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Summary

Citrus species belong to the family Rutaceae. Their unique taste, texture and their wide
range of beneficial properties have led citrus to be among the most highly-consumed
fruits in the world. In recent years, per capita citrus consumption has increased due to
accumulating evidence of the beneficial roles of certain bioactive compounds also
known as phytochemicals present in citrus fruits. Besides the well-known vitamin C,
citrus fruits contain a wide array of phytochemicals considered to have many health-
promoting properties. Phytochemicals are secondary metabolites that are naturally
synthesized by plants, and their primary role is to protect the plant from various pests
and diseases. Due to various genetic, environmental and physiochemical changes,
different citrus species synthesize numerous phytochemicals of varying contents and
kinds. These phytochemicals are classified into different groups based on their structural
scaffolds. This chapter describes the various classes of phytochemicals present in citrus
fruits and their beneficial properties for human health, such as decreasing the risk of
cardiovascular disease, various types of cancer, and other chronic diseases.

1. Introduction

Citrus trees are evergreen, and prefer moderate climatic conditions with optimum
temperatures of 20°C - 35°C. They are believed to have originated in South East Asia
and later spread to other continents. The plants are large shrubs reaching a height of
5 —15 m with thorny or thornless shoots and alternately arranged leaves with an entire
margin. Citrus plants have solitary flowers or flowers in small corymbs; each flower is
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strong-scented, and 2-4 cm across, with 4-5 white petals and numerous stamens. Citrus
fruit is a hesperidium, defined as a specialized berry with a leathery rind. Inside the rind,
segments filled with pulp vesicles contain the citrus seeds. Due to sexual hybridization
among a number of species and intraspecific hybrids, large genetic variation exists in
the citrus group. The majority of the commercial citrus species are derived from
hybridization and selection from chance natural mutations leading to some ambiguity in
the classification of citrus species. The ambiguity could also be due to different
taxonomic studies proposed by botanists and taxonomists. Before the modern system of
classification, three books, the Kee Jia Citrus Record written in 1178 AD by Han
Yanzhi, Johann Volkamer’s Nirnbergische Hesperides published in 1708 and Histoire
Naturelle des Orangers published in 1818 by Pierre Antoine Poiteau and Joseph
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Figure 1. Citrus varieties grown in the tropical and sub-tropical regions of the world
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Among the most widely-followed modern classification was given by Walter Tennyson
Swingle. He classified all the citrus fruits into 16 species and their subspecies with
various cultivated varieties. The edible species were included in the sub genus Eucitrus
while the inedible species were included in the subgenus Papeda. Following are some
of the most commonly-consumed citrus fruits (classified by Swingle) and their common
names: C. medica (citron), C. limon (lemon), C. aurantifolia (lime), C. limetta (sweet
lime), C. aurantium (sour orange), C. sinensis (sweet orange), C. reticulata (mandarin),
C. grandis (pomelo), C. paradisi (grapefruit), C. indica (Indian wild orange), C.
tachibana (Tachibana orange). Certain known and unique varieties of citrus fruits are
presented in Figure 1. In the 1970’s Ty6zaburd Tanaka produced a series of publications
on citrus classifications: Citrus fruits of Japan 1922, Species problem in Citrus 1954
and Tanaka’s Cyclopedia of Edible Plants of the World 1976. He classified citrus fruits
into 4 genera: Citrus, Fortunella, Poncirus, and Clymeia; these genera comprised 162
species. Current classification given by D.J. Mabberley classifies the genus Citrus with
only three edible citrus species: Citrus medica L. (citron), Citrus maxima Burm.
(Merrill pomelo), and Citrus reticulata (Blanco mandarin). Each of these species
includes several hybrids.

2. Bioactive Molecules in Citrus and Their Analysis
2.1. Vitamin C and Organic Acids

Citrus fruits are classified as acidic due to their high levels of organic acids. The relative
concentrations of organic acids are specific to different species and can be used to
further classify citrus fruits as acidic (limes and lemons) and less acidic or sweet
(Clementine, sweet orange). Due to their effects on taste and organoleptic qualities, the
organic acids have high significance for consumer acceptance, particularly in the juice
processing industries. The commonly occurring organic acids in citrus fruits are
ascorbic, citric, oxalic, tartaric, quinic, malic, and lactic acids (Figure 2). Among these,
ascorbic and citric acid are present in higher levels than the other acids (Ranganna et al,
1983). The organic acids primarily accumulate in the vacuoles of the fruit cells and their
contents increase with fruit maturity. The levels of organic acids increase during early
fruit development and remain constant at maturity while the sugars increase during this
period. Ascorbic acid is biosynthesized through the L-galactose pathway. The primary
metabolite is D-mannose-1-phosphate, which is converted to L-ascorbate through five
intermediates, GDP-D-mannose, GDP-L-galactose, L-galactose 1-phosphate, L-
galactose and L-galactono-1,4-lactone (Giovannoni, 2007). Ascorbic acid rapidly
degrades to de-hydro-ascorbic acid (DHAc). Ascorbic acid and DHAc cumulatively are
considered as vitamin C. Oxalic acid occurs in the segment membranes, juice vesicles,
and fruit rind. It accumulates in injured or diseased fruit where it chelates calcium and
magnesium ions, and lowers the pH of the plant cell wall, presumably as a defensive
mechanism. The low pH provides ideal conditions for the cell wall degrading enzymes
to hydrolyze pectin (Ikotun, et al 1988). Tartaric acid is a sour-tasting acid that is
derived from succinic acid. Lemons have higher levels (6.4 mg/g fresh wt.) of tartaric
acid compared to oranges (4.1 mg/g fresh wt.) and limes (2.4 mg/g fresh wt.).
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Figure 2. Structures of most common organic acids present in citrus fruits

The organic acids are highly soluble in water and can be easily extracted from citrus
fruits. Certain acids such as ascorbic acid is highly susceptibility to oxidation and it
requires an acidic extraction medium to prevent oxidation. Dilute (3-5%) trichloroacetic
acid and meta-phosphoric acid are commonly used for extraction of organic acids.
Organic acids can be analyzed by titration (expressed as titratable acidity), colorimetry,
and other separation and detection techniques such as high performance liquid
chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS). The
reduced form of ascorbic acid, dehydroascorbic acid, has poor absorbance and can be
converted to ascorbic acid using tris(2-carboxyethyl) phosphine hydrochloride and
dithiothreitol. Ascorbic acid can be separated using a C;g column with a polar mobile
phase such as water with phosphoric acid as a modifier at a flow rate of 1 ml/min and
detected by monitoring the eluent at A,s4 nm. Organic acids can also be separated using
ion-exclusion column chromatography with phosphate buffer (pH 2.4) as mobile phase.
The separation can be performed by isocratic elution at a flow rate of 0.7 -1.0 ml/min
and organic acids can be detected at A,;o nm.

2.2. Carotenoids

Carotenoids comprise a group of compounds that are ubiquitous in the plant kingdom,
primarily imparting red and yellow colors to flowers, roots, and fruits. These
compounds are localized in the chloroplasts and chromoplasts and impart bright hues to
the peel and juice sacs of citrus fruits. The bright orange color of mandarin, deep yellow
color of sweet oranges and red color of grapefruits are due to the occurrence of different
types and amounts of carotenoids. Carotenoids are synthesized through the 2-C-methyl-
d-erythritol 4-phosphate (MEP) pathway in plastids, and through the mevalonate
(MVA) pathway in the cytosol. Two key enzymes, 1-deoxy-d-xylulose-5-phosphate
synthase and phytoene synthase, play a critical role in the biosynthesis of carotenoids.
Carotenoids have important functions in photosynthesis and are precursors to hormones
such as abscisic acid and strigolactone. Due to their coloration, these compounds help to
attract insects for pollen distribution and seed dispersal. Lycopene and B-carotene are
the two major red carotenoids present in red grapefruits. The absence of these
compounds from white grapefruits results in the various hues of the juice vesicles. Other
carotenoids present in mandarins and oranges are -cryptoxanthin, lutein, luteoxanthin,
neochrome, &-carotene, a-cryptoxanthin, Csyp apocarotenoid B-citraurin, and
violaxanthin. During fruit ripening the green chlorophyll components degrade and the
red-yellow carotenoids accumulate. Consumers prefer more brightly colored citrus
fruits, as they associate color with maturity. Commercial citrus packing houses induce
this color change by treating the fruits with ethylene, which accelerates the degradation
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of chlorophylls and the accumulation of carotenoids. These compounds are also
influenced by thermal processing and degrade rapidly at high temperatures. Storage of
citrus juices at cool temperatures helps maintain carotenoid levels. Recent advances in
processing techniques such as non-thermal high-pressure processing and electron beam
irradiation have been suggested to maintain the levels of carotenoids in citrus juices.
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Figure 3. Structures of common carotenoids found in Citrus fruits

Carotenoids are light-sensitive and easily degrade under exposure to light. They are
lipophilic compounds and can be extracted using organic solvents such as hexane,
chloroform and ethyl acetate. Hexane is the most commonly used solvent due to its high
affinity for carotenoids. Exposure to oxygen and elevated temperatures significantly
affect the stability of carotenoids due to their oxidative degradation. Supplementing the
raw material with antioxidants such as a-tocopherol and butylated hydroxyl toluene
helps to reduce the degradation of carotenoids during extraction. In recent years, several
advances have been made in the efficient extraction of carotenoids. Supercritical carbon
dioxide extraction and enzymatic treatments such as cellulases, hemicellulases,
glucoamylases and pectinases help in obtaining extracts rich in carotenoids.

Carotenoids can be quantified using several spectral techniques, including
spectrophotometry, HPLC-with ultraviolet (UV)-visible detection, LC-MS, gas
chromatography-mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR).
Total carotenoids can be estimated using the average molar absorption coefficient and
recording the absorption at A450 nm using a spectrophotometer. This technique is useful
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for rapid and economical estimation of total carotenoids, but it does not distinguish
individual carotenoids. HPLC has been widely used for separation and quantification of
carotenoids. However, separation of geometric and positional isomers common in
carotenoids is challenging. Stationary phases such as C;p bonded silica based reversed-
phase column are widely used to resolve the co-elution of these compounds. Other
stationary phases for separation of carotenoids include Cig and Csp. Mass spectrometry
in tandem with liquid chromatography separation provides a vital means to identify the
separated compounds. The selective reaction monitoring tool in mass spectroscopy
helps for structural conformation and accurate identification of carotenoids. Although
GC-MS has not been extensively used for quantification of carotenoids, it could also be
used for analysis of carotenoids. Most recently, LC-NMR has also been applied to
analysis of carotenoids in different sample matrices. This method provides a means for
unambiguous identification and structural confirmation of the carotenoids in juice
samples.

2.3. Amines

Amines also known as proto-alkaloids are present in majority of citrus species, except
red grapefruits. The commonly occurring amines in citrus are tyramine, octopamine,
and synephrine (Figure 4). They are biosynthesized from tyrosine by tyrosine
decarboxylase. These compounds were first studied in the leaves of citrus species. They
are also present in other plants such as Evodia, in the family Rutaceae. In addition to
monoamines, citrus fruits also contain polyamines (which contain two or more amino
groups) such as putrescine, spermidine, spermine, agmatine and cadaverine. Among the
commonly consumed citrus fruits, Clementine mandarins have the highest levels of
synephrine (114.81 pg/ml), while oranges and lemons have moderate levels, 2-85 pg/ml
of juice. Putrescine, spermidine and spermine are the predominant and most commonly
occurring polyamines, and are present in free as well as conjugated form (Figure 4).
They are predominantly localized in the reproductive organs where they promote
somatic embryogenesis. The exogenous application of polyamines improves fruit set,
yield and quality of sweet oranges. Their concentration increases throughout the
development of flower buds and fruit-setting. Polyamines also play an important role in
stress reduction caused by chilling injury, by balancing anion concentrations.

Their wide ranges of biological functions have led to the development of methods for
analysis of amines in fruits and fruit products. Amines dissolve in polar solvents and
these alkaloids can be extracted from citrus fruit juices. Water is the optimum solvent
for extraction of amines and HPLC is the most common method of choice for
quantification. A common method of extraction of amines is to dilute the fruit juice with
water and subject the sample mixture to homogenization and centrifugation, followed
by separation of the supernatant with the extracted amines. Amines can be further
separated using a Cjg stationary phase with detection at A,23 nm. Solvent modifiers such
as phosphoric acid, formic acid, or sodium dodecyl sulfate have been used to achieve
better separations of these compounds. Other methods for analysis of amines include
capillary electrophoresis, column-switching cation-exchange liquid chromatography
with scanning-wavelength UV and fluorescence detection, ion-pairing liquid
chromatography (LC), ion-exchange chromatography, and mixed-mode reverse
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phase/ion-pairing LC with UV detection. Electrospray mass spectrometry has also been
used for analysis of amines.
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Figure 4. Structures of amines and polyamines reported in most citrus fruits.
2.4. Flavonoids

Flavonoids are a group of polyphenolic compounds. The major and most common
chemical structures are shown in Figure 5. The compounds were considered vital
nutrient and referred as Vitamin P; however subsequent research showed that they are
non-essential leading to their current nomenclature as non-essential health-promoting
compounds. The word flavonoid is derived from the Latin word ‘flavus’, which means
yellow. Flavonoids are ubiquitous in nature and are present in several fruits and
vegetables. Approximately 4000 flavonoids have been reported from the plant kingdom.
The flavonoids are broadly classified into flavone, flavonol, flavanone and flavanonol
based on structural variations. The basic structure of flavanone consists of two aromatic
rings (designated as A and B), connected through a dihydropyrone ring. They occur as
glycosyl derivatives with sugar moieties such as D-glucose and L-rhamnose. These
sugar moieties are usually O-glycosides that are typically bound to the aglycone
hydroxyl group at C-7 or C-3. Flavonoids are synthesized through the phenylpropanoid
and MVA pathways and occur as aglycones, glucosides and methylated forms
(polymethoxyflavones). Citrus fruits primarily contain flavanones, with naringin and
hesperidin being the predominant forms, which selectively occur in different species of
citrus. Flavonoids play an important role in the flavor of citrus juice. The unique bitter
tangy taste of grapefruits is due to the presence of naringin. Oranges and mandarins
contain neutral-tasting hesperidin, which has the sugar rutinose (6-O-a-L-rhamnosyl-D-
glucose). Other glycosides such as neo-hesperidin, narirutin, eriocitrin, neo-eriocitrin,
didymin and poncirin occur in lower quantities, ranging from <0.1 mg — 6 mg/ 100g
fresh juice weight.
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Figure 5. Structures of most commonly found flavonone glycosides in citrus.

Citrus flavonoids also occur in methylated form containing two or more methoxyl
groups, known as polymethoxyflavones (PMFs) (Figure 6). Approximately 25 PMFs
have been reported from various citrus species (Uckoo, et al, 2012). Tangeretin
(5,6,7,8,4-pentamethoxy flavone), heptamethoxy flavone (3,5,6,7,8,3°,4’-
heptamethoxyl flavone), nobiletin (5,6,7,8,3,4’-hexamethoxy flavone), tetramethoxy
flavone (5,6,7,4’-tetramethoxy flavone) and sinensitin (5,6,7,3°,4’-pentamethoxy
flavone) are the predominant PMFs and vary in concentration from species to species.
PMFs are synthesized through the methoxylation of flavone or flavanone aglycones.
They are present in both the vegetative and reproductive parts, such as leaves and fruits
including peel and juice.
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