype for
the families RLK and RLP, respectively. Fur-
thermore, some clusters for both RLKs and RLPs
were found, containing at least one duplicated
gene from one genotype as well as one missing
gene from a genotype and a duplicated gene from
another genotype.

It is known that the maintenance of many
NBS/resistance genes has a potential impact on
fitness costs (Tian et al. 2003; Orgil et al. 2007),
and it has been suggested that microRNAs are
used by plants to modulate the expression of
NBS gene (Zhai et al. 2011; Eckardt 2012; Shi-
vaprasad et al. 2012; Kallman et al. 2013; Fei
et al. 2013). Indeed, it was found that in the five
reconstructed genomes together with the refer-
ence one, from nine (in VS) to 41 (in 2C) iden-
tified RGAs (by Blastp approach) were

putatively targeted by a miRNA, suggesting that
also this post-transcriptional mechanism could
exist in C. cardunculus.

The positioning of RGAs on the 6 genomes is
a valuable tool for the development of a
high-density genome-wide RGA genetic map for
the species, which is critical for projecting
diagnostic markers, identifying quantitative trait
loci (QTL) or markers linked to plant disease
resistance loci.

12.4 Diversity Evaluation
at a Genomic Scale

Resequencing data lead to highlight a large set of
variants across different accessions. At first, all
the reads were aligned against the globe arti-
choke reference genome (2C), with a high aver-
age mapping rate (about 96.5%); in a second
step, the SNP calling pipeline highlighted, all in
all, the presence of 23.5 M SNP/indel. Variants
ranged from 815 k in 2C (reference) up to almost
14.5 M in VS (Table 12.4).

Despite the low variant number rescued in the
reference, all in heterozygous state, a comparable
amount of SNP/indel was identified in all the

Fig. 12.2 Genetic tree of the resistance genes (RLP and
RLK) of the six C. cardunculus genotypes. Clusters with
one or more duplicated genes in one genotype are depicted
in orange; clusters with at least one gene missing from one

genotype and furthermore having at least one duplicated
gene from one genotype are in purple; taxa lacking one or
more RGA from at least one genotype are decorated in light
blue (from Acquadro et al. (2017), used under CC BY 4.0)
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resequenced globe artichoke genotypes: SP and
VS showed over 14 M of SNP/indel, while C3
and VT showed over 12.8 M of SNP/indel. The
number of variants in the cultivated cardoon
(A41) genotype cut up to about 6 M. Among the
globe artichoke genotypes, the observed SNP
frequency ranged from about 1/54 (VS) to
1/122 bp (A41), while indel frequency was
comprised between about 1/630 (SP) and
1/1,634 bp (A41). In a prior study (Scaglione
et al. 2012), which relied merely on a reduced
complexity library (RAD tag), the SNP fre-
quency of the species was assessed as 1/179 bp,
while indel frequency as 1/5,000 bp. These
observations slightly differ to the ones measured
using whole-genome derived data and could be
ascribed to the use of one methylation sensitive
enzyme adopted in the RAD-tag library protocol
used, likely introducing a bias toward the
un-transcribed regions of the genome. Overall,
the globe artichoke SNP/indel frequency seems
very high also in respect of the one found in
other crops, such as grapevine (Cardone et al.
2016) or tomato (Causse et al. 2013).

The globe artichoke reference genome (2C)
showed, as expected, the lowest heterozygosity
value (0.11%, frequency of 1/893 bp), which is
similar to the one showed by other horticultural
dicots inbred species (e.g., eggplant; Delledonne

et al. 2015). Indeed, the 2C genotype was ad hoc
self-fertilized three times in order to reduce
residual heterozygosity, thereby permitting a
reliable genome assembly (Fig. 12.3, track B).
The four globe artichoke varietal types, reflecting
a different breeding history (Portis et al. 2005,
2012), showed a high level of heterozygosity
(tenfold higher), exhibiting heterozygous SNPs
ranging from 7.4 M in VT to 9.3 M in VS.
Indeed, the lesser heterozygosity found in the VT
ecotype was likely due to specific breeding
practices conducted during time to stabilize its
commercial production, which certainly con-
tributed to fix many loci in a homozygous state. In
a similar way, in the cultivated cardoon (A41),
which is seed propagated, an even smaller num-
ber (4.2 M) of heterozygous SNP was found.
Some SNP-dense genomic regions were high-
lighted, as well as genomic regions with a low
frequency of SNPs in heterozygous state, while
exhibiting SNPs fixed in homozygous; many of
them occurred in gene-dense regions in a
genotype-specific fashion (Fig. 12.3). Some other
regions were in common between genotypes
(e.g., ch.1 in VS, C3 and VT): As example, an
extensive region in chromosome 7, with many
homozygous SNPs, appeared shared between two
genotypes (SP and VT). Most likely, selection
conducted during time by farmers could have

Table 12.4 Statistics about the highlighted variants (from Acquadro et al. (2017), used under CC BY 4.0)

Genotypes 2C A41 VS VT C3 SP

SNP 781,530 5,900,934 13,440,135 11,860,358 11,937,400 13,241,315

SNP rate (%) 0.11 0.81 1.85 1.64 1.65 1.83

SNP/1000 bp 1.07 8.13 18.53 16.35 16.46 18.26

1 SNP every (bp) 927.6 122.8 53.9 61.1 60.7 54.7

Indel 34,232 443,603 1,055,545 987,949 910,23 1,150,341

Indel rate (%) 0.0047 0.06 0.15 0.14 0.13 0.16

Indel/1000 bp 0.05 0.61 1.46 1.36 1.26 1.59

1 indel every (bp) 21,179 1,634 686.8 733.8 796.5 630.2

SNP/indel 815,853 6,344,545 14,495,680 12,848,307 12,847,630 14,391,656

SNP/indel rate (%) 0.11 0.87 1.99 1.77 1.77 1.98

SNP/indel/1000 bp 1.12 8.75 19.99 17.72 17.72 19.85

1 SNP/indel every (bp) 892.85 114.27 50.01 56.42 56.43 50.37
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acted differentially to fix specific genomic
regions, guiding genotype varietal diversification.

SNPs were functionally annotated using gene
coordinates and showed 500 k exon-based
polymorphisms, which represent about the
*2% of the overall detected SNPs (23 M). In
detail (Fig. 12.4), only a little fraction of total
mined homozygous SNPs were located inside
coding sequences (1.41%), while the majority
(2/3) of the variants were located outside the
gene space (intergenic region: 57.6%; intronic
region: 9.3%) Among the homozygous SNPs
found in exons, 53.20 and 46.19% coded for
synonymous and non-synonymous amino acid
changes, respectively, while 0.62% appeared as
non-sense mutations. Considering the heterozy-
gous SNP/indel dataset, the upmost number of
variants was placed in intergenic and intronic
region (65.0 and 8.1%), while only 1.35% was in
CDS. Considering coding SNPs/indels, only the
1.05% were categorized as non-sense mutation,
while non-synonymous synonymous mutations

were the 49.60 and the 49.35% of total variants,
respectively.

A survey on specific missense SNPs located
in genes involved in the biosynthesis of specific
secondary metabolites (caffeoylquinic acids and
sesquiterpene lactones) was ad hoc investigated
(Fig. 12.5), and their impact on the gene bio-
logical function was predicted. In particular,
deleterious amino acid substitutions on genes
related to dicaffeoylquinic acids (CQAs) and
sesquiterpene lactones (SLs) biosyntheses were
searched. The CQAs pathway did not show rel-
evant deleterious coding SNPs, while a preva-
lence of upstream/downstream located variations.
The SLs pathway, as opposite, showed *54
deleterious SNPs/indels, even if in heterozygosis,
in 12 over 17 SLs-related enzymatic gene func-
tions. As example, the germacrene A synthase
(GAS), a key gene leading to cynaropicrin, as
one of the major representatives in C. cardun-
culus (Eljounaidi et al. 2014) acting in leaves as
antifeedants (Chadwick et al. 2013), was the

Fig. 12.3 Circos
representation of gene/SNP
density: (A) gene density heat
map (reference); density (1M
window) of SNPs (in
heterozygous state) for 2C
(B), A41 (C), SP (D), VS (E),
C3 (F), VT (G) genotypes
(from Acquadro et al. (2017),
used under CC BY 4.0)
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most affected gene by deleterious mutations.
Cynaropicrin was found to accumulate in leaves
and to a lesser extent in the edible head bracts in
both globe artichoke and cultivated cardoon
(Schneider and Thiele 1974; Menin et al. 2012;
Ramos et al. 2013), being responsible of the
peculiar bitter taste. Curiously, the deleterious
mutation was selectively detected in the globe
artichoke genotypes but not in cultivated car-
doon, which indeed has not been bred for head
quality fitting human consumption tastes (e.g.,
sweetness vs. bitterness), but merely to obtain
flashy stalks.

12.5 Improving the Current
Reference Assembly: The
Globe Artichoke Genome v2.0

A new genome assembly (v2.0) obtained from a
Hi-C (Dovetail™) genomic library and based on
the previously generated sequencing data has
been recently reported (Acquadro et al. 2018).
Hi-C is a proximity ligation-based method and,
like other chromatin capture-based methods,
relies on the fact that, after fixation, fragments of
DNA in local proximity inside the cell nucleus

Fig. 12.4 SNP categorization of coding and non-coding
variants. SNP effect by type and region for homozygous
(a) and heterozygous (b) regions. SNP effect by

functional class for homozygous (c) and heterozygous
(d) regions (from Acquadro et al. (2017), used under
CC BY 4.0)
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have more chances to be ligated together, and so
sequenced as pairs, than distant regions. Conse-
quently, the number of read pairs between
intra-chromosomal regions can be described by a
slowly decreasing function of the genomic dis-
tance between them (Putnam et al. 2016). Hi-C
data were analyzed with the HiRise assembly
pipeline, which enabled an accurate assembly of
the globe artichoke genome up to the chromo-
some level.

In respect of first reference genome assembly
(v1.0), the scaffold N50 was improved from
126 kb to 44.8 Mb (*356-fold increase) and
N90 from 29 kb to 17.8 Mb (*685-fold
increase). The L90 of the v1.0 sequence inclu-
ded 6123 scaffolds, while the new v2.0 just 16
super-scaffolds, a number close to the haploid

chromosome number of the species. The newly
generated super-scaffolds were assigned to
pseudomolecules using reciprocal blast proce-
dures. The cumulative size of unplaced scaffolds,
in the version 1.0, was about 199 Mb, of which
165 Mb have been attributed to super-scaffolds
in the 2.0 version, thus reducing to 33 Mb the
unplaced scaffolds and increasing to 94% the
anchored genome sequence. In the version 2.0,
the annotation pipeline based on MAKER-P
(Campbell et al. 2014) predicted 28,632 genes, a
number which largely exceeded the one found in
version 1.0 (i.e., 26,889; Scaglione et al. 2016),
and which is very close to the one we recently
obtained following the genome reconstruction of
globe artichoke genotypes (i.e., 28,310; Acqua-
dro et al. 2017).

Fig. 12.5 a Coding SNPs data in CQAs and SLs
pathways. Phylogenetic trees of proteins belonging to
CQA-related transferase genes from the six genotypes

analyzed (b) and to SL-related p450 genes from the same
accessions (c) (from Acquadro et al. (2017), used under
CC BY 4.0)
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Notable, chromosome conformation capture
(Hi-C) is a high-throughput technology for
physical mapping, which has emerged over
labor-intensive and time-consuming traditional
genetic/physical mapping. It has been applied to
many species such as Arabidopsis (Jiao et al.
2017), medicago (Moll et al. 2017), lettuce
(Reyes-Chin-Wo et al. 2017), barley (Mascher
et al. 2017), amaranth (Lightfoot et al. 2017),
quinoa (Jarvis et al. 2017), black raspberry
(Jibran et al. 2018), and now globe artichoke
(Acquadro et al. 2018). This new high-quality
reference genome not only enhances the taxo-
nomic breadth of the data available for compar-
ative plant genomics in Compositae, but also is
going to facilitate map-based cloning of eco-
nomically important genes from the C. cardun-
culus species.
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Abstract
The first high-quality genome assembly of the
globe artichoke has been produced within the
Compositae Genome Project and the rese-
quencing analyses of four globe artichoke
genotypes, representative of the core varietal
types, as well as a genotype of the related taxa
cultivated cardoon was, later on, carried out.
The Web site “www.artichokegenome.unito.it
” hosts all the available genomic sequences,
together with their structural/functional anno-
tations and project information are presented to
users via the open-source tool JBrowse, allow-
ing the analysis of collinearity and the discov-
ery of genomic variants, thus representing a
one-stop resource for Cynara cardunculus
genomics. Pseudomolecules as well as
unmapped scaffolds were used for the bulk
mining of SSR markers and for the construc-
tion of the first globe artichoke microsatellite
marker database. A database, called “Cynara

cardunculus MicroSatellite DataBase” (CyM-
SatDB) was developed to provide a searchable
interface to the SSR data. CyMSatDB facili-
tates the retrieval of SSR markers, as well as
suggested forward and reverse primers, on the
basis of genomic location, genomic versus
genic context, perfect versus imperfect repeat,
motif type, motif sequence, and repeat number.

13.1 Introduction

The globe artichoke genome draft was assembled
from *133-fold next-generation sequencing data
into 13 K scaffolds (N50 = 125 Kbp, L50 = 1411),
which represent 725 Mb of genomic sequence.
Furthermore, a de novo gene prediction identified a
total of 26,906 genemodels (seeChap. 9). Recently,
the resequencing analyses (*35X) of four globe
artichoke genotypes, representative of the core
varietal types, as well as a genotype of the related
taxa cultivated cardoon was carried out. The gen-
omeswere reconstructed at a chromosomal scale and
structurally/functionally annotated. Gene prediction
indicated a similar number of genes, while distinc-
tive variations in miRNAs and resistance gene ana-
logues (RGAs) were detected. Overall, 23,5 M
SNPs/indels were discovered (see Chap. 12).

TheWeb site “www.artichokegenome.unito.it”
hosts all the available genomic sequences, together
with their structural/functional annotations and
project information are presented to users via the
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open-source tool JBrowse, allowing the analysis
of collinearity and the discovery of genomic
variants, thus representing a one-stop resource for
Cynara cardunculus genomics. The genome
sequence of globe artichoke has been also used to
catalogue the genome’s content of simple
sequence repeat (SSR) markers for the construc-
tion of the first globe artichoke microsatellite
marker database, called Cynara cardunculus
MicroSatellite DataBase (CyMSatDB). Simple
sequence repeats (SSRs), which are ubiquitous
and highly polymorphic, are particularly favored
in a plant breeding context largely because they are
usually codominantly inherited and can be readily
assayed by conventional PCR. Perfect, imperfect,
and compound SSRs were in silico mined using
the SciRoKo SSR-search module (http://kofler.or.
at/bioinformatics/SciRoKo). A minimum of four
repetitions togetherwith aminimum length of 15nt
was requested; accordingly, any sequence was
considered as a perfect SSR whenever a motif was
repeated at least 15 times (1nt motif), eight times
(2nt), five times, (3nt) or four times (4–6nt),
allowing for only one mismatch. For compound
repeats, themaximumdefault interruption (spacer)
length was set at 100 bp. CyMSatDB, here
described is a user-friendly and freely accessible
tool, which offers chromosome wise as well as
location wise search of primers by implementing
Primer3.

13.2 JBrowse Resources

JBrowse (Buels et al. 2016), in contrast to its
predecessor GBrowse (Stein 2013) is a fast,
scalable genome browser built completely with
JavaScript and HTML5. One of its key advan-
tages relies on the ability to run on a desktop
machine, as a stand-alone app, on all the oper-
ating system available (Windows, Mac OS, and
Linux). Furthermore, it can be easily integrated
into an already available public Web site with a
highly intuitive interface. The JBrowse has been
developed keeping in mind to be highly

cross-platform. Indeed, it can be displayed on
WebKit browsers (e.g., Safari and Chrome),
Mozilla-based browsers (e.g., Firefox), and
Microsoft Internet Explorer.

The JBrowse supports a wide range on input
files, including GFF3, BED, FASTA, BAM, and
VCF. Moreover, it can easily manage
high-dimension genomes as well as
deep-coverage sequencing. It allows to store
several genomic sequences (Fig. 13.1a): user can
switch from a genome to another from the main
interface. Pre-computed genomic data sets (e.g.,
gene structures, orthologs from related plant
species, expressed sequence tag (EST), repeats,
etc.) can be easily displayed. Finally, it allows to
pan and zoom as well as to select and organize
tracks to be visualized via drag-and-drop func-
tionality (Fig. 13.1b).

The setup of JBrowse is facilitated by the
availability of scripts provided with the program.
Genomic sequences are imported using the pre-
pare-refseqs.pl script, which indexes a FASTA
file containing the reference sequences. Track
data are made available using JSON formatted
files that user can import from feature data like
flat files, or databases that have Bio::DB::* Perl
interfaces. In case of flat files like GFF3 or BED,
the provided script flatfile-to-json.pl represents
an easy-to-use solution. In addition, the high
customization of the JBrowse allows to taylor the
appearance of the added tracks based on user
preferences. After loading feature data, a special
index of feature names has to be generated using
generate-names.pl script; this allows the user to
find features by typing feature names or IDs in
the autocompleting search box. Finally, the
JBrowse can display alignments directly from
BAM files, with no preprocessing necessary.

TheWeb site “www.artichokegenome.unito.it”
hosts all the available genomic sequences, together
with their structural/functional annotations and
project information are presented to users via the
open-source tool JBrowse allowing the analysis
of collinearity and the discovery of genomic
variants, thus representing a one-stop resource for
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C. cardunculus genomics. Apart from represent-
ing the genome annotation of the 6 sequenced
genomes, the artichoke JBrowse displays tracks of
transposable elements and protein IPR domains
(Fig. 13.1b) obtained using Interproscan5 for each
of the genotypes available. Track data can be also
be downloaded by the user in widely used bio-
logical formats, such as GFF3, BED (for genomic
intervals), and FASTA (for sequences), referring
either to a specific sequence feature or to the
underlying genome sequence region (making use
of the “Reference Sequence” track). The platform
will be progressively implemented as the new
features become publicly available.

13.3 CyMSatDB Construction,
Content, and System
Architecture

The public domain (Cynara cardunculus
MicroSatellite DataBase (CyMSatDB), available at
www.artichokegenome.unito.it/cymsatdb/, provides
browsable access to all the SSRs identified in the
globe artichoke genome. Figure 13.2 provides a
flow of user operation, interaction, and various fea-
tures and utilities. SSRs can be retrieved on the basis
of simple characteristics, such as “genomic location”
(chromosome number), “SSR feature” (whole

Fig. 13.1 Artichoke JBrowse. a Select one of the 6
genome sequences available on the “Genome” selector
tool on the left. b Select tracks (Genes, Repeats or IPR
domain) to view from the ‘Available Tracks’ selector on

the left. Drag the mouse or use the convenient pan/zoom
controls at the top to navigate around the browser to
visualize a certain locus of interest
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genomic or only genic SSR), “repeat kind” (perfect
vs imperfect), or advanced characteristics, such as
“motif type” (mono- to hexanucleotide), “specific
motif sequence”, “repeat number”, and “specific

genomic location.”Multiple parameters can be also
combined to search for a specific set of SSRs as per
user requirement.Microsatellites canbeminedbased
on the choice of chromosome, where more than one

Fig. 13.2 A worked example of an SSR search and
primer design using CyMSatDB. a Settings given for
chromosome selection and SSR search. b The SSR output

and settings given for the design of primers. c Suggested
primers and the downloading of the result. From Portis
et al. (2016), used under CC BY 4.0
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chromosome may also be selected (Fig. 13.2a). The
flexibilities provided will enable the researcher to
select markers of choice at the desired genomic
interval, by limiting the search based on chromoso-
mal location as well as the number of markers in that
range.

The output lists all the SSRs meeting the
user-selected parameters(s) in tabular form, along
with SSR identifiers, LG number, motif type and
length, genomic location (start and end position),
SSR length, and an option for downloading the
flanking sequences (Fig. 13.2b). Primers can be
readily designed to amplify selected SSR pri-
mers, using the Primer3 stand-alone tool. The
user may go for primer designing as a default
setting or modify the standard Primer3 parame-
ters. The “Design Primers” button directs the use
to a list of up to five possible primer pairs, with
their melting temperatures (Tm), their GC con-
tent, and the expected length of the amplicon.
The primer information can be readily exported
into Microsoft Excel (Fig. 13.2c).

CyMSatDB was specifically designed to work
efficiently with any mobile device and smart-
phone, so to rapidly access from iPhone, iPad,
Android smartphones, and tablets, easily sear-
ched and for custom primer designing. When
displayed on a smaller device, CyMSatDB will
automatically resize and optimize to look optimal
also for small devices. Designed for domain
experts, this interface implements error preven-
tion and autocorrection functions. In particular,
it: (i) reminds the default values/ranges for each
field; (ii) autocorrects data on key-press instead
of on mouse-out; (iii) explains errors using
detailed descriptive tooltips; (iv) signals success
when the field is correctly completed. The system
offers two kinds of data export of the designed
primers: a synthetic version showing only the
most relevant data and a complete one. The data
download provides an excel file specifically for-
matted for higher readability. A management
interface is also available for administrators to
ease the data import in the system. The conver-
sion of the SciRoKo output into CyMSatDB
compatible data is made simple through imme-
diate interface operations instead of using com-
mand line scripts.

The marker information housed in CyMSatDB
will be of high value for linkage mapping and for
facilitating the marker saturation of genomic
regions. Several plug-ins have been implemented
to generate primers at a user-defined chromoso-
mal location. The database could be used to
design assays sampling more than one SSR locus
in a single PCR, which require both compatibil-
ities with respect to primer annealing temperature
and a non-overlap in amplicon size. Such multi-
plex assays are of particular relevance to varietal
identification, especially in the context of plant
variety protection and varietal release.

13.4 The SSR Content of the Globe
Artichoke Genome

The *725 Mbp of globe artichoke genome
sequence yielded 177,207 perfect SSRs, equiva-
lent to an overall density across the genome of
244.5 SSRs/Mbp; of these, about 21% (37,748)
were compound loci. The most common motifs
(*73% of all SSRs) were dinucleotides, fol-
lowed by the tri- (*11%), the tetra- (*6%), and
the mononucleotides (*5%). Both penta- and
hexanucleotide repeats were uncommon (to-
gether <5%). More than 224,000 imperfect SSRs
were detected (Table 13.1). Among this group,
the occurrence of mono-, di-, tri-, and tetranu-
cleotide motifs was quite similar to that seen
among the group of perfect SSRs, but that of the
larger motifs was rather higher: together the
penta- and hexanucleotide SSRs represented
*18% of the set of imperfect SSRs.

The distribution of repeat unit number among
the set of perfect SSRs is summarized in
Fig. 13.3a. For all SSR classes, the frequency
was inversely proportional to the number of
repeat units; for example, SSRs composed of ten
or fewer repeat accounted for 49.2% of the set,
while those harboring >20 repeats represented
<5% of the set. The decline in frequency with
greater length was least well marked for the
mono- and dinucleotide SSRs, and most marked
for the pentanucleotide SSRs. As a result, the
mean number of repeat units found among the set
of dinucleotide SSRs (12.7) was nearly double
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that of in either the tri- or the tetranucleotide
SSRs (7.4 and 6.3, respectively) and more than
double that in the penta- and hexanucleotide ones
(4.8 and 5.8, respectively).

A detailed analysis of individual repeatmotifs for
each type of SSR found in the globe artichoke gen-
ome sequence was conducted (Fig. 13.3b). Among
the mononucleotide types, A/T predominated

Fig. 13.3 a Relative frequency of perfect SSRs motifs in the globe artichoke genome. b The distribution of the major
repeat types in the globe artichoke genome. From Portis et al. (2016), used under CC BY 4.0
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heavily (80.9%), as did AT/TA among the dinu-
cleotide types (73.6%); the most frequently occur-
ring motif types among the trinucleotide SSRs were
ATC/ATG(28.8%), among the tetranucleotide types
ACAT/ATGT (39.4%), among the pentanucleotide
types AACCC/GGGTT (18.7%), and among the
hexanucleotide typesACATAT/ATATGT (11.9%).
AT/TA was not just the predominant dinucleotide
motif, but was also the most frequent motif globally,
represented in 53.7% of the SSRs; in contrast,
CG/CG was very rare (0.002%). Among the trinu-
cleotides, ATC, AAG, and AAT were the most
abundant motifs (present in *77% of SSRs),
whereas theGC-richmotifsACGandCCGwere the
least common. Similarly, theAT-richmotifs ACAT,
AAAT, and AATT dominated the set of tetranu-
cleotide SSRs (Fig. 13.3b).

The SSR loci identified were further classified
on the basis of their repeat motif and distribution
over each pseudomolecule. Although the genome
sequence has been organized into 17 pseudo-
molecules, representing the haploid globe arti-
choke set, *17% of the SSRs were detected in
not anchored scaffolds (LG00). Of the remaining
*83%, the mean number per LG of perfect and
imperfect SSRs was, respectively, 8657 and
10,926. The greatest number of SSRs (15,212
perfect, 19,282 imperfect) was assigned to the
longest LG (LG02, 70.34 Mbp), and the lowest
(5181 perfect, 6518 imperfect) to the shortest
(LG14, 14.48 Mbp), resulting in a range of per-
fect SSR density from 216.3 to 357.9 per Mbp
(Table 13.1).

13.5 Genic SSRs

The genomic distribution of SSRs and the rela-
tionship with annotated genomic components
(gene space) were also analyzed, on the basis of
the available and assembled globe artichoke
pseudomolecules. In all, 4761 perfect and 6583
imperfect SSRs were identified as present in the
genic sequence, distributed within 3781 genes
(about 14% of the full gene complement). The
overall microsatellite density in globe artichoke

genes was significantly lower than in genomic
sequence and their distribution was coherent with
that of genes and opposite to that of the repetitive
elements in all the pseudomolecules analyzed, in
agreement with the reports of Morgante et al.
(2002). As has been shown for other genomes
(Toth et al. 2000; Morgante et al. 2002; Mun
et al. 2006), genic SSRs tend to be composed of
either tri- or hexanucleotides. A likely reason for
this prevalence is that, in coding regions, fra-
meshift mutations generated by replication slip-
page are likely to experience negative selection:
alterations in the repeat number of a tri- or hex-
anucleotide repeat, depending on the SSR’s
position within the sequence, do not induce fra-
meshift. With respect to the surviving dinu-
cleotide motifs in globe artichoke, while AT/TA
repeats tend to prevail in non-transcribed regions,
AG/CT is commonest in genic sequence, which
is the case in other species as well (Morgante
et al. 2002; Cavagnaro et al. 2010; Shi et al.
2013). There was generally a preference for
GC-rich motif in the trinucleotide repeats present
in genic DNA: the GC content was *48%,
whereas it was only *32% in the global set of
trinucleotide repeats. SSRs embedded in genic
DNA are generally more likely to be conserved
across (related) species boundaries than those in
non-genic DNA, a feature which makes them
attractive for comparative mapping (Varshney
et al. 2005). On the other hand, since genic DNA
is under positive selection, these SSRs are typi-
cally less polymorphic. Given that a high repeat
number is correlated with allelic variation, it was
therefore unsurprising to find that nearly 5% of
the global globe artichoke SSRs harbored >20
repeats, while this proportion among the genic
SSRs was under 2%.

The genes harboring one or more SSRs were
grouped into the three GO main categories [“bi-
ological processes” (BP), “molecular functions”
(MF), and “cellular components” (CC)], and
thereafter in the 24 sub-GO categories.
Over-representation was noted for a number of
genes. Those allocated to BP belonged to the
sub-categories “gene expression,” “regulation of
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gene expression,” “regulation of transcription,
DNA-dependent,” and “cellular macromolecule
metabolic process.” Similarly, on the basis of MF,
enrichment was observed for “nucleic acid bind-
ing,” “sequence-specific binding level,” “tran-
scription regulator activity,” and “protein
dimerization activity.” Finally, with respect to
CC, the only identified sub-category was “nu-
cleus.” A prominent class of genes were those
encoding transcription factors; a similar concen-
tration of SSRs within specific classes of genic
sequence has been observed in other species
(Martin et al. 2002; Zhang et al. 2006; Yu et al.
2010; Kujur et al. 2013; Liu et al. 2015). The
implications of transcription factor sequences
harboring an SSR have been alluded to elsewhere
(Liu et al. 2015) and should be addressed in future
analyses of diversification within globe artichoke.

13.6 A Cross-Species Comparison

The content and distribution of SSRs in the globe
artichoke genome was compared with that pre-
sent in 14 other plant genomes. The globe arti-
choke genome included almost twice as many
perfect SSRs as in tomato (88,781), four times as
many as in sweet orange (43,147), and ten times
as many as in Arabidopsis (17,289), but fewer
than in sunflower (269,635), a fellow Composi-
tae species. The total length of the sequence
represented by repeats in globe artichoke
(*4.4 Mbp) was equivalent to 0.61% of the
assembled genome, a proportion comparable to
that in both grapevine (0.67%) and black cot-
tonwood (0.57%), but was significantly higher
than in the other 12 species. A negative rela-
tionship between genome size and SSR density
has been reported by Morgante et al. (2002).
Even though the largest genomes analyzed (cot-
ton and sunflower) indeed displayed the lowest
SSR density, the SSR density in globe artichoke
(244.5 per Mbp) was more than double that in
tomato (113.6 per Mbp), in spite of their com-
parable genome sizes, but analogous to one of
the grape wine and black cottonwood (263.7 and
227.1 SSRs/Mbp, respectively), which own

smaller genomes. Arabidopsis also deviated from
the trend, as previously noted by Cavagnaro et al.
(2010) its genome size is small, but its SSR
density is lower (144.4 per Mbp) than in both
horseweed (double its genome size) and globe
artichoke (six times its size). In respect to the
other genomes in the study, another signature of
the globe artichoke genome was the high fre-
quency (73%) of dinucleotide perfect motifs.
Together, mono-, di-, and trinucleotide repeats
formed the bulk of the SSR content in all 15
genomes analyzed (ranging from 74% in cotton
to 92% in Arabidopsis). In globe artichoke,
tomato, common bean, date palm, and banana,
dinucleotide motifs predominated, followed by
the tri-, tetra-, and mononucleotide ones
(Fig. 13.4). However, in both of the other two
Compositae species (sunflower and horseweed),
the frequency of mononucleotide repeats was
higher than that of tetranucleotide repeats. The
distribution of SSR types in globe artichoke was
most unlike that in Arabidopsis and grapevine
(where mononucleotide motifs predominated),
and in sweet orange and rice (where trinucleotide
motifs were by far the commonest type).

As in most plant species, the base composition
of the globe artichoke SSR motifs was AT-rich.
With respect to the mononucleotide motifs, A/T
predominated in 14 of the 15 species (the
exception was rice, where the proportion was
only *38%). Among the dinucleotide motif
types, AT/TA was the most frequent, except in
date palm, where the commonest motif was
AG/CT. The frequency of the CG/GC motif rose
above 1% only in rice. It has been suggested by
Cavagnaro et al. (2010) that AT-rich repeats
predominate in dicotyledonous but not in mono-
cotyledonous species, and that this difference
reflects their genomes’ nucleotide composition:
the mean GC% content of dicotyledonous species
is 34.6%, while that of monocotyledonous spe-
cies is 43.7%. However, this difference could not
satisfactorily account for the disparate frequency
of certain motifs between these two phylogenetic
classes. Rather uniquely, the commonest tri- and
pentanucleotide motifs in globe artichoke were
ATC and AACCC, (and not AAT and AAAAT)
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while an abundance of the tetra- ACAT repeats
was found only in globe artichoke and sunflower.
The hexanucleotides ACGTAG/ACGTCT and
AGGGCC/CCCTGG were unique to globe arti-
choke, while AGCGAT/ATCGCT was restricted
to the three Compositae species globe artichoke,
sunflower, and horseweed.
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Abstract
The availability of the genome sequence of
globe artichoke and cultivated cardoon, and
the development of physical maps in both
taxa, have provided new opportunities to
study genetic variation between varietal types
to an unprecedented scale, thus contributing
to dissect the path from sequence variation to
phenotype. Furthermore, they have also pro-
vided new tools for performing phylogenetic
studies within the Asteraceae family. How-
ever, genetic and genomic studies in Cynara
cardunculus are just at the beginning. This
chapter provides food for thought on which
are the main problems to be addressed and the
main objectives that should be pursued in the
near future.

Recently, the genome sequence of globe arti-
choke as well as the one of the cultivated cardoon
have been made available (Scaglione et al. 2016,
Chap. 9), and transcriptome sequencing infor-
mation (Scaglione et al. 2009, 2012) has guided
all the gene prediction exercises during genome
annotation. Thanks to the previous construc-
tion of molecular maps of both taxa, the genome

sequences have been anchored to chromosomes
allowing the development of physical maps
(Acquadro et al. 2017, Chap. 12). In globe arti-
choke, studies have been already performed to
locate genes and QTL for yield and morpholog-
ical traits on genetic maps (Portis et al.
2014, 2015, Chap. 6), however, with the goal to
integrate QTLs analyses into breeding programs,
the power, precision and accuracy of the QTL
effects should be confirmed in larger numbers of
progenies and multiple genetic backgrounds
also through genome-wide association studies
(GWAS). The availability of the genome
sequences has already allowed to develop thou-
sands of microsatellite markers uniformly dis-
tributed in the genome (Portis et al. 2016,
Chap. 13), and by aligning to the reference gen-
ome data obtained from low coverage rese-
quencing of globe artichoke genotypes, millions
of SNPs have been spotted (Acquadro et al.
2017), enabling to identify the genetic variation
between and within globe artichoke varietal types
to an unprecedented scale. The future rese-
quencing of genomic regions or genes in indi-
viduals of different landraces/varietal types
will contribute to dissect the path from sequence
variation to phenotype, providing “training sets”
for the establishment of marker assisted and
genomic selection models. Likewise, sequence
data from RNA samples will contribute to dis-
cover new RNA species, to measure levels of
gene expression and to study the transcrip-
tional state of different cells or tissues also in
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response to biotic and abiotic stresses. Eventu-
ally, the DNA sequences of globe artichoke and
cultivated cardoon will allow future remarkable
progresses in phylogeny studies within the genus
Cynara as well as within the Compositae
(Asteraceae) family, which accounts for � 10%
of all angiosperm species. Comparative studies
based on genomic or transcriptome data will
enable the identification of gene orthologies as
well as perform synteny studies, thus to infer on
polyploidization events and chromosomal rear-
rangements occurred during evolution and spe-
ciation. Recently, on the basis of gene sequences
obtained from publicly available transcrip-
tome datasets, including Cynara cardunculus, a
robust Asteraceae phylogeny covering 73 species
has been reconstructed (Huang et al. 2016) and
the species divergence times and dating of whole
genome duplications deduced.

At present, open-pollinated seed-propagated
varieties and F1 hybrids, which due to the marked
inbreeding depression characterizing the species
are not quite as uniform as the ones obtained from
crosses between highly homozygous inbreds, are
becoming popular in cultivation. This is mainly
due to the reduced cost of planting and diffusion of
virus and fungal infections, as well as the possi-
bility to turn globe artichoke from perennial to
annual crop. Nevertheless, mostly in the
Mediterranean region, a wide number of varietal
types are still vegetatively propagated and sub-
jected to risk of extinction. It is thus necessary to
increase efforts in developing strategies to convert
current vegetatively propagated landraces into
seed-propagated varieties to reduce the risk of
losing a huge amount of germplasm. At present,
studies conducted in this regard are rather limited
and based on the application of selection
schemes supported by a limited number of
microsatellites and AFLP markers, however
they have highlighted the possibility to iden-
tify genotypes which when inter-crossed guaran-
tee a high and a stable production (Mauromicale
et al. 2018).

Genome manipulation technology is an
emerging field which has already caused a rev-
olution in plant breeding. However, some
uncertainties and concerns are associated with

GM technology since copies of a gene may be
integrated, additional fragments inserted, and
gene sequences rearranged or deleted, which
may result in lack of operation or instability of
the genes introduced or their interference with
other gene functions. Recently, new approaches
defined “targeted genome engineering” allow
the introduction of modifications in a specific
region of the genome and may offer a valid
alternative to previous approaches of genome
manipulation. These techniques pave the path to
address a wide range of goals also in globe
artichoke and related taxa, not only to improve
the productivity and quality of the production,
but also resistance to biotic and abiotic stresses
as well as to investigate the fundamental roots of
its biology. In particular, the emergent Clustered
Regularly Interspaced Short Palindromic
Repeats associated to Cas9 protein
(CRISPR/Cas9) technology is expected to play a
key role in future efforts to improve crop traits.
By CRISPR, it is possible to induce point
mutations in a target sequence (also many
simultaneously), or it can be possible to induce
homology-directed recombination (HDR) to
introduce new genetic variants in a specific
region of the genome (Schaeffer and Nakata
2015). Unfortunately, at present, the possibility
to apply this technique in globe artichoke is
limited by the lack of an efficient technique for
the regeneration of transformed plants from
calli, and future efforts are needed for develop-
ing appropriate protocols. To overcome obsta-
cles of in vitro regeneration would even make
feasible the use of genome editing technique for
the manipulation of protoplasts (Woo et al.
2015; Subburaj et al. 2016). The establishment
of a cell suspension culture in globe artichoke
by Ordas et al. (1991) paved the way for iso-
lation and culture of protoplasts; however, the
bottleneck of protoplast-to-plant regeneration
still persists. Efforts should also be put in place
to evaluate the potential of novel transformation
platform technologies such as pollen magneto-
fection (Xiang et al. 2018). This technique aims
to directly produce transgenic seeds without
regeneration and represents a culture-free, sim-
ple, and fast method. In this system, in the
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presence of a magnetic field, exogenous DNA
loaded with magnetic nanoparticles can be
delivered into pollen with the potential to
facilitate the development of genetically modi-
fied varieties in recalcitrant species such as
Cynara cardunculus.

With CRISPR/Cas9 technology, it is today
possible to guide and reprogram plant develop-
ment. The last frontier in globe artichoke could
be the production of “cloned seeds” from original
high-performance genotypes. This could be
addressed by mimicking the approach adopted in
rice (Khanday et al. 2019), namely by disabling
some genes crucial for meiosis and triggering the
development of a seed embryo using the “Baby
Boom 1” gene without the needing of
fertilization.

References

Acquadro A, Barchi L, Portis E, Mangino G, Valentino D,
Mauromicale G, Lanteri S (2017) Genome reconstruc-
tion in Cynara cardunculus taxa gains access to
chromosome-scale DNA variation. Sci Rep 7:5617.
https://doi.org/10.1038/s41598-017-05085-7

Huang CH, Zhang C, Liu M, Hu Y, Gao T, Qi J, Ma H
(2016 Nov) Multiple polyploidization events across
Asteraceae with two nested events in the early history
revealed by nuclear phylogenomics. Mol Biol Evol 33
(11):2820–2835

Khanday I, Skinner D, Yang B, Mercier R, Sundaresan V
(2019) A male-expressed rice embryogenic trigger
redirected for asexual propagation through seeds.
Nature 565:91–95

Mauromicale G, Portis E, Acquadro A, Lo Monaco A,
Pesce GR, Lanteri S (2018) An integrated model to
accelerate the development of seed-propagated vari-
eties of globe artichoke. Crop Breed Appl Biotechnol
18(1):72–80

Ordas RJ, Tavazza R, Ancora G (1991) Callus formation
from isolated globe artichoke (Cynara scolymus L.)
suspension protoplast. Plant Sci 77:253–259

Portis E, Mauro RP, Acquadro A, Moglia A, Mauromi-
cale G, Lanteri S (2015) The inheritance of bract
pigmentation and fleshy thorns on the globe artichoke
capitulum. Euphytica 206(2):523–531

Portis E, Mauro RP, Barchi L, Acquadro A, Mauromi-
cale G, Lanteri S (2014) Mapping yield-associated
QTL in globe artichoke. Mol Breed 34(2):615–630

Portis E, Portis F, Valente L, Moglia A, Barchi L,
Lanteri S, Acquadro A (2016) A genome-wide survey
of the microsatellite content of the globe artichoke
genome and the development of a web-based
database. PLoS ONE 11(9):e0162841

Scaglione D, Acquadro A, Portis E, Taylor CA, Lanteri S,
Knapp SJ (2009) Ontology and diversity of
transcript-associated microsatellites mined from globe
artichoke EST database. BMC Genom 10:454

Scaglione D, Lanteri S, Acquadro A, Lai Z, Knapp SJ,
Rieseberg L, Portis E (2012) Large-scale transcrip-
tome characterization and mass discovery of SNPs in
globe artichoke and its related taxa. Plant Biotechnol J
10:956–969. https://doi.org/10.1111/j.1467-7652.
2012.00725.x

Scaglione D, Reyes-Chin-Wo S, Acquadro A,
Froenicke L, Portis E, Beitel C, Tirone M, Mauro R,
Lo Monaco A, Mauromicale G, Faccioli P, Cattiv-
elli L, Rieseberg L, Michelmore R, Lanteri S (2016)
The genome sequence of the outbreeding globe
artichoke constructed de novo incorporating a
phase-aware low-pass sequencing strategy of F1
progeny. Scientific Reports 6:19427

Schaeffer SM, Nakata PA (2015) CRISPR/Cas9-mediated
genome editing and gene replacement in plants:
transitioning from lab to field. Plant Sci 240:130–142

Subburaj S, Chung SJ, Lee C, Ryu SM, Kim DH, Kim JS
(2016) Site-directed mutagenesis in Petunia x hybrida
protoplast system using direct delivery of purified
recombinant Cas9 ribonucleoproteins. Plant Cell Rep
35:1535–1544

Woo JW, Kim J, Kwon SI, Corvalan C, Cho SW, Kim H
et al (2015) DNA-free genome editing in plants with
preassembled CRISPR-Cas9 ribonucleoproteins. Nat
Biotechnol 33:1162–1164

Xiang Z, Zhigang M, Yan W, Wenjie C, Changjiao S,
Bo C, Jinhui C, Manli Y, Zhanghua Z, Sandui G,
Dan L, Jerry QC, Rui Z, Haixin C (2018) Pollen
magnetofection for genetic modification with mag-
netic nanoparticles as gene carriers. Nature Plants
3:956–964 (2017)

14 Future Prospects 233

http://dx.doi.org/10.1038/s41598-017-05085-7
http://dx.doi.org/10.1111/j.1467-7652.2012.00725.x
http://dx.doi.org/10.1111/j.1467-7652.2012.00725.x

	Preface to the Series
	Preface
	Contents
	1 Cynara cardunculus L.: Historical and Economic Importance, Botanical Descriptions, Genetic Resources and Traditional Uses
	Abstract
	1.1 Historical Outline, Spread in the World and Economic Importance
	1.2 Botanical Classification and Description of the Species
	1.2.1 Globe Artichoke
	1.2.2 Cultivated Cardoon
	1.2.3 Wild Artichoke or Wild Cardoon

	1.3 Genetic Resources
	1.4 Congener Species
	1.5 Traditional Uses
	1.5.1 Globe Artichoke
	1.5.2 Cultivated Cardoon
	1.5.3 Wild Cardoon

	References

	2 Cynara cardunculus Propagation
	Abstract
	2.1 Introduction
	2.2 Vegetative Propagation
	2.2.1 An Overview
	2.2.2 Globe Artichoke Vegetative Propagation
	2.2.3 Clones Around the World
	2.2.4 Clones Improvement and Cultural Practices
	2.2.5 Clones Propagation and Agronomical Issues
	2.2.6 Micropropagation

	2.3 Seed Propagation of Globe Artichoke and Cultivated Cardoon
	2.3.1 Overview
	2.3.2 Factors Affecting Seed Germination
	2.3.2.1 Temperature
	2.3.2.2 Salinity
	2.3.2.3 Seed Priming
	2.3.2.4 Chemicals and Biological Treatments

	2.3.3 Seed Yield
	2.3.4 Strategies to Improve Nursery Growing Techniques

	2.4 F1 Hybrids in Globe Artichoke
	2.4.1 Overview of Crossing System and the Genetic at the Base of F1 Globe Artichoke Hybrids
	2.4.2 Historical Events in the Globe Artichoke F1 Hybrids Set up
	2.4.3 Globe Artichoke F1 Hybrids: Advantages and Disadvantages of Their Obtaining and Growing
	2.4.4 Procedures to Obtain Globe Artichoke F1 Hybrids

	References

	3 Globe Artichoke Tissue Culture and Its Biotechnological Application
	Abstract
	3.1 Introduction
	3.2 In Vitro Propagation
	3.2.1 Overview
	3.2.2 Sterilization of the Explants
	3.2.3 Culture Media
	3.2.4 Meristem Culture
	3.2.5 Shoot Multiplication
	3.2.6 Root Induction
	3.2.7 Plant Establishment

	3.3 Production of Virus-Free Plants
	3.3.1 Overview
	3.3.2 Virus Eradication in Globe Artichoke

	3.4 Plant Tissue Culture for Biotechnology
	3.4.1 Overview
	3.4.2 Callus Induction and Culture
	3.4.3 Protoplast Isolation and Culture
	3.4.4 Plant Regeneration
	3.4.5 Genetic Transformation
	3.4.6 Secondary Metabolite Production from In Vitro Culture

	3.5 Germplasm Maintenance and Conservation
	3.5.1 Overview
	3.5.2 Short-Term Conservation
	3.5.3 Medium-Term Conservation: Slow Growth
	3.5.4 Long-Term Conservation: Cryopreservation

	References

	4 Cynara cardunculus as a Multiuse Crop
	Abstract
	4.1 Biomass for Energy
	4.1.1 Aboveground Biomass Yield
	4.1.2 Biomass for Direct Combustion: Heating Power
	4.1.3 Energy Yield Per Hectare

	4.2 Biomethane Production
	4.3 Bio-ethanol Production
	4.4 Oil Production (From Seeds)
	4.5 Cellulose, Pulp and Paper
	4.6 Use in Animal Feeding
	4.6.1 Green Forage and Harvest By-Products
	4.6.2 Seeds

	4.7 Use of Florets in Dairy Industry
	4.7.1 Proteinases
	4.7.2 Proteinases Extraction from Florets
	4.7.3 Rennet in Cheesemaking

	4.8 Use as Ornamental Plant
	References

	5 Bio-active Compounds and Their Synthetic Pathway
	Abstract
	5.1 Bio-active Compounds
	5.1.1 Phenolics
	5.1.2 Sesquiterpene Lactones
	5.1.3 Inulin

	5.2 Biosynthetic Pathways
	5.2.1 Caffeoylquinic Acids
	5.2.2 Sesquiterpene Lactones
	5.2.3 Inulin

	References

	6 Genetics and Breeding
	Abstract
	6.1 Clonal Selection and Molecular Fingerprinting
	6.2 Genetic Maps
	6.3 QTL Analysis
	References

	7 Insights into the Population Structure and Association Mapping in Globe Artichoke
	Abstract
	7.1 Introduction
	7.2 Variation Within Varietal Types
	7.3 Variation Among Varietal Types
	7.4 Towards an Association Mapping Approach in Globe Artichoke
	7.5 Perspectives
	References

	8 Cytological and Molecular Cytogenetic Insights into the Cynara cardunculus Genome
	Abstract
	8.1 Introduction
	8.2 Cytology
	8.2.1 An Overview
	8.2.2 DNA Content Estimation in Cynara cardunculus Varieties

	8.3 Karyotyping
	8.3.1 Overview
	8.3.2 Setting Conditions for C. Cardunculus Chromosomes Analysis
	8.3.3 Molecular Cytogenetic Characterization
	8.3.3.1 FISH by rDNA Sequence Repeats
	8.3.3.2 FISHIS by SSR
	8.3.3.3 Fast FISH Labelling by Oligonucleotides


	8.4 Outlook
	References

	9 Genomics
	Abstract
	9.1 The Globe Artichoke Sequencing Initiative
	9.2 Genome Sequencing and Assembly
	9.3 Production of the Pseudomolecules
	9.4 Gene Prediction
	9.5 Repetitive Content of the Genome
	9.6 Age of Speciation
	References

	10 The Chloroplast Genome
	Abstract
	10.1 Introduction
	10.2 Chloroplast Genome Sequencing of the Globe Artichoke and Other Cynara Genotypes
	10.3 Genome Organization of Cynara Chloroplast
	10.4 Repeat Composition and INDELs
	10.5 Phylogenetic Analysis and DNA Barcode
	References

	11 miRNome
	Abstract
	11.1 Introduction to miRNAs
	11.2 miRNAs Identification in Cynara cardunculus Taxa
	11.3 miRNAs and Their Target Identification in Cynara cardunculus Taxa
	11.4 miRNA Relationship with Repeated Sequences
	11.5 Conclusions
	Acknowledgements
	References

	12 Genome Resequencing
	Abstract
	12.1 The Genome Resequencing Way
	12.2 Gene Prediction and Gene Families
	12.3 Focus on Resistance Genes
	12.4 Diversity Evaluation at a Genomic Scale
	12.5 Improving the Current Reference Assembly: The Globe Artichoke Genome v2.0
	References

	13 Genome Database (www.artichokegenome.unito.it)
	Abstract
	13.1 Introduction
	13.2 JBrowse Resources
	13.3 CyMSatDB Construction, Content, and System Architecture
	13.4 The SSR Content of the Globe Artichoke Genome
	13.5 Genic SSRs
	13.6 A Cross-Species Comparison
	References

	14 Future Prospects
	Abstract
	References




