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Bergamot essential oil (BEO) is the result of the mechanical manipulation (cold pressing) of the exocarp (flavedo) of the
hesperidium of Citruslimon (L.) Osbeck Bergamot Group (synonym Citrus x bergamia Risso & Poit.), resulting in the
bursting of the oil cavities embedded in the flavedo and the release of their contents. It is chemically dominated by
monoterpene hydrocarbons (i.e., limonene), but with significant percentages of oxygenated monoterpenes (i.e., linalyl
acetate) and of non-volatile oxygen heterocyclic compounds (i.e., bergapten).
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The taxonomy, and consequently the nomenclature, of the genus Citrus, is particularly complicated and has been rapidly
changing in recent years (see Table 1). For over 400 years, the centre of origin and biodiversity, along with the evolution
and phylogeny of the Citrus species, have all been puzzling problems for botanists and the confusing and changing
nomenclature of this taxon over the years can reflect intrinsic reproductive features of the species included in this genus,
the cultural and geographical issues, and the rapidly evolving techniques used to clarify its phylogeny 1.

Because of the fragrance of the whole plant (flowers, leaves, fruits) and the delectability of the fruits, Citrus species have
been exploited, domesticated, and selected by humankind for millennia. Classical Chinese literature mentions cultivated
Mandarins and Pomelos as early as Il millennia B.C.E., and citrons were depicted on the walls of the Egyptian Karnak
Temple, dating 3000 years ago. Citrus fruits were known in ancient times even in India, Japan, Mesopotamia, Media,
Persia, Palestine, and also in the Jewish culture, in Ancient Greece and Rome. In the Medieval period,
several Citrus species were cherished and cultivated by the Arabs, who introduced many agronomical innovations and
helped spread these plants across known countries 2.

The history of Citrus species distribution in Asia and Europe provides evidence of a complex domestication process,
which has led to a high number of artificially obtained interspecific hybrids and cultivars, a fact that makes morphology-
based classification very hard, given that fruits with similar morphology may belong to very distant species, and
conversely, very similar or genetically almost indistinguishable varieties may give rise to very different morphologies &I,

Moreover, Citrus species show a very high frequency of spontaneous mutations and are a very sexually promiscuous
taxon, with spontaneous hybridization being extremely common, another factor that makes it very hard to trace a solid and
clear genealogy I, and often these hybrids have been re-crossed with parent species, thus creating a variety of
organisms that are sometimes genetically very close but morphologically very different, and vice versa, so much so that
most of the Citrus fruits we normally consume are hybrids and not species (see below Table 2) 4l Many citruses are
capable of reproducing without fertilization (apomictic reproduction): specifically, they often present maternal nucellar
embryogenesis, where nucellar tissue produces many clonal embryos, resulting in poly-embryonic seeds containing
mainly or only nucellar embryos with the sole maternal genetic material. This is opposed to zygotic embryos, which
contain genetic material of both parents (in mono-embryonic seeds). This process slows down or even stops the

evolutionary process, thus making it again hard for taxonomists using morphological features to understand the true
lineage [LIEIE],

Table 1. Taxonomy of the Citrus genus [IEISIL0ILL[12]

Angiospermae

Eudicots

Superrosids

Rosids

Sapindales Juss. ex Bercht & J.Presl.

Rutaceae Juss.



Rutoideae (120 spp.)

Spathelipideae (5 spp.)

Aurantioideae (30 spp.)
Clauseneae
Citrae (Aurantieae)
Triphasinae

Balsamocitrinae

Citrinae

Primitive Citrus fruits (Severinia, Pleiospermium, Burkillanthus, Limnocitrus, Hesperethusa)

Near Citrus fruits (Atalantia and Citropsis)

True Citrus fruits

Clymenia

Eremocitrus

Microcitrus

Poncirus

Fortunella

Citrus

Papeda

Eucitrus (Citrus)

Table 2. Common Citrus Hybrids.

These hybrids are often treated as separate species. Particularly important is the Mandarin-Pomelo hybridization axis, which
leads to species with orange or red peeled fruits when ripe .

Oranges. The Bitter Orange (Citrus x aurantium L. (sin Citrus x aurantium subsp. amara (Link) Engl)) is a pure Mandarin and
Pomelo cross, the Sweet Orange (Citrus sinensis (L.) Osbeck) is a cross between a Mandarin (already crossed with a Pomelo)
and a Pomelo. Both hybrids inherit the orange colour of the peel from the Mandarin.

Grapefruit (Citrus paradisi Macf.). These also derive from the gene pool of Mandarin and Pomelo, but with a higher
contribution than the latter one, thanks to a cross between Sweet Orange and Pomelo.

Mandarins (Citrus reticulata Blanco). Mandarins and Clementine belong to the class of Mandarin hybrids, with genetic
contributions from Sweet and Bitter Oranges and Grapefruit.

Lemons (Citrus limon (L.) Osbeck). “Real” Lemons have a light yellow peel and are derived from a single ancestral hybrid
between male Citron and female Bitter Orange (i.e., 50% Citron, 25% Mandarin, 25% Pomelo).

Bergamot. This is a hybrid whose origin is still debated, but it seems to have been obtained by crossbreeding of
some Citrus hybrids (Bitter Orange, Lemon, Lime) with their ancestors (Citron) or with other hybrids.

Origins of the Genus Citrus

The first modern classification of the genus Citrus (in the Family Rutaceae) was formulated by Carl von Linné, who, in his
“Species Plantarum”, clustered all Citrus fruits under two species: Citrus medica L. (Citron) along with its only
variety Citrus medica var. limon (Lemon), and Citrus aurantium L. (Bitter Orange) along with its two varieties, Citrus
aurantium var. grandis (Pomelo) and Citrus aurantium var. sinensis (Sweet Orange) 131, All subsequent classifications in
the following centuries were based on morphological and geographical data, and different authors recognized a diverse
number of species.

A revolution in the taxonomy of Citrus has come with the development of laboratory techniques involving specific
molecular markers, such as Random Amplification of Polymorphic DNA (RAPD), Sequence Characterized Amplified
Region (SCAR), cpDNA Simple Sequence Repeats (SSR), Inter-Simple Sequence Repeat (ISSRs), Amplified Fragment



Length Polymorphism (AFLP) and Restriction Fragment Length Polymorphisms (RFLPs) markers B4l and the
triangulation with information from historical literature and contemporary data about the natural distribution of these
species [2l,

According to one study 12, there are at least 10 progenitor species. Of these, seven are original to Asia: Pomelo (Citrus
maxima), the true Mandarin (C. reticulata), Citron (C. medica), Papeda (C. micrantha), Ichang’'s Papeda (C. ichangensis),
Mangshanyegan (C. mangshanensis), and Oval Kumquat (C. japonica). The remaining three species are Australian:
Desert Lime (C. glauca), Round Lime (C. australis), and Lemon Caviar (C. australasica).

Recently, important genomic work 418 has provided the most up-to-date evolutionary tree for Citrus, thus challenging
previous proposals. The paper by Wu and colleagues 4! that used single nucleotide polymorphism (SNP), proposes that
at least three genera (Fortunella, Eremocitrus and Microcitrus) are nested in the Citrus clade, and that of the ten
progenitor species, three are to be considered ancestral, namely Citrus maxima, Citrus reticulata and Citrus medica. Four
main hybrids are derived from these ancestral species: Lemons, Limes, Oranges and Grapefruits LZI[18],

Wu and colleagues 4 state that, according to their analysis of the accessions, “the centre of origin of Citrus species was
the southeast foothills of the Himalayas, in a region that includes the eastern area of Assam, northern Myanmar and
western Yunnan”, while inferences from modern distribution point towards the central-southern part of China as the
primary biodiversity centre, with southeast Himalaya and southern China as two accessory centres W. Citrus probably
moved from West to East Malaysia and Australia sometime in the Miocene/Pliocene 1<,

Because of the intricacy of the taxonomy of the Citrus genus, from an agronomic perspective, when dealing with
commercially important species, a pure Linnaean classification could be substituted by just using cultivar names grouped
under general agronomic groups. At least eight groups have been recognized so far, the Sweet Orange Group (cultivar:
navel, common, blood, acidless), the Mandarin Group (Satsuma, tangerine/clementine, Mediterranean Mandarin and
Mandarin), the Lemon Group, the Grapefruit Group, the Lime Group, the Sour Orange Group (cultivar: Seville, Bouquet de
fleur, Granita, Chinotto, Bergamot), the Pomelo Group, and the Citron group (i3],

Taxonomy of Bergamot

The phylogeny and taxonomy of Bergamot (Eigure 1) are particularly unclear, as it is its exact area of origin 29,

Figure 1. Bergamot plant and fruit, as illustrated in the traditional Kéhler's Medizinal-Pflanzen 211,

The plant is an interspecific hybrid, and this is testified by the high percentage of heterozygosity 22 and has been
clustered with Bitter Orange [23. The actual progenitor species of Bergamot have been claimed to be Citrus x
aurantium (Bitter Orange) and C. x limon (Lemon), or C. x aurantium and C. x aurantifolia (Key Lime) 24, or C. x



aurantium and C. medica [251(26],

Bergamot seems to have originated quite late in the phylogeny of the Citrus clade and was unknown to ancient authors.
Some sources claim that the hybrid was originated directly in Calabria, or at least in the southern part of Italy 24, while
others state that the hybrid first appearance was outside Italy (either in the Antilles or in Greece or the Canary Islands)
and that it was brought to Calabria only later 22, One source hypothesizes that the hybrid was brought to Italy by
Columbus via the Spaniard city of Berga, which inspired the fruit name, Bergamot 2. A more solid hypothesis for the
name origin is that the term “Bergamot” may derive from the Turkish word “beg-a-mudi” which means “pears of the
Prince”, due to its certain resemblance to Bergamot pears [,

Some authors also identify four subgroups of Bergamot, namely the “Piccola” group, the “Torulosa” group, the “Melarosa”
group, and the “Common” group. All Bergamot fruits that are interesting from an industrial point of view come from the
“Common” group, which includes three cultivars:

“Castagnaro”, whose fruits give perhaps the least valuable essential oil (EO), but can be harvested for production for
longer than any other cultivar.

“Femminiello”, less vigorous and strong than Castagnaro, with a low yield of a superior, excellent EO.

“Fantastico” (or “Inserto”), supposed to be a hybrid of the first two varieties, certainly introduced more recently (about
1940) but representing now a good part of all the trees in Calabria (22,

Concerning nomenclature, opinions of different authorities diverge, as explained in Table 3.
Table 3. Nomenclature of Bergamot according to different authorities and institutions.

Authority Binomial

Integrated Taxonomic Information System [2¢] Citrus aurantium subsp. bergamia (Risso & Poit.) Wight & Arn. ex

Engl
International Plant Names Index 22 Citrus bergamia Risso
Tropicos [20] Citrus x bergamia Risso & Poit.
World Checklist of Selected Plant Families B2 Citrus limon (L.) Osbeck

U.S. Dep of Agriculture: A%cultural Research Service Citrus x limon (L.) Osbeck var. bergamia (Loisel.) ined.

Mabberley’s Plant-Book [2)33] Citrus x limon, Bergamot group

Definition of EO and Peculiarities of Citrus EOs

The International Organization for Standardization (ISO) definition (ISO 2020 document ISO 9235: 2013-2.11) states that
an EO is a “product obtained from a natural raw material of plant origin, by steam distillation, by mechanical processes
from the epicarp of Citrus fruits, or by dry distillation, after separation of the aqueous phase—if any—by physical
processes”. Such includes three production methods, one of them exclusively reserved for Citrus EOs, which are
therefore clearly separated from other EOs by production method and, therefore, by chemical composition. Distilled EOs
contain only volatile molecules, while cold-pressed EOs may contain much heavier molecules and different chemical
compounds from those normally found in distilled EOs. The second characteristic of Citrus fruit EOs is that, from an
economic point of view, in many cases, the EO is a secondary product, while the fruit juice is the primary product, and
other products can be obtained from the fruit (candied peels, “cells”, albedo, etc.). This is true for Lemons, Sweet
Oranges, Grapefruits and Mandarins, but not for Bergamots and Bitter Oranges, whose fruit juice is generally produced in
small quantities or even not at all. This fact partly explains the higher costs of both EOs [24],

Anatomy of Citrus fruits

The fruit of Citrus species is a modified berry called “hesperidium”, characterized by an approximately spherical shape,
and by a very thick and robust outer rind or peel protecting the fluid-filled trichomes that make up the segments of the fruit
juicy part (endocarp). The rind is divided in a superficial, thin, coloured exocarp called flavedo (from classical Latin flavus,
or “blonde”) and a deeper and thicker spongy mesocarp called albedo (from the Latin albedo, derivative of albus, or
“white”).



The flavedo is surrounded by a thick, waterproof cuticle and by various stomata in the superficial layer of the epidermis, it
is made of small, dense collenchyma cells with chromoplasts, and contains many EO-bearing cavities called lumina or
lacuna [22l. In the Bergamot fruit, these more or less spherical central cavities are surrounded by four to six layers of
secretory cells and are formed in a schizolysigenous way B2, that is first by the separation of parenchymal cells
(schizogenesis of the intercellular space), followed by further disintegration of cells in later stages of cavity development
(lysogeny). These lacunae have no walls, are not connected, are found at different depths, and fill up with EO as the fruit
ripens. They are of different sizes (the range is 0.4-0.6 mm in diameter) and they are conventionally divided in primary,
secondary and tertiary cavities 241361,

It is precisely this superficial distribution of the oil cavities that has made the method of cold-pressing or mechanical
treatment the preferred one to obtain Citrus EOs 311221,

Distribution and Cultivation of Bergamot

Around 90% of total BEO global production comes from Italy and specifically from a small area of fewer than 1400
hectares in Calabria BZ. Other regions of the world where Bergamot cultivation and BEO production have been tried are
the African continent and the Americas, and lately China. Of all these producers, only the Ivory Coast has a commercially
important share of the market, with 8-10% of global BEO production, although Brazil and China are emerging as global
producers 221,

The introduction of Bergamot in Africa started only in the 1950s, and up until 1959, apart from a few trees in the Botanical
Garden of Bingerville close to Abidjan, there was no record of the plants in this region. Other African countries such as
Guinea, Liberia, Mali, Algeria, Morocco, and Tunisia only have small industrial productions with no indication of possible
expansion 22,

One of the main problems for BEO production in Africa is that it appears to be up to 3-5 times lower per cultivated hectare
than that of Calabria 28129, The reason for this has been sought in some differences in production technology, in the
different climate, but above all in the characteristic composition of the soil. It can be added that a difference of three
centuries of cultivation in Italy has allowed a better selection of plants 812,

The introduction of Bergamot in the Americas started in the US, specifically in Florida, Louisiana and California, where the
tree was imported before 1815 but where it failed to thrive. The cultivations in South America were slightly more
successful. Introduced since the 1960s there is only a modest industrial production of a good quality product in Argentina,
Brazil and Uruguay (22,

The differences in the chemistry of BEO from various regions of the world are difficult to gauge because of their large
variability, due to non-technological parameters according to Dugo and Bonaccorsi 22, What can be stated is that most of
the EOs produced in regions different from Calabria show values of B-pinene and y-terpinene lower or close to the minima
determined for Calabrian EOs and that in terms of enantiomeric composition it seems, from the scarce available chiral
data, that EOs from the Ivory Coast and Uruguay agree with those of EOs from Calabria 22,

Distribution and Cultivation of Bergamot in Calabria

The Bergamot tree possibly originated as a seedling in southern Italy but, until the mid-sixteenth century, it was known
only as an ornamental plant in Tuscany. It was first officially mentioned as an “aurantium stellatum et roseum” by Ferrari in
1646 in his “Hesperides sive de malorum aureorum cultura et usu”, and first described in 1708 by Volkamer as “gloria
limonum fructus inter omnes nobilissimus” in his “Nurnbergische Hesperides”, where the importance of its essence was
first reported 22,

It became famous in France by 1686, thanks to Francis Procopius, as the source of a precious perfume ingredient, named
“Bergamot water”. It was also introduced in 1676 in Cologne by Paolo Feminis, who used it to create the famous Cologne
water (eau de cologne), commercialised by his son-in-law, Gian Maria Farina 22,

This notoriety greatly stimulated the demand for the EO, and as a consequence in 1750 Nicola Parisi planted, in Reggio
Calabria, the first Bergamot orchard (Rada Giunchi Estate). From there, then cultivation expanded around the city of
Reggio Calabria and along the Straits of the Messina area [24. The tree seems to be very sensitive to pedoclimatic
conditions and hence cultivation was and is mainly limited to the region of Calabria [22. After periods of expansion and
reduction in the cultivated area, today Bergamot cultivation occurs mainly in a stretch of land of 100-140 km from Reggio
di Calabria following the lonian Coast, comprising 1000-1400 hectares between Villa San Giovanni and Monasterace,
800 of which are used by farmers who are part of the organization “Organizzazione Produttori Unionberg” 29,
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