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Abstract

Background: The Mediterranean Diet (MedDiet) is a global benchmark for the preven-
tion of cardiometabolic diseases and healthy aging, with Olea europaea L. (O. europaea
L.) and Citrus bergamia Risso et Poiteau (bergamot) serving as primary sources of bioac-
tive molecules such as phenols, in particular flavonoids. Recent evidence highlights a
paradigm shift from traditional agricultural yield toward a precision-nutrition model, in
which the health-promoting potential of these species is increasingly recognized to arise
from the interplay between genetic background and environmental factors. Objectives
This review summarised current evidence on how genetic variability drives the metabolic
fingerprints of olive and bergamot, exploring the integration of genomic, transcriptomic,
and metabolomic data to identify cultivars with superior nutraceutical value. Results:
Evidence suggests that phytochemical profiles of O. europaea L. and Citrus species, including
bergamot, are shaped by the interaction between genetic background and environmental
conditions, with genotype contributing significantly to metabolic variability. Specific O.
europaea L. and Citrus genotypes display distinct metabolic fingerprints characterized by
different bioactive compound profiles, potentially underlying variations in antioxidant,
cardioprotective, lipid-lowering, and anti-inflammatory properties. Conclusions: The
integration of high-resolution genotyping and metabolic profiling supports the selection
of superior genotypes for standardized, evidence-based nutraceuticals. Future advances
in precision breeding are expected to further enhance the health-promoting traits of these
Mediterranean species.

Keywords: Olea europaea L.; Citrus bergamia; genotype-driven variability; nutraceutical
potential; multi-omics integration; bioactive polyphenols; mediterranean diet
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1. Introduction

1.1. Nutritional and Functional Significance of Olea europaea L. and Citrus bergamia Risso
et Poiteau

A milestone publication by the EAT-Lancet Commission in 2019 introduced the
concept of the “planetary health diet,” a dietary model characterized by a high consumption
of fruits, vegetables, legumes, whole grains, nuts, vegetable oils and a limited intake of red
meat, sugars, and ultra-processed foods. The report highlighted that the Mediterranean diet
(MedDiet) represents a real-world and culturally grounded example of this approach [1].
In particular, MedDiet is considered a gold-standard dietary model for the prevention
of chronic diseases, particularly cardiometabolic disorders [2,3]. Moreover, extensive
scientific evidence has demonstrated its association with a reduced risk of several types
of cancer and improved therapeutic outcomes [4-6]. Growing evidence also indicates
that the MedDiet supports the maintenance of a healthy gut microbiota [7], serving as
an effective nutritional strategy for promoting healthy aging, mitigating inflammaging
processes, thereby contributing to health preservation throughout the lifespan [8].

MedDiet is mainly based on traditional foods and beverages, often homemade, char-
acteristic of the countries surrounding the Mediterranean Sea. Olea europaea L. (O. europaea
L.) and Citrus bergamia Risso et Poiteau (bergamot) represent two major sources of bioac-
tive compounds with well-recognized nutraceutical potential, whose content is strongly
influenced by genetic variability, environmental factors and soil type [9,10]. Indeed, olive
cultivation, harvesting, and oil extraction have historically been central to the MedDiet in
this region, while the use of bergamot in traditional medicine is currently being rediscov-
ered due to its unique polyphenolic profile.

1.2. Mediterranean Diet: Linking Plant Biodiversity to Nutraceutical Potential

O. europaea L. and bergamot have attracted growing scientific interest due not only to
the nutraceutical potential of their fruits and oils, but also to many of their by-products,
which are rich in bioactive phenols [11-15]. For instance, olive mill wastewater (OMWW),
a by-product of industrial extra virgin olive oil (EVOO) production, has been found to
contain high concentrations of bioactive phenolic compounds [16]. Similarly, the phar-
maceutical potential of bergamot juice (BJ) and albedo, collectively known as ‘pastazzo’,
has recently been reassessed through the development of a method to concentrate and
dry these materials, resulting in a flavonoid-rich extract known as Bergamot Polyphenolic
Fraction (BPF) [17]. Despite the remarkable composition of O. europaea L. and bergamot,
their phytochemical fingerprints, particularly that of bergamot, have not been sufficiently
explored. Indeed, a clear gap remains in our understanding of how specific genotypes
correlate with metabolite profiles and, with the yield of bioactive compounds, relevant to
nutraceutical applications.

Recent advances in plant omics technologies have made it possible to bridge this gap
in nutraceutical research, supporting both precision agriculture and precision nutrition. By
integrating genomic, transcriptomic, and metabolomic data, these approaches provide a
comprehensive understanding of how genetic variability shapes phytochemical composi-
tion among cultivars, linking agricultural biodiversity to human health outcomes [18].

This review aims to address this gap by exploring the integration of genotypic charac-
terization, transcriptomic analyses, and metabolomic profiling as a strategy to identify and
select plant cultivars with enhanced nutraceutical potential.

Techniques such as single nucleotide polymorphism (SNP) genotyping, whole-genome
sequencing, and RNA-sequencing (RNA-seq) allow the identification of genes and regu-
latory networks involved in polyphenol biosynthesis [19-21]. Moreover, metabolomics is
the most recently emerged branch of omics sciences, along with genomics, transcriptomics,

https:/ /doi.org/10.3390 /nutraceuticals6030051


https://doi.org/10.3390/nutraceuticals6030051

Nutraceuticals 2026, 6, 51

3 0f 30

lipidomics, and proteomics, characterizing the biochemical phenotype underlying phyto-
chemical accumulation [22]. Integrating these complementary omics datasets with quantita-
tive phytochemical profiling supports cultivar selection, targeted breeding, and the sustain-
able valorization of agricultural by-products for nutraceutical applications (Figure 1).

Olea europaea L. Citrus bergamia Risso et Poietau
GENETIC DIVERSITY (CULTIVARS, WILD, CLONES) GENETIC DIVERSITY (CULTIVARS)
MOLECULAR MARKERS (SSR, SNP, AFLE, ISSR) MOLECULAR MARKERS (SSR, SNP)
TRANSCRIPTOMIC PROFILING (RNA-SEQ) TRANSCRIPTOMIC PROFILING (RNA-SEQ, MYB TRANSCRIPTION
FACTORS)
METABOLIC PATHWAY (PHENYLPROPANOID METABOLISM / METABOLIC PATHWAY (PHENYLPROPANOID METABOLISM /
SECOIRIDOID BIOSYNTHESIS) FLAVANONE BIOSYNTHESIS)
MAJOR METABOLITES: OLEUROPEIN, OLEOCANTHAL, OLEACEIN, MAJOR METABOLITES : NARINGIN, NEOERIOCITRIN, NEOHESPERIDIN,
HYDROXYTYROSOL BRUTIERIDIN, MELITIDIN
BREEDING STRATEGIES: MARKER-ASSISTED SELECTION, GENOMIC BREEDING STRATEGIES: MARKER-ASSISTED SELECTION, GENOMIC
PREDICTION, PRECISION BREEDING PREDICTION, PRECISION BREEDING

/ Key evidence

Extensive genetic diversity
Strong evidence for genotype-
dependent phenolic variation

+  GxE interactions modulate

metabolite accumulation

+ Flavanones as major bioactive

metabolites

Figure 1. Integrated overview of genetic variability, molecular markers, metabolic pathways, and
breeding strategies for precision nutraceutical development in O. europaea L. and bergamot. Olea
europaea L. (O. europaea L.), Citrus bergamia Risso et Poiteau (bergamot), Simple Sequence Repeats
(SSR), Single Nucleotide Polymorphism (SNP), Amplified Fragment Length Polymorphism (AFLP),
Inter Simple Sequence Repeat (ISSR), RNA-sequencing (RNA-seq).

This perspective introduces a pivotal conceptual shift that highlights how the eval-
uation of plant varieties should not be limited to agricultural yield but rather extend to
the ability of a specific genotype to generate a well-defined and reproducible range of
bioactive metabolites. In this context, the MedDiet needs to be rethought as more than just
a food pattern, but as an integrated agro-genetic ecosystem shaped by ages of co-evolution
between local environments, traditional cultivars, and food practices. Distinct plant geno-
types determine unique metabolic fingerprints, which in turn may influence bioactive
compounds and their bioactivity and clinical outcomes.

2. Genotype-Dependent Phenolic Variability in Olive Oil: Olea europaea
L. Cultivar Selection

Botanical Background and Health Relevance of Olea europaea L.

O. europaea L., a member of the Oleaceae family, is one of the oldest long-lived ev-
ergreen woody tree crops in the world. The species includes more than 1200 cultivars
and is represented by two coexisting forms of the subspecies europaea, the wild form (O.
europaea subsp. europaea var. sylvestris) and the cultivated form (O. europaea subsp. europaea
var. europaea) [23]. Around 96% of the world’s olive oil (OO) is from the Mediterranean,
which is a feature of the area [24]. The major cultivars of O. europaea L. in Italy include
Frantoio, Leccino, Coratina, Carolea, Moraiolo, Ogliarola and Itrana. EVOO represents a key
constituent of the MedDiet, serving as its main lipid source. The phytochemical compo-
sition of EVOO includes polyunsaturated fatty acids (PUFAs), mainly linoleic acid (LA),
monounsaturated fatty acids (MUFAs), tocopherols, phytosterols, squalene, and phenols
(oleuropein, tyrosol and hydroxytyrosol); LA is classified as an essential fatty acid because
it cannot be synthesized endogenously and must therefore be obtained through the diet [25].
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Furthermore, LA and «-linolenic acid represent a fundamental structural component of
cellular membranes, and play a crucial role in modulating membrane fluidity, as well as
the activity of membrane-associated enzymes and receptors [26].

Evidence from human intervention studies has progressively strengthened the as-
sociation between EVOO consumption and improved health outcomes, showing that
phenolic-rich VOO may improve oxidative stress markers by reducing oxidized low-density
lipoprotein (LDL) levels and increasing LDL resistance to oxidation [27], and in 2011, the
European Food Safety Authority (EFSA) approved a health claim for EVOO polyphenols,
stating they protect blood lipids from oxidative stress.

The effect of EVOO on lipoprotein profile, blood pressure, endothelial function, chronic
inflammation, and metabolic syndrome, related to glucose metabolism and oxidative stress,
has been linked to reduced risk of cardiovascular disease (CVDs) [28].

It also has a protective function in treating liver fibrosis and Metabolic Dysfunction-
Associated Steatotic Liver Disease (MASLD) [29-31]. In addition, multiple studies suggest
that EVOO has been linked to potential protective effects against certain types of cancer and
may improve chemotherapy response [32-34]. However, the concentration and composition
of bioactive compounds in EVOO are highly variable and depend on multiple factors,
including cultivar, environmental conditions, and processing practices. Understanding the
determinants of this variability is essential for identifying olive genotypes with enhanced
nutraceutical potential.

3. Determinants of Phenolic Variability and Extraction Technologies

The health benefits of EVOO are widely known, but its chemical profile is strongly
influenced by geographical origin, agronomic practices, harvest timing, pedoclimatic
conditions, processing techniques, and genetic background [35].

In particular, the phenolic composition of newly produced EVOO is primarily de-
termined by the olive cultivar and is further modulated by agronomic factors, including
climatic conditions, fruit ripening stage, irrigation practices, and the presence of plant
pathologies, as well as by technological factors such as the oil extraction process, malaxa-
tion temperature and duration, water addition, and storage conditions [36]. The importance
of phenolic content, typically ranging from approximately 100 to over 300 mg/kg, lies in
its strong influence on the antioxidant potential of EVOO and its contribution to sensory
properties, particularly bitterness.

The methodology employed for EVOO extraction has a significant impact on polyphe-
nol retention. Laboratory-scale and mild extraction approaches (ultrasound-assisted tech-
niques, tailored solvent systems) tend to preserve higher levels of polyphenols, includ-
ing hydroxytyrosol and oleuropein derivatives, compared with conventional industrial
processes, which may result in polyphenol losses exceeding 60% due to more severe
processing conditions.

Accordingly, current research in extraction and analysis emphasizes the use of chro-
matographic techniques alongside innovative extraction strategies, including alternative
green solvents such as 2-methyloxolane (2-MeOx) and supercritical fluid technologies, to
enhance polyphenol recovery and analytical accuracy [37].

Genetic Improvement and Molecular Approaches for Nutraceutical Enhancement

Strategies aimed at enhancing secondary metabolite profiles and supporting nutraceu-
tical design include the development of markers for cultivar characterization and genetic
improvement. Before the advent of molecular tools, olive cultivars were identified based
on morphological, biochemical, and agronomic traits [38]. In recent years, several selection
programs have emerged, primarily through direct cultivar crosses, to boost olive tree ge-
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netic diversity and identify new genotypes better suited for modern farming, high-quality
oils, and an improved bioactive compound profile. Molecular marker techniques, devel-
oped and improved, have transformed genetic diversity analysis, offering dependable
tools for varietal fingerprinting, phylogenetic reconstruction, and parental relationship
analysis. Deoxyribonucleic acid (DNA)-based technologies such as Restriction Fragment
Length Polymorphism (RFLP), Random Amplified Polymorphic DNA (RAPD), Amplified
Fragment Length Polymorphism (AFLP), Variable Number of Tandem Repeats (VNTR),
and Simple Sequence Repeats (SSR) have proven particularly effective in identifying poly-
morphisms useful for traceability, varietal authentication, and marker-assisted selection
(MAS) [39-41]. To fully assess the pharmacological potential of O. europaea L., integrated
approaches combining genetic, biochemical, and pharmacological analyses are needed.
Such strategies may help the development of genotype-driven nutraceuticals and promote
the selection of cultivars with high functional value (Figure 2).
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Figure 2. Genotyping of O. europaea L. enables selection of progeny with enriched phenolic profiles
(tyrosol, hydroxytyrosol, oleuropein, oleocanthal, oleacein) for nutraceutical applications. Olea
europaea L. (O. europaea L.).

4. Genotyping and Phytochemical Composition in O. europaea L.
4.1. Genetic Determinants of Phytochemical Composition and Nutraceutical Traits in Olive Oil

The cultivar genotype is a significant factor influencing EVOO phytochemical compo-
sition, shaping the accumulation of bioactive compounds and the associated nutraceutical
properties. Molecular genotyping approaches have therefore become valuable tools for
identifying cultivars with enhanced health-promoting characteristics. Several studies have
investigated the relationship between O. europaea L. genotype and phytochemical pro-
files, revealing significant variability among cultivars and providing valuable information
for breeding programs aimed at improving nutraceutical traits (Table 1). According to
a study conducted on virgin olive oils (VOOs) obtained from 44 O. europaea L. cultivars
over three growing seasons (2015-2018), over 65% of the variance in phenolic content was
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due to the genotype, with only 3.67% attributable to interannual environmental factors.
Genotype strongly influences both phenolic content and composition, contributing to the
variability observed among olive cultivars. Several cultivars showed distinct phenolic
signatures, with some genotypes characterized by higher levels of 3,4 DHPEA EDA (olea-
cein) and p-HPEA-EDA (oleocanthal), whereas others accumulated higher proportions of
ligstroside and 3,4-DHPEA-EA (oleuropein aglycone) derivatives [42]. The identification of
new olive genotypes with improved qualitative traits compared with traditional cultivars
represents one of the main objectives of genotype-based selection approaches. In this
context, analyses of EVOO’s chemical composition from two new Tunisian O. europaea L.
cultivars (Nourgou and Gousalani) showed important differences that mainly depended
on the genotype. Phytochemical analyses revealed genotype-dependent differences in
tocopherols, pigments, sterols, fatty acids, and phenolic compounds, with Gousalani oils
showing higher total phenolic content and stronger antioxidant activity than Nourgou. Ad-
ditionally, in vitro antioxidant assays, including ferric reducing antioxidant power (FRAP)
and oxygen radical absorbance capacity (ORAC), showed strong antioxidant activity and
high reducing power, both significantly affected by genotype [43]. In the context of genetic
improvement strategies, wild germplasm represents a valuable source of genetic diversity
for breeding programs, particularly for the introgression of desirable phytochemical traits.
Analysis of 27 genotypes of O. europaea subsp. cuspidata revealed a wide spectrum of secoiri-
doids, flavonoids, and triterpenic acids, with metabolic profiles significantly different from
those of cultivated control genotypes. These findings highlight the potential of wild olive
germplasm as a reservoir of rare alleles that can be exploited to enhance phytochemical
composition in cultivated olive [44]. In line with this concept, the contribution of genetic
diversity to phytochemical variability has also been demonstrated through comparative
analyses between cultivated and wild olive genotypes. The genetic variation among four
cultivated cultivars (Arbequina, Arbosana, Picual, and Koroneiki) and one wild Saudi Arabian
olive cultivar was assessed using molecular and phytochemical analysis. A high degree of
polymorphism was detected using RAPD (95.9%) and inter-simple sequence repeat (ISSR)
(86.4%) markers, along with a high Polymorphic Information Content (PIC) > 82%. Gas
Chromatography—Mass Spectrometry (GC-MS) analysis identified 199 compounds in the
cultivars, including phenols and fatty acids. The observed correlation between genetic
distance and phytochemical variation suggests a possible relationship between genetic
diversity and oil chemical composition [45]. Breeding approaches further demonstrate the
potential of genotype selection to improve VOO bioactive profiles. In progenies derived
from crosses among Arbequina, Arbosana, and Sikitita, phenolic variability exceeded that of
parental cultivars, with >92% of the variance attributed to differences among genotypes, en-
abling the selection of high-phenolic individuals. These outcomes highlight the importance
of selective genotyping in producing oils rich in nutraceuticals [46].

4.2. Effect of Genotype on Crosses and Early Selection

The development of new olive cultivars through controlled hybridization has become
a key strategy for improving both agronomic performance and oil quality. Compara-
tive analyses of oils obtained from controlled crosses and their parental cultivars have
shown that genetic recombination contributes substantially to phenolic variability. Liquid
Chromatography-Quadrupole Time-of-Flight Mass Spectrometry (LC-QTOF-MS) profiling
identified 37 phenolic and related biosynthetic compounds, while multivariate analyses
clearly discriminated against oils according to genotype, highlighting differences in the
accumulation of key secoiridoids, flavonoids, and phenolic acids. Compounds such as
hydroxytyrosol, hydroxypinoresinol, quercetin, and several phenolic acids were among
the main contributors to genotype-dependent variation. Overall, these findings support
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the important role of genetic background in modulating the phenolic composition of
olive oil and suggest that integrating metabolomic profiling into breeding programs may
facilitate the identification and selection of cultivars with improved nutraceutical and
sensory characteristics [47].

4.3. Genotype x Environment Factors

Phenolic compound biosynthesis in O. europaea L. is determined by a complex inter-
play between genetic background and environmental conditions, resulting in substantial
variability among cultivars and growing conditions; in fact, although genotype represents
a major determinant of phenolic composition, environmental factors such as climatic con-
ditions, geographical location, seasonal variability, harvest date, water availability, and
cultivation practices can modulate phenolic accumulation and influence the expression of
cultivar-specific traits. Comparative analysis of phenolic compounds in Arbequina, Coratina,
Hojiblanca, Koroneiki, Martina, and Picual cultivars showed that genetic variability was
the main factor explaining differences in phenolic composition, although environmental
conditions such as harvest date, season, and location also influenced phenolic accumulation
through genotype x environment interactions. The analysis revealed strong genotype-
dependent differences in total phenolics and individual secoiridoids, with Coratina main-
taining high phenolic levels and cultivar-specific variation observed for compounds such
as dimethyl oleuropein, dimethyl ligstroside, and hydroxytyrosol derivatives. The phenolic
profile of Martina was more similar to its male parent Arbequina than to Picual, suggesting a
significant genetic contribution to phenolic inheritance. This observation further supports
the heritable component of phenolic composition and suggests that parental genotype can
influence the inheritance of metabolic traits. However, environmental effects were evident,
as phenolic content decreased during fruit maturation and varied between cultivation
sites, with Picual showing greater seasonal reduction than Coratina and strong differences
between Cérdoba and Tenerife. These results highlight the role of genotype in driving
olive phenolic composition while emphasizing the importance of genotype x environment
interactions [48-50]. Consistent with this concept, studies performed under contrasting
climatic conditions have demonstrated the strong influence of environmental variables
on olive oil composition. In the Zalmati cultivar, for example, precipitation affected pig-
ment accumulation, whereas temperature variation was associated with changes in fatty
acid composition, a-tocopherol content, and other quality parameters [51]. Furthermore,
environmental influence extends beyond geographic location to encompass abiotic and
biotic factors associated with climate change and sustainable soil management. Water avail-
ability, soil microbiota, and other environmental cues can modulate phenolic biosynthesis
through the regulation of physiological and molecular pathways. Alongside environmental
effects on metabolite accumulation, recent studies indicate that abiotic stress can trigger
genotype-specific molecular responses. Under drought conditions, olive cultivars activate
distinct transcriptional and metabolic pathways regulating phenolic biosynthesis and stress
adaptation [52]. Collectively, although genetic background represents the main determinant
of olive phenolic composition, environmental factors modulate metabolite accumulation
through complex genotype x environment interactions. Understanding these interactions
is therefore essential for breeding programs aimed at developing olive cultivars with stable
and enhanced nutraceutical properties across different cultivation environments.
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4.4. Impact of Genotype and Breeding on Extra-Virgin Olive Oil Composition

Clone-derived oils generally represent an additional approach to improving olive oil
quality by enhancing desirable compositional and sensory traits. The comparison between
native olive cultivars from the Emilia-Romagna region and their selected clones revealed
that clonal oils exhibited higher OA levels and lower proportions of PUFAs, together
with increased concentrations of bioactive phenolic compounds, including oleuropein
aglycone, elenolic acid, and Deacetoxy-oleuropein-aglycone, a phenolic molecule derived
from oleuropein, that could prevent platelet clumping, potentially lessening thrombosis
risk, and promoting cardiovascular health. These compositional differences were also
reflected in sensory characteristics, as clone-derived oils were generally perceived as more
bitter, pungent, and fruity than oils from the parental cultivars [53].

Beyond clonal selection within existing cultivars, controlled hybridization represents
another breeding strategy to generate new genetic combinations and enhance desirable
quality traits in olive. A representative example is provided by Sicilian olive cultivars,
where selective breeding of high-quality cultivars, including Nocellara del Belice, Tonda
Dolce di Partanna, Nocellara Messinese Spina, and Buscionetto, led to the development of new
genotypes with distinct genetic profiles and valuable phenotypic characteristics. Genetic
characterization confirmed the diversity and parental origin of these genotypes, while
differences in phenolic content influenced fermentation behavior and the accumulation
of bioactive compounds. Hybrids exhibiting higher phenolic levels showed increased
concentrations of oleuropein-derived metabolites, such as hydroxytyrosol and tyrosol,
highlighting the potential of breeding strategies to improve the nutraceutical properties
and quality traits of olive products [54].

The evaluation of segregating olive populations has further highlighted the broad
phenotypic variability generated through sexual reproduction and its potential for breeding
programs. Analyses of VOOs obtained from open-pollinated Manzanilla de Sevilla progenies
and controlled crosses (Arbequina x Arbosana, Picual x Koroneiki, and Sikitita X Arbosana)
revealed a remarkably wide range of phenolic contents, in several cases exceeding those
observed in the parental cultivars. While significant differences in the accumulation of
individual phenolic compounds, including vanillic acid, oleuropein aglycone, oleocanthal,
and p-coumaric acid, were detected among segregating populations, most of the observed
variation was attributable to differences among genotypes within each cross rather than
between different crosses. These findings emphasize the high genetic diversity generated
within breeding populations and suggest that evaluating a larger number of progenies
from individual crosses may be more effective than increasing the number of crosses
for identifying genotypes with superior phenolic profiles and enhanced nutraceutical
potential [55].

An analytical method with high throughput has been suggested to include pheno-
lic composition in olive tree genetic improvement programs’ selection criteria. Phenolic
assessment was performed in three comparative trials set up in typical olive-growing
areas of Andalusia (southern Spain): Morén (42.0% clay), Ubeda (31.9%), and Cérdoba
(22.3%). Two breeding selections (UCI-2-68 and UCI-5-65), along with their parents Picual
and Arbequina, were assessed using an unbalanced experimental design across all locations.
The outcomes demonstrate that UCI-2-68 is notable for its ideal phenolic composition,
enhancing its existing strong agronomic traits. The fruit and oil shared a high correla-
tion regarding total phenolic content, along with some specific phenols. Environmental
conditions strongly influence fruit and oil phenolic compounds, yet the classification of
genotypes stays fairly consistent across locations due to minimal genotype—environment
interaction. Given the high genotypic variance, it is possible to use the fruit phenolic profile
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for early selection, excluding genotypes unlikely to produce oils with sufficient phenolic
content [56].

The characterization of local olive germplasm represents an important strategy for
identifying genotypes with superior nutraceutical potential. In this context, molecular
and biochemical analyses of ten newly identified olive genotypes from the Umbria region,
combined with SSR-based genetic characterization, revealed substantial variability in
both major and minor oil constituents. Comprehensive profiling of fatty acids, phenolic
compounds, tocopherols, squalene, and sterols demonstrated marked differences among
genotypes, particularly in the content of x-tocopherol and squalene. Multivariate analysis
clearly discriminated the genotypes according to their phytochemical composition, enabling
the identification of elite accessions, such as Polvese 5 and San Mariano 4, characterized by
particularly favorable metabolic profiles. These findings highlight the value of integrating
molecular markers with metabolic profiling to support the selection and conservation of
local olive germplasm to produce high-quality, nutraceutical-rich EVOO [57].

The main characteristics of the studies investigating the relationship between genotype
and phytochemical composition in O. europaea L. are summarized in Table 1, whereas
Figure 3 provides a schematic overview of how genetic variability and environmental
factors interact to shape olive oil phytochemical profiles.

4 A A

GENETIC VARIABILITY ENVIRONMENTAL FACTORS
Soil

Commericial cultivars Climate .
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Figure 3. Genetic variability (commercial cultivars, wild germplasm, clones, and crosses) has a greater
impact on the phytochemical composition of olive oils than environmental factors (soil, climate,
processing, harvest date, season, and location). Oleocanthal, oleacein, oleuropein, and hydroxytyrosol
are the phenolic compounds whose accumulation is most strongly influenced by genotype.
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Table 1. Summary of studies investigating the influence of genotype on the phenolic and phytochem-
ical composition of olive fruits and olive oils (VOO/EVOO), highlighting the observed key results
and their implications for olive breeding and nutraceutical implications.

Study
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Methodological

Characteristics Authors, Year Material Target Compounds Key Results ) Breed- ) Considerations References
ing/Nutraceuticals
High genotypic
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and squalene

5. Genetic Influence and Phenolic Composition in Citrus bergamia
5.1. Origin, Geographical Recognition and Cultivar Variability of Bergamot

Bergamot represents a Mediterranean citrus fruit predominantly cultivated along
the Ionian coast of Calabria (Italy), where it is recognized with Protected Designation of
Origin (PDO) status [58]. Moreover, on 16 October 2025, it was officially granted Protected
Geographical Indication (PGI) status as “Bergamotto di Reggio Calabria”, as published in
the Gazzetta Ufficiale della Repubblica Italiana, n. 241 [59]. Its cultivation extends across the
Ionian coast of the Reggio Calabria province (from Villa San Giovanni to Gioiosa Ionica),
encompassing the Grecanica area and the costa dei Gelsomini (Jasmine coast).

The botanical origin of bergamot remains uncertain, with two main hypotheses cur-
rently recognized. The first hypothesizes that bergamot is a hybrid derived from Citrus
aurantium L. and classified as a botanical variety, Citrus aurantium L. var. bergamia Risso.
The second hypothesizes that bergamot originated from a spontaneous genetic mutation of
another citrus species.

However, more than 90% of the world’s bergamot production comes from Calabria,
a region in the Mediterranean basin in the south of Italy, where specific Mediterranean
microclimatic conditions and calcareous and alluvial soils promote vegetative growth and
phytochemical development, thereby enhancing the secondary metabolites profile [60-62].
Four groups of bergamot varieties have been identified: (i) the Common group, (ii) the
Melarosa group (rather flattened fruit), (iii) the Torulosa group (fluted fruit), and (iv) the
Piccola group (dwarf cultivars). The cultivars of the Common group are the most widely
cultivated and have been recognized three varieties: “Castagnaro,” characterized by larger
and wrinkled, but low aromatic fruits, “Femminello”, characterized by spherical, smooth and
aromatic fruits, with early and regular production, and “Fantastico” (known as “Inserto,”
a hybrid of Femminello and Castagnaro) which combines good productivity with medium-
sized fruits [60,61]. These cultivars may also exhibit distinct polyphenol content profiles.

Bergamot fruits, harvested from November to March, are spherical and yellow, known
as hesperidia, and are mainly used for essential oil (EO) and fruit juice production, with only
about 33% of total citrus fruits being utilized [63]. The remaining 70%, typically regarded
as waste, nonetheless represents a valuable source of secondary metabolites, EOs, dietary
fibers, and ascorbic acid.
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Several studies demonstrated that environmental factors, including altitude, latitude
and soil composition, are able to influence the quality and quantity of bioactive com-
pounds in bergamot [64,65], such as flavonoids (neoeriocitrin, naringin, neohesperidine)
and volatile compounds (limonene, linalool, linalyl acetate) [61]. Moreover, it has been
clarified that leaves may also serve as a valuable source of these bioactive compounds [66].
Thorough knowledge of the botanical and genetic characteristics of bergamot is essential
for genetic improvement programs and to ensure cultivar traceability and quality. In re-
cent years, comprehensive genetic and molecular investigations have been undertaken to
achieve a more selective characterization of bergamot and to elucidate the taxonomic equiv-
ocacy that still surrounds this species. Nowadays, due to their nutraceutical properties,
interest in bergamot and other fruit derivatives has increased.

However, further research on the genetic diversity of bergamot cultivars remains
crucial to fully understand their variability and to explore their potential applications in
nutraceutical and functional food development.

5.2. Phytochemical Profile and Industrial Valorization

Bergamot phytochemical composition is strongly influenced by factors such as botani-
cal variety, agronomic practices, fruit maturity, storage conditions, light exposure, and juice
extraction methods [20]. In addition to the fruit, bioactive compounds are distributed across
different anatomical parts, including the peel, juice, pomace, seeds, flowers, and leaves [67].
Although most bergamot is consumed fresh, a substantial proportion is processed into
products such as juices, jams, candied peel, and flavorings, generating organic waste that
may account for 50-70% of the fresh fruit weight, depending on the cultivar, product type,
and processing technology [58]. In terms of chemical composition, citrus fruits mainly
contain water (85-90%), fiber, proteins, sugars, lipids, minerals, vitamins, pectins, organic
acids, and a wide spectrum of secondary metabolites, including phenolic compounds,
terpenoids, carotenoids, alkaloids, limonoids, and coumarins. The dietary fiber in citrus
fruits is divided into soluble (pectin, fructans, psyllium) and insoluble (cellulose, hemicellu-
lose, lignin) fractions [68]. Soluble fibers are fermented in the colon, producing gelatinous
substances with prebiotic activity, while insoluble fibers enhance intestinal transit. The pre-
dominant organic acids are citric and malic acids, followed by succinic, tartaric, and oxalic
acids; phenolic compounds are the main bioactive constituents of citrus fruits, including
diferuloylmethane, stilbenes, phenolic acids, tannins, and, above all, flavonoids, considered
the most abundant and functionally relevant class. Flavonoids can be further categorized
into chalcones, flavones, flavanones, flavonols, and isoflavones, and are mainly present in
the form of glycosides, bound to different sugars. The highest concentrations are found in
the solid parts of the fruit (flavedo, albedo, and segmental membranes). Among the most
common flavanones in citrus are naringin, neohesperidin, and neoeriocitrin [69]. Further-
more, citrus fruits contain significant levels of terpenoids, mainly carotenoids, which are
tetraterpene pigments responsible for the yellow, orange, and red coloration of ripe fruits,
and limonoids, oxygenated terpenoids that impart their characteristic bitter taste, both of
which contribute to the fruit’s color, aroma, flavor, and overall sensory quality. Citrus fruits
are a significant source of vitamins (C, A, and B complex) and minerals such as calcium,
potassium, sodium, magnesium, iron, copper, manganese, and zinc. Bergamot essential oil
(BEO) is obtained through mechanical scraping and cold pressing of the epicarp and meso-
carp, and consists predominantly of volatile compounds, accounting for approximately
93-96% of its composition. The major constituents of this volatile fraction are limonene,
linalool, and linalyl acetate, while the remaining non-volatile fraction includes variable
amounts of pigments, waxes, coumarins, and psoralens. In contrast, BJ, derived from the
endocarp and pulp, contains a complex mixture of phenolic compounds, also present in
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the albedo; in fact, BJ is particularly rich in flavonoids such as naringin, neohesperidin, and
neoeriocitrin, as well as C-glucosides, flavanone-O-glycosides, and flavone O-glycosides,
including roifolin-4 -O-glucoside, neodiosmin, roifolin, and poncirin. Moreover, B] contains
furocoumarins such as bergapten and bergamottin, which are reduced or eliminated during
processing to minimize toxicity and ensure biocompatibility [70,71].

The distinctive quality of bergamot stems from its phenolic profile; in particular,
the BPF concentrates the most bioactive phenolic compounds responsible for the fruit’s
health-promoting properties. It is obtained from peeled fruits through industrial squeezing
and pressing, and its composition reflects that of BJ. The main constituents of BPF are
flavonoids identified by high-resolution mass spectrometry (HRMS) with an Orbitrap ana-
lyzer, which allows accurate profiling (<2 ppm) supported by Tandem Mass Spectrometry
(MS/MS) fragmentation analysis. Chemical characterization of the BPF has identified sev-
eral flavonoids, including naringin, neohesperidin, neoeriocitrin, neodiosmin, eriodictyol,
and unique bergamot molecules such as brutieridin and melitidin. The latter has a statin-
like 3-hydroxy-3-methylglutaryl (HMG) side chain, which is relevant to the lipid-lowering
properties of BPF [72,73], and the beneficial effects of bergamot on human health are
therefore mainly attributed to its flavonoid content; further compounds recently identified
include naringenin, hesperitin-6'-O-HMG-glucoside, and luteolin-7-O-neohesperidoside.
PCA of bergamot tissues also showed that the flavonoids neohesperidosides (neoerioc-
itrin, naringin, neohesperidin, roifolin) exhibit high factor loadings in the first principal
component, reflecting their characteristic distribution in different parts of the fruit [66,70].

6. Biological Properties and Nutraceutical Applications of
Bergamot Derivatives

6.1. Antioxidant, Neuroprotective and Cardioprotective Effects

Bergamot has been the focus of extensive scientific research and several recent studies
due to its biological effects and beneficial properties, observed since the times of folk
medicine, which laid the groundwork for in vitro and in vivo studies on bergamot and its
derivatives [74]. Recent studies have provided significant insights into the protective effects
of bergamot derivatives on oxidative stress-related damage in neuronal cells. BEO exerts
cytoprotective action, mitigating oxidative stress induced by hydrogen peroxide and the
neurotoxic heavy metal Cd?*. Furthermore, BEO has exhibited antibacterial action against
Gram-positive bacteria, such as methicillin-resistant Staphylococcus aureus (MRSA), and
Gram-negative strains, such as Klebsiella pneumoniae [63,75]. In vivo findings have shown
that BPF can reduce malondialdehyde (MDA) levels in rats fed a high-lipid diet (HLD)
and in rats fed a high-fat diet (HFD) [76]. Furthermore, in the liver of mice fed a high-fat
Western diet (WD SW) and treated with BPF, a reduction in biomarkers of oxidative damage
(e.g., 3-nitrotyrosine (3-NT)) has been observed [77]. The protective role of BPF against
cardiac toxicity induced by doxorubicin (Dox)-based chemotherapy has been extensively
documented through in vivo findings. Such cardioprotective effect is ascribed to the ability
of BPF to mitigate the accumulation of ROS in cardiomyocytes, preserving the functionality
of resident endogenous cardiac stem cells (eCSCs) (c-kit* CD45~ CD317) and preventing
the nuclear accumulation of 8-hydroxy-2'-deoxyguanosine (8-OHdG), thus contributing
to the reduction of Dox-induced cardiomyopathy [78]. BPF enhances antioxidant defense
mechanisms, thereby preventing tissue damage induced by oxidative stress. Although
most evidence on BPF activity derives from preclinical and mechanistic studies, preliminary
clinical investigations support its potential translational relevance. In patients receiving
second-generation antipsychotics, BPF supplementation was associated with reduced
body weight and improvements in metabolic parameters, suggesting a potential role
in mitigating metabolic alterations related to MS [79]. Additionally, an 8-week clinical
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study in patients with schizophrenia reported improvements in executive functioning
and verbal fluency following BPF supplementation, suggesting additional neuroprotective
and cognitive benefits of bergamot-derived phenols [80]. However, these findings should
be interpreted cautiously due to the limited sample sizes and short intervention periods.
Further randomized clinical trials are required to confirm BPF efficacy, clarify dose-response
relationships, and better define its bioavailability and long-term effects.

Metabolic and Anti-Inflammatory Effects

The lipid-lowering effects of bergamot, together with the reduction of oxidative stress
markers such as MDA, oxidized LDL, and associated signaling molecules including LOX-1
and PKB, suggest a potential role in modulating cardiometabolic pathways [73]. Bergamot
extracts have been associated with beneficial effects on lipid metabolism, including re-
ductions in LDL cholesterol and triglyceride levels, with emerging evidence suggesting a
potential role in the modulation of Proprotein Convertase Subtilisin/Kexin type 9 (PCSK9)
expression [76]. BPF has been shown to exert a lipid-lowering effect in the liver, leading
to a significant reduction in intracellular lipids in human hepatocytes, likely mediated by
an increase in 3-oxidation. The extract, characterized by a high content of neoeriocitrin,
naringin, and neohesperidin, showed a dose-dependent decrease in triglycerides and neu-
tral lipids in both rat cell models and three-dimensional human liver organoids [81]. BPF
may lower serum glucose, liver enzymes, and inflammatory markers (Tumor Necrosis
Factor Alpha (TNF-«), C-reactive protein (CRP)), helping prevent liver inflammation and
fibrosis. Its anti-inflammatory action is linked to reduced interleukin-6 (IL-6), increased
interleukin-10 (IL-10), and inhibition of the c-Jun amino-terminal kinase/p38 (JNK/p38)
Mitogen-Activated Protein Kinase (MAPK) pathway, partly through decreased Poly (ADP-
ribose) polymerase 1 (PARP-1) activity. BPF and flavonoid-rich bergamot extracts also show
anticancer-related effects, inducing cell cycle arrest and promoting apoptosis in various
human cell lines, while animal studies report reduced expression of pro-survival proteins.
In addition, bergamot polyphenol formulations improve gut microbiota balance in high-
fat-fed animals, leading to better metabolic profiles and lower lipopolysaccharide (LPS)
and oxidative stress levels [4,82,83].

6.2. Functional and Nutraceutical Potential of Bergamot By-Products

The successful extraction of phytochemicals with high biological value from berg-
amot waste has uncovered new evidence concerning their use in nutraceutical applications
(Figure 4) [12]. Extracts from leaves or processing waste have been shown to reduce
inflammatory markers and improve lipid profiles and metabolic parameters in in vitro
and in vivo models [84]. In obese animal models, leaf extracts reduced inflammation and
oxidative stress, with positive effects on liver inflammation and insulin sensitivity [85,86].
Formulations based on bergamot polyphenols, obtained from waste products, were able to
reduce liver inflammation and signs of cell damage [77]. Moreover, polyphenol-enriched
fractions obtained from bergamot leaves exhibit strong antioxidant and anti-inflammatory
activities, effectively reducing oxidative stress and pro-inflammatory signaling in cellular
and preclinical models [66]. Bergamot fibers are rich in antioxidants and nutrients that
can improve digestive disorders [87], and BPF combined with albedo and pulp fibers
counteracts alterations in gut microbiota prompted by a high-fat diet [82]. Recent evidence
also shows that BPF obtained from waste products can counteract diet-induced hepatic
steatosis by reducing lipogenesis, enhancing autophagy, and improving metabolic and
gut-microbiota parameters [88]. In addition, a novel waste-derived BPF formulation pro-
duced through sustainable microencapsulation has demonstrated enhanced metabolite
bioavailability and improved long-term stability [12]. In vitro and in vivo studies suggest
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that bergamot derivatives may reduce skin inflammation and modulate cancer cell pro-
liferation [74]. Nevertheless, as the available evidence is limited to experimental models,
additional well-designed clinical studies are needed to confirm these effects in humans.
Moreover, the composition of the derivatives, concentration, and bioavailability of the
active substances may differ widely depending on the type of extract and cultivar, hence
making it difficult to standardize nutraceutical treatments.

Waste disposal

Bergamot

/ Products with high

Products with high economic nutraceutical value

value

Figure 4. Schematic representation of bergamot processing chain, from the production of high
economic value products to waste management. The valorization of by-products represents an
effective strategy for the recovery of bioactive compounds with potential pharmacological properties.
Citrus bergamia Risso et Poiteau (bergamot).

Overall, bergamot represents a highly promising nutraceutical, with clinical applica-
tions and potential linked to the circular bioeconomy.

7. Molecular Genotyping and Metabolic Fingerprinting in Citrus
7.1. Metabolic Profiling and Nutraceutical Optimization in Citrus

Recently, advances in genomic and metabolic engineering approaches have opened
new perspectives for citrus improvement by enabling a deeper understanding of the ge-
netic and biochemical mechanisms underlying bioactive compound accumulation. This
integrated vision has contributed to the development of the concept of functional fruits,
where breeding strategies aim to combine agronomic traits with enhanced nutritional and
nutraceutical value (Figure 5). Large-scale genomic and metabolomic analyses of citrus
germplasm have enabled the construction of an atlas of species-level variation, reveal-
ing the genetic basis of metabolic diversity. A total of 19,829 significant SNPs associated
with 653 annotated metabolites were identified, including multiple signals relevant to
secondary metabolites, particularly flavonoids. During the differentiation of ancestral
citrus species, a significant differential accumulation of bioactive compounds in the phenyl-
propane pathway was observed, mainly flavonoids and coumarins, probably related to
the divergent distribution of haplotypes and/or expression profiles of key genes, such
as p-coumaroyl coenzyme A 2-hydroxylase (p-coumaroyl CoA 2’-hydroxylase), flavone
synthase, cytochrome P450 (CYP450) enzymes, prenyltransferase, and uridine diphos-
phate glycosyltransferase (UGT). In addition, antioxidant and anticancer activities were
systematically evaluated in 219 citrus varieties, identifying robust associations between
specific metabolites and distinct bioactivities. In particular, the integration of genomic
and metabolic approaches offers new opportunities to enhance beneficial flavonoid ac-
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cumulation while reducing undesirable coumarin-related compounds, supporting the
development of citrus cultivars with improved nutraceutical properties [89].
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Figure 5. Molecular genotyping of bergamot enables the identification of bioactive profiles for
nutraceutical development, with potential effects including cell cycle arrest, lipid-lowering activity,
and glycemic modulation.

7.1.1. Genetic Mapping of Flavonoid Biosynthesis and Metabolic Reprogramming

The extensive genomic and metabolomic resources generated from different citrus
germplasm collections provide a solid basis for the comprehensive characterization of
flavonoid biosynthesis and for the targeted exploitation of metabolites to improve fruit
quality. A high-density linkage map enabled large-scale analysis of flavonoid metabolic
traits in different tissues: young leaves, mature leaves, mature pulp and pericarp, of an F1
population of citrus pseudo-testcrosses, identifying 80 flavonoids and mapping 138 Quanti-
tative Trait Loci (QTLs) related to 57 of them in the four tissues analyzed. Transcriptomic
data and functional annotations identified 21 candidate genes, including a gene encoding
flavanone 3-hydroxylase (F3H), whose natural variation in dihydrokaempferol content was
confirmed to be due to mutations in both the coding region and the promoter [90]. While
these findings highlight the importance of allelic variation in shaping flavonoid biosyn-
thesis, genome duplication represents another important source of metabolic variation in
Citrus. Polyploidization can profoundly reshape metabolic pathways, thereby altering the
accumulation of bioactive compounds with potential nutraceutical value. A representa-
tive example is the tetraploid Citrus changshan-huyou, which has attracted considerable
interest in both citrus breeding and pharmaceutical applications. Comparison with the cor-
responding diploid genotype revealed extensive phenotypic, metabolic, and transcriptomic
changes. Most of the 2000 differentially accumulated metabolites, including flavonoids,
lignans, and coumarins, were downregulated, whereas alkaloids, amino acids, terpenoids,
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neohesperidin, quercetin-5-O-3-D-glucoside, and several organic acids were upregulated.
Furthermore, several genes involved in phenylpropanoid and flavonoid biosynthesis,
including members of the CYP450 family, F3'H, 4CL1, and UDP-glucose:flavonoid 3-O-
glucosyltransferase (UFGT), together with specific transcription factors, were associated
with the accumulation of neohesperidin and quercetin glycosides [91]. Comparable ef-
fects of polyploidization have also been reported in autotetraploid Citrus reticulata Blanco
(Ponkan mandarin), where fruits accumulated higher levels of primary metabolites, partic-
ularly organic acids, but lower amounts of flavonoids and carotenoids than diploid fruits.
This metabolic shift has been associated with reduced expression of genes involved in citric
acid transport and utilization, which may limit carbon availability for the biosynthesis of
secondary metabolites [92].

7.1.2. Metabolic Biomarkers and Enzymatic Determinants of Citrus Diversity

The combination of genetic characterization and chemical profiling provides valu-
able insights into citrus origin, diversity, and nutraceutical potential. In different citrus
varieties, including Chanh Giay, Ma Nao Pan, Nagpur, Pontianak, Dalandan, Qicheng, and
Mosambi, specific secondary metabolites such as polymethoxyflavones (sinensetin and tan-
geretin), furanocoumarins (bergapten and citropten), and volatile compounds (citronellol
and a-sinensal) have been identified as potential biomarkers for species discrimination.
Moreover, metabolic profiling can reveal differences not captured by genetic analysis alone,
as observed in citrus hybrids with similar genetic backgrounds but distinct volatile and
secondary metabolite compositions [93]. Beyond their use as taxonomic markers, metabolic
profiles can also reveal the enzymatic mechanisms underlying phytochemical diversity. In
citrus fruits, the enzymes 1,6-rhamnosyltransferase (1,6RhaT) and 1,2-thamnosyltransferase
(1,2RhaT) catalyze the conversion of flavanone-7-O-glucosides into non-bitter flavanone
rutinosides (FR) and bitter flavanone neohesperidosides (FN), respectively. Evidence on the
accumulation and variability of flavanone disaccharides across 36 citrus accessions showed
that their levels varied widely, ranging from undetectable in pomelo and kumquat to being
the predominant flavonoid compounds in sweet oranges and loose-skinned mandarins.

A previously annotated gene, 1,6RhaT, was also identified, which turned out to encode
a functional 1,6RhaT, confirmed by in vitro analysis. A total of 28 full-length alleles of the
1,6RhaT gene were isolated and classified into three categories (A, B, and C), but only type
A alleles were found to encode functional proteins. Coherently, only accessions containing
FR possessed type A alleles, as further verified in two F1 hybrid populations. Furthermore,
the reduced catalytic efficiency of 1,6RhaT compared to 1,2RhaT observed in vitro could
explain the lower proportions of FR compared to total flavanones in hybrids carrying both
functional RhaT [94].

7.1.3. Integrating Molecular Approaches and Regulatory Networks in Citrus Improvement

Evidence from the first correlation study between SSR markers and metabolic profiles
in Citrus aurantium leaves demonstrated a strong association between genetic variability
and chemical composition. Analysis of eleven Tunisian genotypes revealed significant
differences in phenolic content, with 21 phenols identified, including phenolic acids and
flavonoids such as naringin, catechin, and epicatechin. Both chemical profiling and SSR-
based genetic analysis showed high variability among genotypes, with PCA confirming
a clear correspondence between metabolic and molecular patterns. These findings high-
light the potential of integrating metabolomic and molecular approaches to identify valu-
able markers for citrus improvement programs [95]. Recent genomic, transcriptomic and
metabolomic analyses of pummelo have clarified the genetic and evolutionary basis of
the accumulation of bioactive metabolites in Pummelo (Citrus maxima or Citrus grandis),
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an important type for breeding in Citrus, clarifying how gene expansions and transcrip-
tional regulators have contributed to strengthening nutraceutical properties. Genotyping
was used to identify direct genetic regulators of metabolic pathways of nutraceutical inter-
est, developing an application model that shows how functional genes responsible for the
accumulation of bioactive compounds can be mapped. A multi-omics approach integrating
genome, transcriptome, and metabolome data from different Pummelo varieties, includ-
ing the medicinal variety Citrus maxima ‘Huazhouyou-tomentosa’ (HZY-T), enabled the
identification of genetic and metabolic determinants associated with bioactive compound
accumulation. Compared to the wild citrus species and related genera analyzed, Pum-
melo shows a significant increase in 43 bioactive metabolites and derivatives, particularly
flavonoids, terpenoids, and phenylpropanoid pathway compounds.

The HZY-T genome was assembled at the chromosome level, revealing expansions
of gene families involved in the biosynthesis of bioactive metabolites, indicating an evo-
lutionary adaptation that has favored the accumulation of substances with nutraceutical
value. The metabolic and gene expression profiles were analyzed in six stages of HZY-T
fruit development compared with another variety. The integration of the data made it
possible to reconstruct regulatory networks linking specific metabolites to candidate genes,
revealing substantial differences between the two varieties. Beyond structural variation,
transcriptional regulation also plays a central role in determining phytochemical diversity.
Transcriptomic analyses have identified CmtMYB108, a MYB family transcription factor, as
a potential regulator of flavone biosynthesis. CmtMYB108 modulates the expression of key
structural genes involved in the pathway, including phenylalanine ammonia-lyase (PAL)
and flavone synthase (FNS), contributing to differences in flavone accumulation among
Citrus species and related taxa. These findings highlight the role of regulatory networks,
in addition to genetic variation, in shaping phytochemical diversity and nutraceutical
potential [96].

7.1.4. High-Throughput Genotyping Platforms and the Genetic Basis of
Phytochemical Diversity

The development of high-throughput genotyping platforms has provided essential
genomic resources for dissecting the genetic basis of phytochemical diversity in Citrus.
Although Diversity Arrays Technology (DArT) markers were not originally designed to
investigate metabolic traits directly, their application has significantly improved the reso-
lution of genetic diversity and phylogenetic analyses within the genus. In particular, the
first application of DArT to Citrus provided new insights into the genetic relationships
between cultivated species and their wild progenitors. Using DNA from 16 key species, a
DArT microarray generated 727 polymorphic markers with high reproducibility (96.5%)
and a high call rate (91.16%). This platform therefore represents a valuable genomic re-
source for future association studies aimed at linking genetic variation with phytochemical
traits. Overall, the evidence discussed highlights how Citrus phytochemical diversity
is shaped by complex genetic mechanisms, including polyploidization, allelic variation,
and transcriptional regulation. Integrating high-throughput genomic approaches with
metabolomic profiling will be crucial for exploiting this diversity, supporting the develop-
ment of functional cultivars with enhanced nutraceutical properties, improving product
traceability, and facilitating the production of standardized citrus-derived extracts [97]. The
main recent scientific contributions, highlighting methodological strategies, key findings,
and implications for nutraceutical valorization, are summarized in Table 2.
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Table 2. Summary of studies investigating the influence of genotype on the phenolic and phytochem-
ical composition of bergamot, highlighting the observed key results and their implications for citrus

breeding and nutraceutical implications.

- Implications for Methodological
Authors, Year Study Characteristics Key Results Breeding/Nutraceuticals Considerations References
Identified SNP-metabolite
L associations linked to Development of functional . R
Liang X. etal., 2024 Mumf onies stuc}y of 299 flavonoid, coumarin, fruits and targeted genetic BlOaCtlYltle? evgluated [89]
citrus accessions S . . P mainly in vitro
antioxidant, and anticancer improvement of varieties
traits.
QTL mapping and 80 flavonoids identified and Identifying key genes for osﬁlgaltiol;l ?riﬁ?;ng’the
Mou]J. etal., 2021 metabolomics in an F1 138 related QTLs; 21 ying xey g pop A & [90]
. . - . MAS generalizability of the
citrus population candidate genes discovered S
findings
Comparative Polyploidization altered fruit Sinele senotype:
metabolomic and morphology, metabolite Targeted genetic me;gabgli to- }g;e,
Huang P. et al., 2025 transcriptomic analysis profiles, and secondary improvement to increase relationships rgn ainl [91]
of tetraploid and diploid metabolism-related gene bioactive metabolites correlgtive y
Citrus changshan-huyou expression
Comparative multi-year ~ In 4x fruits: increasing levels
metabolomic and of organic acids; decreasing Implications for metabolic
Tan EQ. etal., 2019 transcriptomic profiling levels of flavonoids and and functional quality of Single genotype [92]
of autotetraploid versus carotenoids through altered fruits
diploid Ponkan fruits citric acid metabolism
Integratg d SSR Identified marker metabolites; - SI_na_l I number of
genotyping and - . Standardization and varieties and lack of
Goh RM.V.etal., 2022 : s differences between genetic o . [93]
metabolomic profiling of . 5 traceability of natural extracts environmental control
. - and volatile profiles . .
seven citrus varieties (G x E interactions)
Genetic and biochemical
analysis of Identified functional 1,6RhaT . . Limited accession
. Identified genetic control of
. rhamnosyltransferase alleles controlling flavanone . number; focused on a )
LiW.etal., 2022 i inosid lati d flavanone bitterness for inelo fl id [94]
genes controlling rutinoside accumulation an improved citrus quality single flavonoi
flavonoid variation in citrus flavonoid variation pathway
citrus
Integrated SSR 21 phenolic compounds
genotyping and identified; significant SSR marker detection related Limited genetic
Lamine M. et al., 2017 metabolite profiling of correlation between genetic to bioactive metabolites for resolution; restricted [95]
Tunisian Citrus variability and chemical marker-assisted breeding population
aurantium genotypes composition
Integrated genome, Transcription factor Genetic regulation of - .
transcriptome, and . o X Limited cultivar
R CmtMYB108 identified as flavonoids for the . o -
Zheng W. etal., 2023 metabolome analysis of S diversity; single tissue [96]
; Lo regulator of the flavone nutraceutical improvement of -
C. maxima bioactive . focus (fruit peel only)
pathway C. maxima
metabolism ’
Lower genomic
. X resolution compared
. Phylogenetic analysis of Development of 727 Improved phylogenetic with SNP-based
LiuX. etal., 2016 Citrus species using polymorphic markers with . . . . [97]
N . o1 relationship techniques approaches; lack of
DATrT microarrays high reproducibility . .
functional or metabolic

integration

The evidence discussed highlights how citrus phytochemical diversity is not only
shaped by environmental and agronomic factors but also by complex genetic mechanisms.
Polyploidization, genetic variation, and the regulation of biosynthetic pathways contribute
to the differential accumulation of bioactive metabolites, emphasizing the importance of
integrating genomic and metabolomic approaches to understand and exploit citrus diversity.
These strategies may support the selection of varieties with enhanced nutraceutical proper-
ties, improve the traceability of citrus-derived products, and facilitate the development of
standardized extracts with consistent quality. Collectively, these studies demonstrate that
integrating high-throughput genotyping, metabolomics, transcriptomics and functional
genomics provides a comprehensive framework for dissecting the genetic basis of citrus
phytochemical diversity and accelerating the breeding of nutritionally enhanced cultivars.
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8. Discussion

8.1. Comparative Genomic and Metabolic Perspectives in Citrus and Olea europaea L. for
Nutraceutical Development

Although O. europaea L. and bergamot differ in their evolutionary history and sec-
ondary metabolites composition, the evidence discussed herein suggests that they share
common biological mechanisms contributing to their nutraceutical properties. O. eu-
ropaea L. is characterized by a phenolic profile dominated by secoiridoids, including oleu-
ropein derivatives, oleocanthal, oleacein, and hydroxytyrosol, whereas bergamot is distin-
guished by flavanones such as neoeriocitrin, naringin, and neohesperidin, together with the
characteristic 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors
brutieridin and melitidin. Despite their different biosynthetic origins, these metabolites
converge toward similar biological functions, including antioxidant, anti-inflammatory,
lipid-lowering, and cardiometabolic effects, supporting the central role of both species
within the MedDiet and their increasing importance as sources of nutraceutical compounds.
One of the most consistent findings emerging from this review is that phytochemical
composition should be regarded as a complex quantitative trait determined by the inter-
action between genetic background and environmental conditions rather than by either
factor alone. In O. europaea L., extensive investigations involving traditional cultivars,
breeding populations, wild germplasm, and clonal selections indicate that genotype often
accounts for a substantial proportion of the variance of phenolic composition, whereas
environmental conditions significantly influence metabolite accumulation and expression
within genotype-dependent ranges. Comparable evidence is now accumulating for citrus
species, where cultivar identity largely determines flavonoid composition, whereas cli-
mate, cultivation practices, and fruit developmental stage mainly influence quantitative
metabolite accumulation. Nevertheless, an important imbalance between the two species
remains evident. O. europaea L. breeding currently benefits from extensive genomic re-
sources, high-quality reference genomes, well-characterized germplasm collections, and
consolidated breeding programs integrating molecular markers and metabolomic analyses.
Conversely, despite the growing commercial and nutraceutical relevance of bergamot,
genomic resources remain comparatively limited, and functional characterization of genes
involved in flavonoid biosynthesis is still in its early stages. Consequently, while O. europaea
L. is progressively transitioning toward genomics-assisted breeding, bergamot research
remains largely focused on germplasm characterization and phytochemical profiling. This
discrepancy highlights one of the major knowledge gaps identified throughout literature.
Although numerous association studies have successfully linked genetic variation with
metabolite composition, relatively few candidate genes have undergone functional vali-
dation. As a result, current breeding strategies remain predominantly correlation-based
rather than mechanism-driven. Bridging this gap through functional genomics will be
essential to fully exploit the nutraceutical potential of both species. Beyond the traditional
focus on productivity, future breeding programs should therefore pursue the simultaneous
optimization of agronomic performance, environmental resilience, and accumulation of
health-promoting metabolites. This transition from conventional breeding toward preci-
sion nutraceutical breeding represents one of the most promising directions for perennial
crop improvement [98]. However, achieving this objective will require robust molecular
markers, standardized phenotyping platforms, integrated multi-environment trials, and
economically sustainable breeding pipelines capable of translating genomic discoveries
into commercially valuable cultivars.
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8.2. Multi-Omics Approaches for Nutraceutical Crop Improvement

The body of evidence discussed in this review suggests that nutraceutical traits cannot
be fully understood through isolated omics perspectives but rather require integration across
multiple molecular layers. Genomics identifies genetic variation, transcriptomics reveals
regulatory mechanisms controlling biosynthetic pathways, metabolomics quantifies the
resulting bioactive compounds, while proteomics and epigenomics contribute additional
layers of biological regulation. Only the integration of these complementary datasets allows
reconstruction of the molecular networks linking genotype to nutraceutical phenotype. In
both O. europaea L. and bergamot, secondary metabolite biosynthesis involves highly inter-
connected metabolic pathways regulated by complex transcriptional and environmental
networks. In O. europaea L., transcriptomic studies have highlighted regulatory changes
associated with fruit maturation, oil accumulation, and phenolic metabolism, whereas in
bergamot, the characterization of flavonoid-related pathways has revealed complex tran-
scriptional networks regulating the accumulation of flavanones and flavone glycosides [99].
Likewise, flavonoid biosynthesis in bergamot is regulated by complex transcriptional net-
works controlling the synthesis of flavanones and flavone glycosides. Consequently, the
evaluation of isolated metabolites or individual molecular markers provides only limited
predictive power for nutraceutical quality. Instead, systems-level analyses integrating
genomic, transcriptomic, metabolomic, and phenotypic information offer a much more
realistic framework for understanding metabolite accumulation and identifying superior
genotypes. Recent advances in computational biology further strengthen this perspective.
Artificial intelligence, machine-learning algorithms, and predictive modeling are increas-
ingly capable of integrating large multi-omics datasets to estimate complex phenotypes
before extensive field evaluations. Although these approaches have been implemented pri-
marily in annual crops, they represent an attractive opportunity for perennial nutraceutical
species characterized by long juvenile phases and costly breeding cycles. Despite these
promising developments, several methodological limitations still hinder their widespread
application in O. europaea L. and bergamot. Publicly available datasets remain relatively
fragmented; metabolomic protocols are often poorly standardized across laboratories, and
multi-environment experiments integrating genomic and metabolic information are still
limited. These shortcomings reduce the reproducibility of predictive models and currently
represent one of the principal obstacles to precision nutraceutical breeding. Importantly,
multi-omics integration should not be considered merely the coexistence of different datasets
but rather their coordinated biological interpretation. Integrating molecular information
with environmental variables and processing conditions will ultimately be necessary not
only for identifying genotypes with enhanced nutraceutical potential but also for ensuring
reproducible phytochemical fingerprints and standardized products.

8.3. From Marker-Assisted Selection to Predictive Breeding

The progressive expansion of genomic resources has substantially transformed breed-
ing strategies into both perennial crops. At the outset, molecular markers such as SSRs
and SNPs were primarily employed for cultivar authentication, germplasm conservation,
and the assessment of genetic diversity. More recently, genome-wide association studies
(GWAS) and QTL mapping have been successfully applied to perennial fruit crops, includ-
ing Citrus and O. europaea L. germplasm collections, to identify specific genomic regions
and candidate genes controlling phenolic accumulation, flavonoid biosynthesis, and fruit
quality traits [55,56,89,90]. Nevertheless, most nutraceutical traits exhibit a complex genetic
architecture involving numerous loci with relatively small individual effects. Consequently,
MAS alone is unlikely to capture the complete genetic architecture underlying metabolite
accumulation. This limitation explains the growing interest in genomic prediction, which
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simultaneously exploits thousands of genome-wide polymorphisms to estimate breeding
values and predict the performance of untested genotypes. Although genomic prediction is
not yet routinely applied in O. europaea L. or bergamot breeding, the increasing availability
of high-density SNP datasets, improved genome assemblies, and metabolomic resources
indicates that its adoption may soon become feasible. The integration of genomic predic-
tion with metabolomic profiles and environmental variables could significantly enhance
breeding efficiency by reducing phenotyping costs, shortening breeding cycles, and in-
creasing selection accuracy. Future breeding strategies will therefore likely evolve from
identifying individual favorable markers toward predictive frameworks capable of simulta-
neously integrating genomic, metabolic, phenotypic, and environmental information. Such
an approach is expected to improve cultivar selection while increasing the stability and
reproducibility of nutraceutical traits under different cultivation conditions.

8.4. Genome Editing in Nutraceutical Breeding: Emerging Opportunities and Challenges

Genome editing represents the natural extension of the genomic knowledge accu-
mulated over the last decade. Unlike marker-assisted selection or genomic prediction,
which identify promising genotypes, CRISPR/Cas technologies provide the opportunity to
directly validate candidate genes and investigate their contribution to secondary metabolite
biosynthesis [100]. Applications in numerous crop species have already demonstrated
that targeted editing of structural enzymes and regulatory genes can improve nutritional
quality, enhance stress tolerance, modify lipid composition, and increase the accumulation
of health-promoting phytochemicals [101,102]. However, the literature reviewed here
indicates that such applications remain largely at a prospective stage in O. europaea L.
and bergamot. Although transcriptomic and metabolomic studies have identified several
candidate genes potentially involved in secoiridoid and flavonoid biosynthesis, functional
validation remains largely unexplored. Consequently, a key limitation is no longer the iden-
tification of candidate genes but rather the development of efficient transformation systems
and reliable functional genomics platforms for perennial species. Technical limitations,
including low genotype-dependent transformation responses, difficult plant regeneration,
long generation times, and evolving regulatory frameworks, continue to limit practical
implementation. Nevertheless, as genomic resources expand and multi-omics analyses
progressively identify robust candidate genes, genome editing is expected to become an
increasingly valuable complement to conventional breeding. Overall, the evidence synthe-
sized in this review suggests a progressive roadmap for nutraceutical crop improvement.
Initial germplasm characterization should be followed by integrated multi-omics analyses
to identify candidate genes and metabolic biomarkers. These datasets can subsequently
support genomic prediction for early selection of elite genotypes, while genome editing will
provide the functional validation necessary to establish causal relationships between genes
and nutraceutical traits. Ultimately, combining these complementary approaches may
enable the development of cultivars with improved phytochemical composition, greater en-
vironmental stability, and more reproducible nutraceutical properties, thereby contributing
to the development of cultivars with stable and reproducible nutraceutical properties.

9. Conclusions

The evidence reviewed in this article highlights that nutraceutical quality in O. europaea
L. and bergamot results from the complex interplay among genetic background, environ-
mental conditions, cultivation practices, and processing factors. Although genotype repre-
sents an important source of variation in phenolic composition, especially flavonoids, the
expression of nutraceutical traits remains influenced by genotype—environment interactions
and technological processes that must be carefully considered for product standardization.
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Advances in genomics, metabolomics, and high-throughput phenotyping are providing
new opportunities to better characterize the genetic factors underlying nutraceutical traits
and to support more informed breeding strategies. In this context, multi-omics integration
may provide a framework for identifying and selecting superior genotypes. However,
their effective implementation will require further validation through large-scale breeding
programs, robust genotype—phenotype associations, standardized analytical pipelines,
and clinical studies linking phytochemical composition with biological outcomes. Future
breeding strategies will likely combine the selection of genotypes with stable phytochem-
ical profiles, the use of bioactive metabolites as complementary selection markers, and
the valorization of agricultural by-products within sustainable production systems. Ulti-
mately, the transition toward precision nutraceutical breeding represents a promising but
still evolving framework for developing more reproducible and scientifically supported
nutraceutical products. By integrating genetic resources, advanced biotechnologies, quality-
control strategies, and biological validation, O. europaea L. and bergamot provide valuable
models for translating plant biodiversity into evidence-based functional foods within the
MedDiet context.
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The following abbreviations are used in this manuscript:

MAS Marker-Assisted Selection

GWAS Genome-Wide Association Studies
1,2RhaT 1,2-Rhamnosyltransferase

RhaT Rhamnosyltransferase

1,6RhaT 1,6-Rhamnosyltransferase
2-MeOx 2-Methyloxolane

3-NT 3-nitrotyrosine

3,4-DHPEA-EA Oleuropein Aglycone
3,4-DHPEA-EDA Oleacein

8-OHdG

8-hydroxy-2'-deoxyguanosine

AFLP Amplified Fragment Length Polymorphism
BEO Bergamot essential oil

Bergamot Citrus bergamia Risso et Poiteau

BJ Bergamot Juice
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BPF
CRISPR
CRP
CVD
CYP450
DArT
DNA
Dox
eCSCs
EFSA
EO
EVOO
F3H
F5H
FN
FNS

FR
FRAP
GC-MS
H202
HFD
HLD
HMG
HMG-CoA
HRMS
HZY-T
IL-10
IL-6
ISSR
JNK
LA
LC-MS/MS

LC-QTOF-MS

LDL
LOX-1
LPS
MAPK
MASLD
MDA
MedDiet
MRSA
MS/MS
MUFAs
O. europaea L.
OA
OMWW
ORAC

p-coumaroyl CoA 2'-hydroxylase

P-HPEA-EDA
PAL

PARP-1

PCA

PCSK9

Bergamot Polyphenolic Fraction
Clustered Regularly Interspaced Short Palindromic Repeats
C-Reactive Protein

Cardiovascular Disease

Cytochrome P450

Diversity Arrays Technology
Deoxyribonucleic Acid

Doxorubicin

Endogenous Cardiac Stem Cells
European Food Safety Authority
Essential Oil

Extra-Virgin Olive Oil

Flavanone 3-hydroxylase

Flavanone 5-hydroxylase

Flavanone Neohesperidoside

Flavone Synthase

Flavanone Rutinosides

Ferric Reducing Antioxidant Power

Gas Chromatography—Mass Spectrometry
Hydrogen Peroxide

High-Fat Diet

High-Lipid Diet
3-hydroxy-3-methylglutaryl
3-hydroxy-3-methylglutaryl coenzyme A
High-Resolution Mass Spectrometry
Huazhouyou-tomentosa

Interleukin-10

Interleukin-6

Inter Simple Sequence Repeat

c-Jun amino-terminal kinase

Linoleic Acid

Liquid Chromatography-Tandem Mass Spectrometry
Liquid Chromatography—Quadrupole
Time-Of-Flight-Mass Spectrometry
Low-Density Lipoprotein

Lectin-type oxidized LDL receptor 1
Lipopolysaccharide

Mitogen-Activated Protein Kinase
Metabolic Dysfunction-Associated Steatotic Liver Disease
Malondialdehyde

Mediterranean Diet

Methicillin-Resistant Staphylococcus Aureus
Tandem Mass Spectrometry
Monounsaturated Fatty Acids

Olea Europaea L.

Oleic Acid

Olive Mill Wastewater

Oxygen Radical Absorbance Capacity
p-coumaroyl coenzyme A 2-hydroxylase
Oleocanthal

Phenylalanine Ammonia-Lyase

Poly (ADP-ribose) polymerase 1

Principal Component Analysis

Proprotein Convertase Subtilisin/Kexintype 9
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PDO Protected Designation of Origin
PGI Protected Geographical Indication
PIC Polymorphic Information Content
PKB Protein Kinase B
PUFAs Polyunsaturated Fatty Acids
QTLs Quantitative Trait Loci
RAPD Random Amplified Polymorphic DNA
RFLP Restriction Fragment Length Polymorphism
RNA-seq RNA-sequencing
SNP Single Nucleotide Polymorphism
SSR Simple Sequence Repeats
TNF-o Tumor Necrosis Factor Alpha
UFGT UDP-glucose:flavonoid 3-O-glucosyltransferase
UGT Uridine Diphosphate Glycolyltransferase
VNTR Variable Number of Tandem Repeats
VOO Virgin Olive Oil
WD SW High-fat Western Diet
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