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ABSTRACT: Citrus is a genus of great economic importance and a complex history of hybridization. The aim
of this work is to present the trajectory of essential oil (EO) from the citrus fruit peel to their main uses. The
flavedo is a morpho-functional region of the citrus fruit peel where EO-producing cavity glands are located. The EO
produced is the source of the characteristic citrus aroma relevant for flavor (food and beverage industry) and fragrance
applications (perfumery). The citrus EO is dominated by monoterpene hydrocarbons. Out of these, D-limonene is
the major compound in the peel EO of commercial citrus types, accounting for 30% and over 90% of its composition.
Minor oxygenated components are important contributors to the distinct sensory characteristics. Selected studies on
various citrus types indicate that EOs exhibit a strain-dependent antimicrobial activity as well as certain antioxidant
activity relevant in particular for food preservation and active packaging. The most dynamic area of research is the
optimization of delivery systems that seek to improve the stability and functionality across applications. The citrus
value chain is integrated vertically, generating value for the customer and is linked horizontally to other value chains.
Its main vulnerability resides in upstream production constraints from the agronomic segment that can potentially
impact sustainability and supply. For the next decade, growth is projected for citrus flavor and fragrance markets.
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1 Introduction

Citrus fruits are cultivated in over 140 countries around the world in the so-called “citrus belt” located
mainly in tropical, subtropical and Mediterranean climate between 40° N and 40° S latitude. The place of
origin and domestication in Asia has been a smaller area compared to their wide distribution today [1]. The
characteristic citrus aroma is the foundation of the global citrus flavor and fragrance market. According to a
recent market analysis, the global citrus flavors market is expected to increase between 2026 and 2036, from
USD 13.4 billion to USD 21.8 billion, with a compound annual growth rate of over 4% [2]. At the same time,
between 2025 and 2033, the global citrus perfume market size was projected to grow from USD 10.6 billion
in global market revenue to USD 16.7 billion, at a compound annual growth rate of over 5% [3].

EOs are considered “low volume-high value” commodities due to their market prices [4]. Natural
aromas gain more traction than synthetic ones, and this supports the citrus industry growth [2]. Citrus EOs
are formed and stored in oil glands at different depths in the fruit peel, mainly the flavedo region. Citrus
EO contains between 85 and 99% volatile components and between 1 and 15% non-volatile compounds [5].
Orange, lemon and lime have been listed at the top of the most widely produced and traded EOs [4]. The
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soft drinks industry is one of the largest destinations of citrus EOs [6-8], followed by the candy industry.
In the food industry, both flavor and functional properties of citrus EO are important. Citrus flavoring is
used across a wide range of food items, from ice cream, desserts, cookies and bakery [6]. Bioactivities are
screened particularly for applications related to the food industry [9].

The high economic relevance of citrus EO and increasing market trends bring into focus the citrus
plants as sources of economically valuable natural compounds. Despite their extensive use, the literature
is often fragmented on citrus EO, focusing on botanical, chemical and applied aspects. The aim of this
work is to provide a contextualization of Citrus EO by connecting botany to its uses. In this regard, this
work invites the reader to an exploration of the trajectory of EO from the flavedo to their final uses that
contribute to human well-being.

2 Characterization of Citrus

2.1 Brief History

The origin of citrus plants is rather interesting, with hypotheses that evolved throughout time. While
all scientific efforts of elucidating various hypotheses remain captivating explorations of the subject, the
generally accepted idea today is that citrus originated in Southeast Asia [10,11]. Studies on collections
of citrus species, hybrids and admixed varieties suggest that genus Citrus is a monophyletic group that
diversified during late Miocene throughout Southeast Asia, followed by another radiation during the early
Pliocene in Oceania [11,12]. Citrus was domesticated in Southeast Asia many thousands of years ago [13].

Citrus has always been of immense economic value [14,15]. As early as 2000 BC in the Xia Dynasty
in China, citrus was listed among the main tributes and taxes in important Chinese citrus-producing
regions. In Ancient China, citrus was seen as a symbol of moral integrity and distinguished spirit and had
recognized medicinal value [12]. The citrus is supposed to have been first introduced in the Mediterranean
region in ancient times. In Europe, the first written mention of the fruit comes from the Greek writings of
Theophrastus in the 4th century BC [16]. But archaeological research suggests its presence possibly as far
back as the 6th century BC in Sardinia and the Campanian coast. Archaic citrus forms were present in Italy
at least by the 1st century BC, according to archaeobotanical evidence [17]. In the New World, the citrus
was introduced in the 16th century AD. The etymology of the name derives from the Greek “Kedros” in
reference to trees such as cedars, pines or cypresses with their refreshing scent. Important early work in
citrus cultivation, “Hesperides sive de malorum aureorum cultura et usu” from the 17th century AD, hinted
to an association of citrus fruits and golden apples from the garden of Hesperides, an ancient Greek legend
that predates citrus introduction in Europe [12]. Nonetheless, botanically the fruit of this genus is called
hesperidium [18].

The majority of hybrids and admixtures of the current commercial importance or the cultivated citrus
express phenotypes that are maintained by continuous clonal propagation by grafting or apomixis via
nucellar polyembryony [12].

2.2 Botany

Genus Citrus L. belongs to the family Rutaceae, subfamily Aurantioideae, tribe Citreae, subtribe
Citrinae [19,20]. The genus Citrus is one of the genera belonging to the “true citrus” group with almost
all of the commercially cultivated citrus situated in this genus [19-22]. At the time of writing this work,
checklist of genus Citrus lists 33 accepted species and hybrids [23], as presented in Table A1. Classification
of this genus remains challenging, mainly due to a lack of consensus in what differences may justify species
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status. Most of the modern cultivars have interspecific origin because citrus species are sexually compatible
able to produce fertile hybrids [12].

The members of the genus Citrus are shrubs or small trees, evergreen, rarely deciduous. The young
branches are often flat and angled, usually presenting spines at axils. Leaves are most often 1-foliolate,
with the petiole usually conspicuously winged and articulated with the base of the leaf blade. The leaf
blade is more or less leathery, presenting dense pellucid fragrant oil spots; the leaf margin is crenulate
to entire. Flowers are fragrant and hermaphrodite or male, either solitary or arranged in small axillary
inflorescence. The calyx is shaped as a cup and is subglabrous. Petals vary in number, are imbricate and
thick, and are white in color or pinkish-red outside. Stamens are usually either free or basally fused. The
flower has a nectary disk. The ovary has several locules, each with two or more ovules. The characteristic
fruit is classed as a hesperidium with adaxially attached seeds. The seed germination is hypogeous [24].

Hesperidium is characterized by a leathery epicarp (syn. exocarp) that presents the color and secretory
structures of EO, a soft spongy mesocarp usually white in color and a thin endocarp filled with many
succulent trichomes called juice sacs that make the pulp of the fruit [18,25,26]. Citrus fruits have been
considered non-climacteric. Experimental evidence suggests that only young citrus fruitlets exhibit a
climacteric mechanism that subsequently gets lost during growth and maturation [27]. Hence, citrus fruits
ripen before harvest, and this is generally indicated by the rind changing in color with the exception of some
orange varieties that change color before ripeness [14]. In the Northern Hemisphere the fruit harvesting
starts in October-November and may continue until late spring and early summer of the following year.
Crops from regions closer to the equator may flower 2—3 times a year [25].

Early reference taxonomic systems of classification for the genus Citrus such as those proposed
by T. Tanaka or W.T. Swingle and P.C. Reece, dealt with morphology, biogeography and sexual
compatibility [12,20,28]. To these followed findings that rely on molecular tools, which increase the
precision of the insight into this genus [29,30]. Metabolomic approaches are versatile for taxonomic insights,
especially applicable for Citrus genotypes characterization and germplasm evaluations [31]. Genomic and
phylogenetic research revealed that several industrial citrus types occurred from repeated hybridization
among a small ancestral core, primary comprised by: citron (C. medica), mandarin (C. reticulata) and pomelo
(C. maxima) [11,30]. This core represents the origin of cultivated Citrus group. Subsequent recombination
among these basic taxa gave rise to other economically important citruses such as sweet and bitter/sour
orange, grapefruit, lemon and lime [32]. This explains why some commercial citruses genetically are
situated within the same group (genetic affinity), but display distinct phenotype which is relevant for
industrial purposes and applications.

Based on Table 1, can be observed that POWO (Plants of The World Online) nomenclature reflects
genetic ancestry and phylogenetic affinity of interest for botanists, whereas RHS (Royal Horticultural
Society) grouping is oriented toward cultivation practice. Industry names have been well-established
for decades across literature and emphasize the distinct chemical, sensory, and functional identities of
commercially important citrus types. Regarding this last instance, T. Tanaka system of classification [33]
had great influence by imbedding in use some of the names for citrus types in circulation in agriculture,
trade, EO literature, standards, pharmacopoeias and industry.
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Table 1: Correspondence between some commercial Citrus names and nomenclature used in current sources.

Common Name Plants of the World  Royal Horticultural = Frequently Used in European
Online (POWO)* Society (RHS)? Industry (ISO)* Pharmacopoeia (EPh)*
bereamot Citrus x limon (L.) Citrus x limon Citrus bergamia Risso )
& Osbeck Bergamot Group & Poit

. ) Citrus aurantium L. ssp.
. ) . Citrus x aurantium . . ; ;
bitter orange Citrus x aurantium L. Citrus aurantium L. aurantium (C. aurantium

Sour Orange Group L. ssp. amara Engl.)

raefruit Citrus x aurantium f. Citrus x paradisi Citrus x paradisi
u ;
srap aurantium P Macfad.
Citrus x limon (L. Citrus limon (L.
lemon (@) Citrus x limon (L) Citrus limon (L.) Burman
Osbeck Burman
Citrus x aurantiifolia Citrus aurantifolia
key lime . . Citrus x aurantiifolia . . -
Y (Christm.) Swingle f (Christm.) Swingle
. Citrus reticulata . . Citrus reticulata . .
mandarin Citrus reticulata Citrus reticulata Blanco
Blanco Blanco
Citrus x aurantium f. Citrus x aurantium Citrus sinensis (L.) Citrus x sinensis (L.)
sweet orange .
aurantium Sweet Orange Group Osbeck Osbeck.

Sources: 'POWO [23]; 2RHS [34]; *ISO 4720:2018—International Organization for Standardization EOs Nomenclature [35];
“EPh [36].

Citrus has a basic chromosome number of x = 9 [37]. Genetic transformation allows the introduction of
traits without altering the elite genetic background. This is important for citrus improvement of commercial
species such as sweet orange, lemon and grapefruit where due to existing heterozygous and complex genetic
structure, transformation might be one of the best tools [13]. Citrus phylogeny studies remain challenging,
particularly due to the difficulty of identifying pure wild progenitor species in the context of consistent
interspecific hybridization in this genus [12].

2.3 The Fruit Peel and Secretory Structures

The flavedo is comprised of epicarp, hypodermis, outer mesocarp and oil glands. The epicarp is covered
towards the exterior with a cuticle that is complex in its origin, development and structure. The epicuticular
waxes are synthesized by epidermal cells and continue to deposit as the fruit grows, hardens and later
develops cracks naturally. Studies in some varieties of orange, tangerine and lemon revealed that initially
these wax layers are amorphous and later, as surfaces crack, they get lifted to form large and irregular flat
plates. Their main function is to prevent water loss through the peel. Stomata are spread over the surface
of the fruit between the oil glands, and found in higher numbers in the style region and decreasing towards
the stem and calyx region. The stomata get plugged by waxes as the fruit grows and matures [25].

The epicarp presents plastids: chloroplasts that turn into globular chromoplasts (with carotenoids)
as the fruit changes color from green to yellow or orange when ripe [38]. Based on the observation of a
healthy lemon fruit peel section, the epidermis is made of polygonal isodiametric cells with no intercellular
spaces, and the epidermis has a uniform thickness. The cells immediately beneath the epidermis make up
the hypoderm and are small thick-walled parenchymatous cells with no intercellular spaces surrounding
the oil glands [39].

The secretory glands of the Citrus peel are named rind oil glands [40], or secretory cavities [41]. More
precisely, the colorless hypodermis and outer mesocarp located immediately beneath epicarp contain the
oil glands [25]. These glands are the main sites of synthesis, secretion and accumulation of EO and develop
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progressively with the fruit growth. Although the mode of secretory cavity formation in Citrus has been
debated, with interpretations ranging from schizogenous to lysigenous or the overlapping of both as model
of development, the more recent evidence is supporting the first. Study on the ontogeny of these secretory
structures identified four stages. The first is starting in the ovary of the flower (from an epidermal cell and
a subepidermal cell) and is leading to the formation of an initial cell group found in young fruits. In the
second stage this initial group develops into a glandular structure with a lumen. The third stage corresponds
to the lumen-expanding stage. In fourth and final stage of maturity, the lumen reaches its final size. In the
mature glands, the secretory cavity consists of a conical cap and a globular gland. The lumen is lined by cell
layers comprised of tangentially elongated cells with dense cytoplasm. These are surrounded by a sheath
of several layers of elongated cells with higher vacuolization [42]. The characteristics of the rind oil glands
can be used for storage time prediction as demonstrated for oranges [40]. The EO glands are ranging in
sizes between 10-100 pum [25] or even larger, between 200-400 um [42]. A study comparing differences
between the peel of Pompia (an Italian lemon variety) and pomelo has put in evidence notable differences
in the localization variability and size of these EO secretory structures. Firstly, a greater variation in the
distance from epidermis of oil secretory cavities was observed in the lemon variety (at depths of 16 pm to
2100 wm) compared to pomelo in which secretory cavities were positioned more superficially under the
epidermis (at depths of 9 um to 216 um) and were larger than in the lemon variety studied. In addition,
in the epidermis of Pompia, having characteristic wrinkled surface, histologic analysis indicated both the
presence of stomata but also discontinuities reminiscent of lenticels [41]. The EOs from these secretory
glands give the specific citrus aroma [25]. If the glands rupture by impact, fruits develop oleocellosis—a
specific lesion of the rind [43].

The albedo is the inner mesocarp and is made of parenchymatous cells with air spaces in between,
acting as shock absorbent against impacts. It has varying thickness from thin as in limes (1-2 mm), to
medium in oranges (2—-5 mm) and thick in pomelos (up to 20 mm). Main vascular bundle strands make up
a network along the fruit axis [25], and extend radially from the inner mesocarp towards the epidermis,
branching with increased frequency as they approach the epidermis [44]. The flavedo and albedo are
blended together, but cell division in albedo tissue ceases after 8—9 weeks and then grows by expansion,
while flavedo cell division continues until the fruit maturity [25]. A study on peel of lemon and pomelo
showed a change in the arrangement of cells between endocarp and pericarp with an increase in the number
of cells per millimeter towards the epidermis [45]. The surface of the flavedo is slick [39].

In Fig. 1, the aspect of the fruit peel sections of some commercial citrus types can be observed. It can
be noticed that globular secretory glands with the lumen filled with EO are imbedded at different depths
beneath the epidermis, more or less reaching into the white spongy mesocarp, indicating they are not
confined to the epicarp sensu stricto.
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Figure 1: Fruit peel section: lemon (a,b), grapefruit (c), sweet orange (d), pomelo (e,f), clementine (g,h) (scale bar = 1 mm);
brackets indicate the flavedo region.

Microscopic examination of the peel section shows that the epicarp surface of the lemon has small
depressions at the place where secretory cavities are located (Fig. 1a,b), the grapefruit epicarp surface is
smooth over the secretory cavities (Fig. 1c), while in the pomelo the secretory cavities are superficially
located and have small convex protrusions towards the exterior (Fig. 1e,f). The flavedo of sweet orange
(Fig. 1d) and clementine (Fig. 1g,h) has many secretory cavities one next to another, while in pomelo these
are more sparsely arranged with distance between them (Fig. 1e,f).

3 Essential Oil

3.1 Composition and Bioactivity

Citrus EOs are comprised mostly of terpenes (with monoterpenes as dominant) as well as some
oxygen-containing compounds. The volatile components represent around 90% of the EO, while non-volatile
components are being found in very small amounts. It was determined that terpene hydrocarbons (mainly
monoterpenes) while abundant in peel EO, have a lower contribution to specific aroma on their own
or may act as flavor carriers and, furthermore, can be removed to increase the intensity of the aroma.
Instead, oxygenated compounds, while present in lower amounts in EO were found to be responsible for
the characteristic aroma of each citrus type [4]. The citrus EOs are soluble in natural oils, alcohol and
ether, but insoluble in water [5]. Based on the EO composition from the seven most important commercial
citrus types (Table 2), there are reported components belonging to six main classes of compounds, yet,
their presence varies (Table 2). The distinctive aroma of various citrus types is due to a particular profile
and represents criteria of selection for destinations of use [46]. Metabolomic profiling based on citrus peel
EOs is supporting chemotaxonomic classification and can be a versatile method for germplasm evaluation.
Particularly, D-limonene, x-pinene, sabinene and terpinene isomers were shown to be key metabolites
relevant for distinction and classification of Citrus genotypes [31].
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Table 2: EO peel composition of some commercial Citrus types.

EO Components Composition (%) Mininum — Maximum Values
& &
3 g E £ g
£ £ & g Y g £
Class Compound* 15 Q 2 E £ T ¢
3 3 ) = = g 9
/M = C) = 2
- )
limonene 32-47 93-95 92-96 56-78 36-46 65-75 92-97
{3-pinene 4-8.5 0.2-1.2 0.05-0.2 7-17 1-3 1.2-2.0 0.02-0.3
y-terpinene 6-10 - - 6-12 10-13 16-22
Monoterpene .
hydrocarbons sabinene - - 0.1-0.6 1-3 0.1-0.3 <0.3 0.2-1.1
o-pinene - 0.2-0.7 0.2-0.6 - 0.8-1.3 1.6-3 0.4-0.6
myrcene - 1.5-3 1.5-2.5 1.1-1.5 1.5-2.0 1.5-2.5
p-cymene - - 1.5-2.8 <1.0
y-terpineol - - - - 0.7-1.4 - -
«-terpineol - - - <0.6 6-8 - -
Oxygenated monoterpenes linalool 3-15 0.1-0.4 - - - - 0.2-0.7
(monotepene alcohols)
fenchol - - - - 0.4-0.8 - -
borneol - - - - 0.5-0.8 - -
Oxygenated monoterpenes geranial 0.25-0.5 - - 0.5-2.3 - - 0.03-0.2
(monoterpene aldehydes) neral - - 0.02-0.04  03-15 - - 0.02-0.1
neryl acetate - - - 0.2-0.9 - - -
Oxygenated monoterpenes
V8 P linalyl acetate 22-36 0.5-1 - - - -
(monoterpene esters)
geranyl acetate - 0.1-0.3 - 0.1-0.8 - - -
3-caryophyllene - t, 0.2 0.2-0.5 <0.5 0.4-0.8 - -
germacrene D - t,0.2 - - - - -
S . valencene - - - - - - 0.02-0.5
esquiterpene
hydrocarbons 3-bisabolene 0.3-0.7 - - - 1-15 - -
«-bergamotene - - - - 0.5-0.9 - -
a-farnesene - - - - 0.6-0.9 - -
Oxygenated nootkatone - - 0.01-0.8 - - - -
sesquiterpenes trans-3-nerolidol - t,0.2 - - - - -
nonanal - - 0.04-0.1 - - - -
Aliphatic aldehydes
: octanal - t, 0.1 0.2-0.8 - - - 0.1-0.4
(non-terpenoid)
decanal - t, 0.3 0.1-0.6 - - - 0.1-0.4
Nitrogen-containing methyl
. . - - - - 0.3-0.6 -
aromatic compounds N-methylanthranilate
Reference source! [47] [48] [49] [36] [50] [36] [36]

*limonene is referring to predominantly D-limonene, and borneol to predominantly D-borneol; "EO composition was referenced
from EPh monograph where available; for citrus peel EO not covered by the monograph, ISO standards were used; t—traces, “-”
values are given in the cited source.

no

D-limonene is the major component of EOs from the most important commercial citrus types (Table 2),
and is responsible for the pleasant lemon-like aroma [51]. This compound has broad ecological role in plants,
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such as chemical defense of tissue and antifungal protection to name some of the most notable [52]. The
body of research in the last 30 years on D-limonene (the main monoterpene in citrus EOs) is particularly rich,
and research topics are widely concerned with its biologic activities (Table 3). The structure of this molecule,
(R)-4-isopropenyl-1-methylcyclohexene, is characterized by a six-carbon ring with a carbon-carbon double
bond and an isopropenyl side chain [51], conferring its lipophilic property, which is important for its
biologic activity, especially in the interaction with microbial cell membranes [53]. This compound has a
low toxicity [54] and was studied on model animals to prospect the potential development of therapeutic
uses [55]. People can be exposed either intentionally or incidentally to D-limonene from cosmetics, additives,
supplements, pesticides or flavored foodstuffs. This substance has a short half-life in humans ranging
between 12-24 h and is excreted mainly through urine [54].

Table 3: Main biologic activities of D-limonene studied over last 30 years [53].

Activity Summarized Mode of Action Potential Relevance

board-spectrum antibacterial activity; better
Antimicrobial inhibitory effect against Gram-positive than
Gram-negative pathogens

adjuvant in overcoming or treating infections of
antibiotic-resistant strains

can enhance the activity of some key
antioxidant enzymes in human body
(superoxide dismutase, heme oxygenase-1);
inhibits lipid peroxidation

Antioxidant protective effect for cells to oxidative damage

inducing apoptosis, inhibiting cell proliferation
Anti-cancer and angiogenesis; regulating multiple signaling
pathway and autophagy-related pathways

chemoprevention, reducing
cancer cell proliferation

inhibition of pro-inflammatory cytokines;
reducing the levels of some facors and enzymes
Anti-inflammatory involved in inflmamtory response; inhibiting alleviating inflamation
specific signal transduction pathways (of
pro-inflamatory genes);

inhibition of neuroinflamatory markers; brain cell protective effect; improvement in

Neuroprotective . . . o .
regulation of neurotransmitter activity congnitive function

Bergamot EO has a green to greenish-yellow color [4] and is distinguished by its elevated content of
monoterpene esters compared to the other citruses (Table 2), with linalyl acetate conferring a floral-fruity
scent note [56], in addition to linalool (Table 2) that contributes to the characteristic bergamot scent [57]. A
study screened the antibacterial properties of bergamot EO against eight Listeria monocytogenes strains
isolated from seafood, poultry and humans. There was observed a variable effectiveness of EO depending on
the strain. The minimum inhibitory concentration ranged between 5 pL/mL to 0.625 pL/mL [58]. Distilled
extract obtained from bergamot EO, was studied for the kinetics of antimicrobial activity against clinical
isolates using a time-kill assay. Results demonstrated significant antimicrobial activity. The microscopic
examination revealed compromised microbial cell integrity, including membrane damage and structural
disorganization that caused bacterial and fungal cell death [59].

Bitter orange EO has a pale yellow or yellowish-brown color [4], and the volatile profile is strongly
dominated by limonene with only a minor fraction of other compounds (Table 2). Bitter orange EO was tested
against an eclectic selection of microorganisms, including foodborne, plant-pathogenic and environmental
bacteria, highlighting the baseline antibacterial activity across different groups. The results showed that the
best activity was against Pectobacterium carotovorum. Furthermore, vapor-phase EO effectively inhibited the
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spoilage bacteria in a food model (carrot) in a concentration-dependent manner. Overall the study indicates
strain-dependent activity, but also a several-times-smaller effect compared to reference antibiotics [60],
suggesting its potential rather as supporting or adjuvant antimicrobial role.

Grapefruit EO has a greenish-yellow color [4], and besides being limonene-rich, it is characterized
by the presence of the oxygenated sesquiterpene nootkatone, which is responsible for the characteristic
grapefruit scent [61], together with minor aliphatic aldehydes that further shape the scent profile, including
octanal, described as having a fruity scent [62] and nonanal, associated with rose-orange notes [63]. A
study has put in evidence a minimum inhibitory concentration of 2.5 mg/mL of the grapefruit EO against
Escherichia coli, with a 2-8 times better effect compared to other citrus EOs tested [64].

Lemon EO has a yellow or pale greenish-yellow color [4], and in addition to limonene as a major
component, it also presents higher levels of 3-pinene (Table 2), a compound described as having a
turpentine-like scent with dry, woody or resinous nuances [65]. A study on Eureka lemon indicated
that peel EO obtained by cold-pressing shows higher antioxidant activity than the one obtained by
hydro-distillation [66]. A comparative study has put in evidence that lemon EO displayed stronger
bactericidal potential against Escherichia coli than other citrus types. The minimum bactericidal
concentration against Escherichia coli was 10 mg/mL, lower than that of D-limonene or other citrus
EOs tested [64].

Lime EO is colorless or pale yellow [4], displaying a more complex monoterpene profile with a lower
proportion of limonene but a higher contribution of x-terpineol (oxygenated monoterpene) (Table 2),
described as having a floral (lilac-like) scent [67]. A comparative study revealed that while key lime EO
nano-emulsion demonstrated lower antibacterial activity than kaffir lime and particularly calamansi lime
across the tested bacteria strains, the key lime EO nano-emulsion proved more stable over storage, showing
the smallest reduction in inhibition zone after 1 month. This is relevant for incorporation in beverages or
water-based food products as antimicrobial agents and for flavoring [68].

Mandarin EO has a greenish-yellow or reddish-yellow color [4], and besides high limonene content
has notably higher levels of y-terpinene, and the presence of the nitrogen-containing aromatic compound
methyl N-methylanthranilate (Table 2); y-terpinene is responsible for the lemon-like (citrusy) aroma [69].
The antimicrobial potential of EO from Nanfeng mandarins was assessed using the filter paper diffusion
method against the most common food-borne pathogens. Results showed the inhibition zone diameter
of EO against Pseudomonas aeruginosa was 7.93 mm and against Escherichia coli was 9.48 mm, exceeding
ampicillin. Furthermore, the minimum inhibitory concentration against Bacillus subtilis was 6.25 pL/mL of
EO, lower than ampicillin of 25 puL/mL, indicating a four times higher potency to inhibit this bacterium
than the antibiotic. Regarding the antioxidant activity of mandarin EO, compared to the reference
antioxidant butylated hydroxytoluene (BHT) it was lower; however, there were noted some interesting
cultivar-dependent differences [70].

Sweet orange EO has a yellow or reddish-yellow color [4], and its limonene-rich profile has only a
limited contribution of other compound classes (Table 2). The antimicrobial potential of EO from Gannan
Newhall navel oranges was assessed using the filter paper diffusion method against five common food-borne
pathogens. Results indicated an inhibition zone of 10.77 mm against Escherichia coli, exceeding ampicillin.
The minimum inhibitory concentration of orange EO was 6.25 and 100 pg/mL against Bacillus subtilis and
Pseudomonas aeruginosa respectively, both surpassing the effect of ampicillin [70].
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3.2 Extraction and Safety
3.2.1 EO Extraction

The citrus peel EO is obtained by mechanical extraction (cold-pressing of peel) or distillation, the
first one resulting in a higher quality and market price compared to the second one [4]. According to the
European Pharmacopoeia, cold-pressing involves the expression of the EO from the pericarp (without heat)
followed by the subsequent separation by physical methods. The steam distillation by comparison obtains
the EO by the passage of water steam through the plant material, which condensates and is collected [36].
On a small-scale, EO can be obtained directly from the peel by hand-pressing, collecting in brine solution on
ice followed by centrifugation at 4°C, then by dehydration of the supernatant with anhydrous sodium sulfate
and finally by filtration [4]. Modern approaches use ultrasound-assisted extraction, microwave-assisted
extraction and supercritical fluid extraction for increasing the efficiency of EO extraction from citrus
pericarp [71].

For commercial purposes, there are three industrial approaches for EO extraction from Citrus peel:

- recovery of EO from fruit waste after extraction of juice;
- recovery of EO from flavedo after removal from fruit by abrasion or shaving;
- simultaneous extraction of juice and EO emulsion from fruit [4].

Depending on the equipment used for the extraction, the general principle is that secretory glands from
the Citrus pericarp are ruptured. This can happen before juice is extracted or during the extraction of juice
from the fruit followed by spraying of water. Then, the water emulsion undergoes centrifugation. In the
first stage, the product stream goes into the centrifuge, having an EO content of 0.5 to 2% and exits having
70-90% EO content. In the second stage of centrifugation this is further concentrated to 99%. However, the
resulting EO retains dissolved wax residues that remain completely soluble in the EO at temperatures over
15-20°C. Through “winterization” the EO is held at temperatures of 1°C or lower for a varying duration up
to 30 days, resulting in the precipitation and settling of the wax component that can be removed [72]. EO is
to be recovered immediately due to changes in composition caused by activity of microorganisms [5].

After extraction, the citrus EOs are not always used directly in their native form. Considerable research
attention is given to the development of modulating treatment of EO or delivery systems that are meant to
improve specific properties, stability, handling and functional performance. Cold plasma treatment of citrus
EO was shown to modulate and enhance secondary aroma notes that can further expand the flavor and
fragrance applications [73]. Also, deterpenation techniques of citrus EOs enhance the oxygenated fractions,
improving characteristics for food applications [74].

3.2.2 EO Safety and Delivery

Citrus EOs are classified as GRAS (generally recognized as safe) and therefore used for flavoring.
Furthermore, these are non-toxic, non-mutagenic and non-carcinogenic [75]. D-limonene, the main
component of citrus EO, is safe for all animal species when used as a flavoring agent, except for male rats,
at a maximum proposed dose level of 25 mg/kg feed [76].

While the use of citrus EO experienced an increase in cosmetics, there must be considered the challenges
related to potential health-damaging effects of EO or its contamination. For decades, bergamot EO has been
widely used in cosmetics due to its distinctive refreshing scent, but became restricted in most countries in
later years due to phototoxicity and berloque dermatitis risk. In aromatherapy caution shall be considered
for psoralen-containing citrus EOs [4]. However, aside from the moderate phototoxicity risk of bergamot
and lime EOs, most commercial citrus types EOs have been assessed as not phototoxic or of low risk [75].
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The contamination of citrus EO along the production and storage chain is an important safety concern.
Firstly, some pesticide residues can persist on the fruit peel due to treatments applied to the crop. Another risk
is related to the major plastic contaminants, such as phthalate esters, chloroparaffins and phosphorylated
plasticizers during processing or storage. Other contaminants such as hypochlorous acid (HOCI) can
have as source either the chlorine-treated water used in EO recovery process or various sanitizers used
in the postharvest chain—this compound can further react with certain terpenes resulting in terpene
chlorohydrin [4]. A study identified three terpene chlorohydrins in cold-pressed orange EO that occurred
by reaction of hypochlorous acid with D-limonene [77].

The ISO 210:2023 provides the guidelines related to the packaging, conditioning and storage of EOs.
These consider the potential reactivity of EO components with storage containers [78]. Citrus EO has
a typical shelf life of 1-2 years. During storage, oxidation products increase in concentration. Quality
depreciation of citrus peel EO may occur during storage due to evaporation, oxidation, polymerization,
rearrangement and cyclization of some labile constituents in the presence of ambient factors (e.g., heat, light,
oxygen, moisture). Following such processes, the occurrence of off-notes (alcohols, carbonyl compounds,
esters, epoxide and hydrocarbons) alters the aroma characteristics. The main drivers of oxidation are
autoxidation, photo-oxidation, lipoxygenase-assisted oxidation or thermal oxidation [4]. Particularly, the
predominant compound of Citrus EOs, limonene, can generate some allergenic oxidation products during
handling and storage such as R-(-)-carvone and R-(+)-limonene 2-hydroperoxide [54].

Cold-pressed citrus EO has been suggested as more stable than distilled EO due to the presence of some
non-volatile components (e.g., polymethoxylated flavones and coumarins) that have antioxidative properties.
Encapsulation represents an effective approach to protect EO from environmental factors and minimize
loss of volatile flavor compounds. As for technique, citrus peel oil can be spray-dried and encapsulated in a
double emulsion for cosmetic applications [4]. Optimized delivery systems become indispensable to meet
the requirements of modern applications. An experimental study microencapsulated bitter orange EO in
maltodextrin and whey protein concentrate, using the spout fluidized bed drying technique to obtain a dry
powder comprised of microencapsulated particles that are suitable for handling, storage and controlled
release [79]. A recent study successfully used electrospinning to incorporate orange EO into an antimicrobial
starch-based fibrous delivery system suitable for packaging [80]. Research demonstrated that bergamot EO
can be encapsulated in protein-polysaccharide nanocomplexes that result in enhanced physical stability and
bioactivity that emphasizes their potential use as nanocarriers in pharmaceutical and food applications [81].
A study explored the conversion of bergamot EO into solid dosage forms optimized for pharmaceutical
and nutraceutical applications [82]. Efficient delivery systems are becoming essential in translating the
bioactivity of citrus EOs into more stable and safer applications in food, cosmetics and pharmaceutics.

4 Destinations of Use and Bio-Based Value Chain
4.1 Flavors and Other Food-Related Uses

Citrus peel EO as well as extracted EO finds wide application in food industry. The citrus peel can be
used as such, being rich in EO and highly aromatic. The peel of lemon has about 2.5% EO [83]. The level
of citrus flavor use is variable, ranging from 200 ppm in drinks to more than ten times more in chewing
gum [6]. The grated lemon zest is used in cooking and for lemonades [84]. Cold-pressed citrus EOs are used
in soft-drinks, sherbet, confectionary and bakery [4]. It is estimated that about 20% of confectionary (hard
candy and boiled sweet) is citrus flavored [6]. Earl Gray tea is flavored with bergamot EO [85]. Carbonated
soft drinks, commonly called “sodas” or “fizzy drinks”, can be flavored with citrus EOs. The lemon-lime and
orange soft-drinks concentrates are the most commonly used. Citrus EOs are incorporated into proprietary
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flavor systems which are fractions often referred to as “parts” depending on brand and formulation, a
common example being Cola Parts L, II, Il or more [86]. Citrus flavoring contributes to a high percentage of
all soft drinks produced in the world. The concentrated and terpeneless EOs are used both for their flavor
effects and stability in the production of clear beverages [6]. Citrus peel EO is also used in pharmaceutical
products to improve the taste of drugs [4].

Besides being a flavor enhancer, citrus EO has potential as a preservative agent of food products [5].
A study demonstrated the effectiveness of guar gum-chitosan edible films enriched with orange EO
nano-emulsion 3:1, in the preservation of Inner Mongolian cheese. The results indicated the effectiveness
of the packaging material to extend the shelf life and safety of cheese by improving physicochemical
stability, inhibiting microbial growth and delaying lipid oxidation [87]. A study created biodegradable
films with modified carioca bean starch and 10% orange peel EO, having antifungal properties for cake
preservation. During nine days of storage, the cake covered in a package with EO exhibited higher fungal
growth control compared to the film with no EO [88]. A study assessed the potential application of
xanthan gum and pectin film enriched with orange peel EO in the preservation of meat. Results indicated
an EO dose-dependent improvement in the mechanical strength and antioxidant activity, accompanied
by enhanced radical scavenging capacity of the coating. After ten days of storage, the chicken meat
covered with the bioactive film with 1.5% EO displayed a lower rate of pH increase, indicative of delayed
spoilage [89]. Nano-fiber obtained from a blend of polymers (Eudragit and collagen) and functionalized
with bitter orange EO, demonstrated parameters suitable for wide food packaging applications [90]. EO can
be used as a reducing agent of peroxidase activity in stored leafy vegetables or as an antioxidant in edible
oil. Furthermore, citrus EO can potentially inhibit the formation of N-nitrosodimethylamine (NDMA), a
carcinogen that may occur in the processing or storage of food products [4].

The preservation of foodstuffs is becoming highly researched due to novel possibilities of application
methods such as thin edible films and packaging, microencapsulation and nano-emulsion. However, some
practical challenges remain and these are mainly related to the interaction between food products (e.g., meat
proteins) and EO components that might result in the destabilization of volatile components, leading to the
generation of undesired compounds or reduced effectiveness. Another concern is related to unpleasant
organoleptic changes EO might bring to food stuffs [5]. The citrus EO applications for beverages bring
different challenges not encountered in other food applications, due to low levels of EO used in water at
low pH that may lead to reactions that impact flavor quality [6]. These challenges represent viable future
research topics into optimizing citrus EO use for food and beverages.

4.2 Fragrance and Other Non-Food Uses

The fragrance of citrus peel EO finds a diverse non-food destination of use. In the fragrance industry,
citrus is an important “top note”. The citrus note has low sillage and is created by a blend of EOs from
citruses. It is suitable for either floral, woody, aldehyde or oriental bouquet [4] as presented in Table 4.

Top luxury fragrance companies include citrus-scented products in their portfolios. One of the widely
used websites for perfume information lists 955 fragrances in the “citrus” group across multiple brands
and classified as either unisex or for men or women [91]. A recent market report further indicates that by
application, the men segment is projected to maintain a larger share of the citrus scent perfume market,
throughout the forecast interval of 2025-2033 [3].
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Table 4: Citrus EO destination based on fragrance [4].

Citrus Characteristics Recommended Destination
bergamot refreshing perfumes including chypre and fougére
grapefruit well in combination with spicy aromas perfumes
lemon most widely used colognes
lime well paired with other citrus or spices masculine fragrances
orange sweetest out of citruses cosmetics and soaps

Aromatherapy based on citrus EOs is used for relieving symptoms and increasing well-being,
particularly associated with modulation of mood and stress, besides some physiological functions. The
most common mediated way of aromatherapy is through inhalation and topic absorption through the skin.
When inhaled, the volatiles are delivered to the central nervous system. The fragrant molecules activate
the olfactory sensory neurons inside the nasal cavity and send signals to the regions in the brain involved
in automatic regulation, emotion and cognition. At the level of respiratory epithelium, EO molecules can
be absorbed into the systemic circulation [92]. Retailers recommend bergamot EO for massage therapy,
orange and grapefruit for uplifting mood while lemon and lime aroma for stimulant effect over the digestive
system [93]. Some citrus EO compounds were associated with different beneficial therapeutic effects
relevant for aromatherapy, such as limonene, 1,8 cineole, &- and [3-pinene, y-terpinene, myrcene, p-cymene,
linalool and camphene [92].

4.3 Citrus EO Value-Chain Timeline

Citrus is among the most important fruit trees in the world, with two clearly differentiated markets:
fresh fruit and processed juice, with orange as predominant in both, followed by mandarins, lemons and
limes and finally grapefruit [13]. The citrus value chain is linking vertically various actors from farmer to
consumer and is linked horizontally with other value chains [94]. The Citrus EO bio-based value chain
starts at the biologic level, where the genotype interacts with the environmental conditions and cultivation
technology to determine fruit yield with its quality and peel characteristics (Fig. 2).
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Figure 2: Summary of bio-based value chain of Citrus EO from agriculture to flavor and fragrance markets (original
infographic by L.C.).
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The composition of the citrus EOs is variable, under the influence of factors such as genotype (species,
variety, cultivar), cultivation practices, extraction and separation methods [5]. A large part of raw material
for EO extraction is generated by the citrus juice industry [95,96]. The citrus juice industry produces
massive waste, accounting for 40-50% of the total fruit weight (comprised of peel and bagasse), and the
extracted EO from citrus peel represents one the most important by-product of this Citrus processing
industry [66].

The zest of the fresh citrus fruits contains EO that is responsible for the taste, explaining the wide
use in bakery and lemonades [84]. Industrial flavor and fragrance applications are relying on EO. The first
largest destination is soft drinks, followed secondly by confectionery [6]. In the beverage industry, citrus
EOs are typically supplied by large soft-drink licensing companies as concentrate formulations to smaller
licensed bottling companies [86]. The residual processing streams present increasing opportunities for the
valorization of recovered compounds that anchors this value chain into the bioeconomic framework. The
various fractions of peel waste and residue are rich in compounds that can be recovered and used across
various industries [95,97-100].

While consumer trends are in favor of an increased market of citrus flavors and fragrances, the main
risks and threats are related to the unavailability or quality of raw materials. These stem from agronomy
factors, such as unpredictable weather conditions or fruit diseases, but also from non-compliance with
standards and regulations that can lead to recalls and industry restrictions, or thirdly could be impacted by
trade politics [2]. Certification schemes remain powerful approaches that can play a role in transnational
regulation of the global citrus supply chain. These overcome the limited power of national governments
in enforcing conditions of production abroad and therefore remain important leverage points in ensuring
quality [101]. As citrus EOs are experiencing increased use as flavoring agents and as their consumption
rises, it is expected that requirements for purity and stability will become more strict [6]. Novel directions
are shaped by digital shopping, interactive experiences and traceability [2].

Despite increasing demand, with both flavor [2] and fragrance [3] markets projected to increase, a
recent report showed that for 2024/2025, production declined for major citrus types across important
exporting countries, mainly due to unfavorable weather events that impacted the crops [102]. Furthermore,
it has been outlined that a smarter and efficient planning of the production and distribution systems in the
citrus supply chain is needed [94]. In this regard, increasing demand might raise prices if the production
declines in the following years. For this reason, agronomic aspects must be examined and addressed to
ensure a steady and reliable supply of citrus raw materials into the EO value chain.

5 Conclusion

Flavedo is a region of the citrus fruit peel that presents the secretory structures responsible for EO
biosynthesis and accumulation. The flavedo constitutes the critical anatomical interface that connects
botany to industrial valorization of citrus EO. The aroma of EO is the basis of fragrance and flavor use.

Citrus EO composition is dominated by D-limonene, a monoterpene hydrocarbon having a generic
citrusy aroma. However, its presence may vary widely from less than 50% from EO composition (bergamot,
lime) to over 90% (orange and grapefruit). This major compound is complemented by other constituents
that confer the specific aroma identity to varying citrus types (e.g., nootkatone, linalool).

Bioactivity of EOs complements their primary flavor and fragrance functions. The first major
destination of use for the EO is flavoring of soft drinks (lime, lemon, orange) followed by confectionary.
The food industry is sourcing the bioactivity and functional properties for both preservation and health.
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The fragrance industry is an important destination for EOs, with a projected market increase over the
next decade.

The value chain is enjoying the opportunity of abundant raw material (fruit peels) from the juice
industry, with citrus EO representing the most valuable by-product of this industry. Evidence on the
botany, phytochemistry and applications highlights citrus EO as a valuable plant-derived resource that
sustains food, fragrance and other bio-based related value chains. Recent challenges are related to some
environmental and agronomic factors that could impact sustainability.
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Appendix A
Table A1: Citrus genus species and hybrids sensu POWO (alphabetic) [23].
Citrus Native Range’ Notes
Citrus assamensis R.M.Dutta & Bhattacharya Assam to Bangladesh
Citrus x aurantiifolia (Christm.) Swingle E. Himalaya cultigen
Citrus x aurantium L. S. China cultigen
Citrus australasica F.Muell. Australia (SE. Queensland to NE. New South Wales)
Citrus australis (Mudie) Planch. Australia (SE. Queensland)
Citrus cavaleriei H.Lév. ex Cavalerie Central China (to NW. and W. Hunan)
Citrus x depressa Hayata* East Asia (intoduced) natural hybrid
Citrus garrawayae F.M.Bailey E\éel:x; Sllslli:relz)(GOOdenough Island), Australia
Citrus glauca (Lindl.) Burkill Australia (Queensland to New South Wales)
Citrus gracilis Mabb. Northern Territory
Citrus halimii B.C.Stone S. Thailand to Peninsula Malaysia, N. Borneo.

E. Himalaya to China (Yunnan, N. Guangxi) and

Citrus hystrix DC. Wallis Island

Citrus indica Tanaka Assam to Bangladesh

Citrus inodora F.M.Bailey Australia (Queensland)

Citrus japonica Thunb. SE. China to Hainan

Citrus khasya Markovitch Sikkim to Bangladesh

Citrus latipes (Swingle) Tanaka Assam to N. Myanmar

Citrus x limon (L.) Osbeck - cultigen

Citrus mangshanensis SW.He & G.F.Liu China (Hunan: S. Nanling Mountains)
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Table A1: Cont.

Citrus

Native Range’ Notes

Citrus maxima (Burm.) Merr.

Assam to Indo-China

Citrus medica L.

W. Central Himalaya to Myanmar

Citrus neocaledonica Guillaumin

New Caledonia

Citrus oxanthera Beauvis.

New Caledonia

Citrus polyandra Tanaka

NE. New Guinea to Bismarck Archipelago

Citrus polytrifolia Govaerts

China (SE. Yunnan)

Citrus pubinervia D.G.Zhang, Z.H Xiang & YWu

China (SW. Hubei, NW. Hunan)

Citrus reticulata Blanco

China (Guangxi to Hunan and Jiangxi)

Citrus swinglei Burkill ex Harms

Hainan Malaysia

Citrus trifoliata L.

Central and S. China

Citrus undulata Guillaumin

New Caledonia

Citrus wakonai P.LForst. & M.W.Sm.

Papua New Guinea

Citrus warburgiana F.M Bailey

Papua New Guinea

Citrus wintersii Mabb.

Papua New Guinea

*hybrid naturally occurring between the native and naturalized parents; 'acronyms for N—north, S—south, W—west, E—east.
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