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Preface

Colors are ubiquitous in nature, particularly in living organisms ranging from bac-
teria and fungi to plants and animals. Many organisms have developed their own 
characteristic colors that vary by parts and developmental stage. These colors are 
not just visually decorative and attractive, but biologically essential in reproduction, 
coevolution, and ecosystem sustenance. Colors in plants, flowers, and fruits attract 
animals for pollination to produce seeds and for consumption to disperse seeds, 
which both help in species reproduction and diversification. Coloration-based cam-
ouflage in ecosystems to enhance survival is a good example of coevolution. The 
importance of colors in living organisms cannot be overstated. An old saying is apt: 
Colors can please the eye, gladden the heart, and nurture the mind. Biological pig-
ments, the chemical components able to generate a full spectrum of visual colors 
in nature, are in fact much more important and valuable; they are biosynthesized 
behind the scene in living organisms and ultimately ingested in our daily diet.

Pigments produced in plants include four major classes: chlorophylls, carot-
enoids, flavonoids, and betalains. Chlorophylls are the primary green pigments for 
photosynthesis. The latter three are complementary nongreen pigments with diverse 
functions. Extensive research on the genetic mechanisms of their biosynthesis has 
yielded many exciting and insightful results over the last decades. On the other 
hand, many pigment-rich fruits and vegetables are consumed daily by human and 
animals. Potential nutritional and medicinal benefits from these pigments in fruits 
and vegetables have attracted nutritionists and clinical functional food researchers 
to study their health effects and encourage people to increase the daily consumption 
of these pigment-abundant foods.

Colorful fruits and vegetables attract visitors and eaters. Eating freshly harvested 
colorful vegetables while helping in my parents’ vegetable garden remains among 
the most memorable moments in my childhood. Green cucumber and pea, red to-
mato and radish, and orange carrot and sweet potato, to name a few, are my favor-
ites. My horticultural career might have started when I helped and wondered in the 
garden. Not only did the vegetables constantly attract me with their vibrant colors, 
but also ultimately nourished a future garden lover by their abundant tastes and nu-
trients. A time in the garden remained a joyful routine during every hometown visit. 
A small garden has been a must in my own family residence. If we believe there is 
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a connection between an early childhood wonder and a later adulthood career, this 
book may give a casual explanation on it, and a delayed answer as well to my early 
curiosities about the distinct colors and tastes of the vegetables I ate in the garden.

This comprehensive treatise provides a systemic and insightful overview of cur-
rent advances in the biosynthetic genomics/genetics and preventive dietetics of ca-
rotenoids, flavonoids, and betalains, from a general perspective, and in specific fruits 
and vegetables as well. Genomics/genetics focuses on what and how enzymatic and 
regulatory genes are involved in pigment biosynthesis. Dietetics emphasizes how 
these pigments contribute nutritional/medical benefits to health, prevent diseases, 
and act as potential nutraceuticals in the diet. The goal is to provide research scien-
tists, nutrition specialists, healthy food advocates, students, and rainbow food (fruit 
and vegetable) lovers with an integrated resource on the biosynthetic and dietetic 
mechanisms of these pigments.

The book editor would like to acknowledge all the contributing authors, review-
ers, and the entire Springer editorial staff. This book would not have been possible 
without their commitment and dedication. Particular thanks go to Hannah Smith, 
former plant sciences editor of Springer, for her initial enthusiastic endeavors, and 
to Michael D. Sova, developmental editor of Springer, for his persistent hard work.

� Chunxian Chen
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Chapter 1
Overview of Plant Pigments

Chunxian Chen, PhD
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Introduction

Pigments make nature colorful and likable. Plant pigments usually refer to four 
major well-known classes: chlorophylls, carotenoids, flavonoids, and betalains 
(Table 1.1). Each class may contain various numbers of chemical compounds that 
can be structurally categorized into distinct subgroups. Most pigments are colored. 
In general, the visible colors are the emission of certain wavelengths of light by 
colored pigments after they selectively absorb others specific to their molecules. 
The color spectra of pigments are illustrated in Fig. 1.1 with some examples of pig-
ment-rich fruits and vegetables. Absorbed light may be captured by a few capable 
pigments as energy to fuel plant photosynthesis and biochemical reactions. These 
colored pigments not only visually attract animals for flower pollination and seed 
dispersal but also function in critical biological processes for plants and play essen-
tial coevolutionary roles in ecosystems [1–4]. The biological, ecological, and evo-
lutionary importance of plant pigments and the derived colors cannot be overstated. 
On the other hand, many pigment-rich fruits and vegetables are critical in the hu-
man and animal diet. Some pigments are essential nutrients, and others may serve as 
nutraceuticals with additional medical benefits, including the prevention and treat-
ment of certain diseases. Chlorophylls are the source of green in all land plants and 
green algae and function as the primary pigment to capture yellow and blue light 
for photosynthesis to power plant development and growth. Unlike chlorophylls, 
the other three are accessory pigments (generally with the absorbance spectrum 
complementary to chlorophylls) and secondary metabolites that possess much more 
diverse structures and functions in plants and offer more potential nutritional and 
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health benefits in the diet [3, 4]. In this context, attention is only given to carot-
enoids, flavonoids, and betalains, with emphasis on the basic biological attributes 
and dietary benefits of each class.

Carotenoids

Carotenoids are a large family of lipid-soluble tetraterpenoids with a basic 40-car-
bon polyene hydrocarbon chain structure. This family of over 600 members can 
be generally divided into two subgroups, carotenes (C40H56) and xanthophylls 
(C40H56O2 or C40H56O, the oxygenated derivatives of carotenes), which differ in 
the terminal rings and oxygenation [5, 6]. For example, α-carotene, β-carotene, and 
lycopene are carotenes; lutein, zeaxanthin, and violaxanthin are xanthophylls. In 
plants, certain carotenoids function as complementary light-harvesting pigments to 
precisely absorb wavelengths of light not gathered by chlorophylls, the primary 
photosynthesis pigment. They also provide photo-protection against excess light 
damage to the photosynthetic reaction center by quenching excited species such as 
singlet oxygen and free radicals or by other carotenoid enabled mechanisms [7]. 
In addition, carotenoids can be potent antioxidants in lipid formations due to the 
linearly conjugated carbon bonds that provide high reduction potential. Apocarot-
enoid hormones, including abscisic acid (ABA) and strigolactone, are produced at 
the extended steps following the carotenoid biosynthesis pathway, and may play 
a regulatory or signaling role in the pathway [8, 9]. Most genes and enzymes in 
the plant carotenoid biosynthesis pathway have been well characterized, and the 
transcriptional and posttranscriptional regulations are being elucidated as well. This 
information facilitates more efficient selection of carotenoid-rich varieties through 
conventional breeding and large-scale biotechnological production of carotenoids 
via metabolic engineering in microorganisms [10].

A large number of fruits and vegetables are colored by carotenoids, such as cit-
rus ( Citrus spp.), banana ( Musa paradisiaca), papaya ( Carica papaya), tomato 

Table 1.1   Four major classes of plant pigments
Pigment class Basic structure Main subgroups Typical colors Examplesa

Carotenoids 40-carbon poly-
ene hydrocarbon 
chain

Carotenes and 
xanthophylls

Orange, yellow, 
pink, red

Citrus, banana, 
carrot, pepper, leaf 
veggies

Flavonoids 15-carbon 
benzo-γ-pyrone 
skeleton

Anthocyanins; 
flavonols; 7 
others

Purple, blue, 
red, yellow

Blueberry, black-
berry, eggplant, red 
cabbage

Betalains Indole-derived 
glycoside

Betacyanins and 
betaxanthins

Red, violet, 
orange, yellow

Dragon fruit, cactus 
pear, beet, Swiss 
chard

Chlorophylls Chlorine ring a and b Green Any green plants
a All their scientific names are listed in Fig. 1.1 except cactus pear ( Opuntia ficus-indica)
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( Solanum lycopersicum), carrot ( Daucus carota), pepper ( Capsicum annuum), 
sweet corn ( Zea mays var. saccharata), squash ( Cucurbita pepo), pumpkin ( Cu-
curbita maxima), canary melon ( Cucumis melo), and watermelon ( Citrullus lana-

Fig. 1.1   Schematic color spectrum of carotenoids, anthocyanins, betalains and chlorophylls, and 
examples of pigment-rich fruits and vegetables. Each pigment class was marked in the zones with the 
approximately corresponding wavelengths (400-700 nm) of visible light and the examples given in 
the columns below with the symbolic colors. The two black dash lines flanking the green zone was to 
split and show the approximate color ranges of each pigment class. Some carotenoids are also found 
in green vegetables and many other colored fruits, however, the colors of these carotenoids at rela-
tively low concentrations are usually masked by those of other predominant pigments. A for antho-
cyanins, B for betalains, and C for carotenoid were used to mark the primary pigment class in each 
colored fruit and vegetable, but no abbreviation for chlorophylls was used to mark the class in green 
fruits and vegetables. From left to right, column 1 from top to bottom are: eggplant (Solanum melon-
gena, A), blueberry (Vaccinium spp., A), blackberry (Rubus spp., A), acai berry (Euterpe oleracea, 
A), plum (Prunus domestica, A); 2: red cabbage (Brassica oleracea var. capitata, A), passion fruit 
(Passiflora edulis, A), red onion (Allium cepa, A), beet (Beta vulgaris, B), Zi cai tai (‘purple shoot’) 
(Brassica campestris ssp. chinensis var. purpurea, A); 3: Shanghai bok choy (Brassica rapa spp. 
chinensis), broccoli (Brassica oleracea), pea (Pisum sativum), grape (Vitis vinifera), ‘Granny Smith’ 
apple (Malus domestica); 4: banana (Musa paradisiaca, C), yellow bell pepper (Capsicum annuum, 
C), sweet corn (Zea mays var. saccharata, C), canary melon (Cucumis melo, C), squash (Cucurbita 
pepo, C); 5: citrus (Citrus spp., C), persimmon (Diospyros virginiana, C), orange bell pepper (C), 
pumpkin (Cucurbita maxima, C), carrot (Daucus carota, C); 6: litchi (Litchi chinensis, A), radish 
(Raphanus sativus, A), pomegranate (Punica granatum, A), watermelon (Citrullus lanatus, C), Swiss 
chard (Beta vulgaris spp. cicla, B); 7: red bell pepper (C), sweet cherry (Prunus avium, A), strawberry 
(Fragaria ananassa, A), tomato (Solanum lycopersicum, C), dragon fruit (Hylocereus undatus, B).
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tus) (Fig. 1.1). Some light-colored carotenoids are also found in green vegetables 
and many other colored fruits, but these carotenoid colors may be masked by 
green and other predominant colors. Depending on the concentrations and types, 
carotenoid-rich flowers, fruits, and other plant organs can show a wide spectrum of 
characteristic yellow, orange, or red colors (Fig. 1.1) [9]. For example, α-carotene, 
β-cryptoxanthin, and zeaxanthin primarily produce colors in the range of yellow, 
β-carotene, and lutein in the range of orange, and lycopene in the range of red. 
These six are also the most common carotenoids in the human diet. In contrast to ly-
copene, lutein and zeaxanthin that have no β-ionone ring at either terminal of the tet-
raterpenoid structure, α-carotene, β-carotene, and β-cryptoxanthin have at least one 
β-ionone ring. As a result, the latter three and the like are provitamin A carotenoids 
that can be converted to vitamin A in the human and animal body [11]. Therefore, 
intake of these provitamin A carotenoids can help the acquisition of vitamin A that 
is essential for human and animal vision, immune system function, normal develop-
ment, and growth. For example, the immune system can be enhanced by β-carotene 
by strengthening T and B lymphocyte proliferative responses, stimulating effector T 
cell functions, and increasing the production of certain interleukins [11]. Lutein and 
zeaxanthin are the predominant carotenoids within the macula lutea; their physi-
cochemical properties make them suitable candidates considered to act as photo-
protectant preventing retinal degeneration. β-carotene and other carotenoids have 
also demonstrated antioxidant properties and singlet oxygen quenching capacities 
to prevent chronic disease in vitro and in animal models; the consumption of a 
diet rich in carotenoids has been epidemiologically correlated with a lower risk for 
several diseases [12]. A comparison showed cumulative incidence of liver cancer in 
β-cryptoxanthin-rich orange juice with carotenoids mixture capsules-treated group 
was statistically ( p = 0.05) lower than that in the control group [13]. There were 
also conflicting results from intervention studies on β-carotene to prevent certain 
cancers and cardiovascular diseases [12]. Data from many population-level inter-
vention studies still suggest a daily intake of fruits and vegetables, which indeed is 
positively associated with reduced risks of obesity and related chronic diseases and 
with improved biomarkers of good health [14]. In addition, cooking oil and other 
food fat may facilitate dissolution of water-insoluble carotenoids and efficient ab-
sorption of the nutrient in the diet.

Flavonoids

Flavonoids are a huge family (over 9000 members) of water-soluble polypheno-
lic compounds with a basic 15-carbon benzo-γ-pyrone (C6–C3–C6) skeleton [15, 
16]. Numerous combinations of several substitution groups diversify the chemical 
structures, properties, and biological functions, and result in at least nine major 
subgroups: anthocyanins (anthocyanidins), condensed tannins (proanthocyanidins), 
flavonols, flavones, flavandiols, isoflavonoids, chalcones, aurones, and phloba-
phenes [17]. In plants, these colored and colorless flavonoids are synthesized in the 
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complex flavonoid biosynthesis pathway and play much more diverse biological 
roles, compared to carotenoids. Only anthocyanins can provide a full spectrum of 
visible colors with the modification of substitution groups, change of pH values and 
metal ions [18]. As a result, they probably are the most studied flavonoids in plants 
[17, 19]. Anthocyanins, synthesized in the cytosol and stored in vacuoles, are also 
complementary pigments to help chlorophyll collect other available light for photo-
synthesis and to provide antioxidant protection for plant cells [4]. For example, in 
cotton plants, red cyanidin-3-O-β-glucoside (an anthocyanin, C21H21ClO11) protects 
living cells from toxic effects of the plants’ own phytoalexins by light filtering [20]. 
In addition to giving flowers and fruits attractive colors and providing the potent 
protection against oxidation and ultraviolet damage, some flavonoids can function 
as antimicrobial or defensive agents against biotic and abiotic stresses, and others 
secretively act as signaling molecules for the plant–microbe interaction in rhizo-
sphere, for example, to establish the symbiosis between plants and nitrogen fixing 
rhizobia [21].

Flavonoids, particularly anthocyanins, are high in many colored fruits and vege-
tables, such as blueberry (‎Vaccinium spp.), blackberry ( Rubus spp.), raspberry ( Ru-
bus idaeus), strawberry ( Fragaria ananassa), grape ( Vitis vinifera), sweet cherry 
( Prunus avium), plum ( Prunus domestica), peach ( Prunus persica), pomegranate 
( Punica granatum), red cabbage ( Brassica oleracea var. capitata), and eggplant 
( Solanum melongena) (Fig. 1.1). In addition to the diverse structures and functions 
of flavonoids in plants, a wide range of biological and antioxidant activities are 
also observed among flavonoids in the human and animal diet against pathogens, 
allergens, carcinogens, and other agents causing inflammation. Diverse dietary ben-
efits also include prevention and alleviation of some medical damaging conditions. 
Some of the activities are accomplished through interaction with host essential en-
zymes such as cytochromes P450 (CYPs). For example, the risk of some hormone-
dependent breast and prostate cancers can be reduced, and menopausal symptoms 
prevented as well [22]. Accumulated knowledge of flavonoid biosynthesis and the 
structure–function relationship in plants and humans will facilitate production of 
targeted flavonoid compounds through metabolic engineering for use as more ef-
fective drug and/or chemopreventive agents [23].

Betalains

Betalains are a class of water-soluble indole-derived glycoside pigments that are 
found only in the order Caryophyllales (e.g., beets, cacti, and amaranths) and never 
coexist in plants with anthocyanins. In other words, betalains substitute for anthocy-
anins that are completely absent in the Caryophyllales plants [2, 24, 25]. Betalains 
differ from anthocyanins in the chemical structures and some properties, but share 
similarities to anthocyanins in the color spectra, biological functions, and other 
properties. For example, betalains contain nitrogen but anthocyanins do not. Simi-
larly, betalains are also localized in vacuoles and reportedly offer potent antioxidant 
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capacity and strong chemoprevention function [25]. Betalains can be structurally 
divided into betacyanins and betaxanthins that color flowers, fruits, and sometimes 
vegetative organs primarily into yellow, red, or violet. Betanin, with the molecular 
formula C24H27N2O13, is an important food colorant produced by beetroot. Com-
pared to those many with carotenoids and flavonoids, betalains-containing fruits 
and vegetables are rather limited and less well known, but include beet ( Beta vul-
garis), Swiss chard ( Beta vulgaris spp. cicla), dragon fruit ( Hylocereus undatus), 
and cactus pear ( Opuntia ficus-indica; Table 1.1; Fig. 1.1). The betalain biosynthe-
sis pathway has not been elucidated as well as the other two pathways. Some main 
steps and key enzymes in the pathway were gradually uncovered in recent years, but 
many other questions remained to be answered [26].

In the end, it is worth noting that the United States Department of Agriculture 
(USDA) National Agricultural Library maintains a searchable National Nutrient 
Database (http://ndb.nal.usda.gov/) for over 8000 foods, which includes the main 
pigment compounds and other phytonutrients for almost all fruits and vegetables. 
For example, the database for the flavonoid content of selected foods (Release 3.1, 
December 2013) contains values for 506 food items and for five subgroups of fla-
vonoids: flavonols, flavones, flavanones, flavan-3-ols, and anthocyanidins. These 
components, and benefits from potential functional foods and nutraceuticals, are 
also summarized to help people gain relevant knowledge and be encouraged to con-
sume such foods on a regular basis. This book offers a more detailed coverage on 
the biosynthesis genomics and dietetics of these pigments and representative fruits/
vegetables in the following chapters.
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Introduction

Carotenoids are a family of isoprenoid molecules that are widespread in nature. 
They are responsible for the typical yellow, orange, and red colors of most fruits, 
flowers, and vegetables, and for the characteristic colors of many birds, insects, 
fish, and crustaceous intaking carotenoids through the diet. The basic chemical 
structure of any carotenoid molecule is the long polyene chain, which may extend 
from 3 to 15 conjugated double bonds, acting as a chromophore that determines the 
absorption spectrum of the molecule, and hence its color [1]. This basic structure 
can be further modified in a number of ways, such as cyclization and oxygenation, 
to yield a family of more than 600 different carotenoids generally divided into two 
subgroups, carotenes (hydrocarbon carotenoids) and xanthophylls (oxygenated de-
rivatives) [1]. Their oxidative breakdown products are called apocarotenoids.

Carotenoids perform a broad range of metabolic and ecological functions. Ca-
rotenoid pigments are essential components of the photosynthetic membranes in 
all photosynthetic organisms, including plants, algae, and cyanobacteria, protecting 
them against photooxidative damage [2, 3]. This protective function is crucial in 
oxygen-evolving photosynthetic organisms, since an impairment to produce cyclic 
carotenoids is eventually lethal [1]. In higher plants, carotenoids also act as accesso-
ry pigments in the light-harvesting antennae of chloroplasts, transferring energy to 
chlorophylls, and as precursors for biosynthesis of the phytohormones abscisic acid 
(ABA), which controls abiotic stress signaling pathways, and strigolactone, which 
controls lateral shoot growth [3–5]. An additional and important role of carotenoids 
in higher plants is as coloring agents in flowers and fruits to attract pollinators and 
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agents of seed dispersal [2]. In these tissues, carotenoids accumulate in nonphoto-
synthetic chromoplasts, where they are found in association with lipid–protein com-
plexes in plastoglobules and/or in carotenoid-accumulating structures of globular, 
crystalline, membranous, fibrillar, or tubular forms [6].

Since animals are unable to synthesize carotenoids de novo, they rely upon the 
diet as the source of these compounds. Dietary carotenoids contribute to animal 
health and behavior, because they stimulate the immune system and aid in the pref-
erential selection by the sexual partner [7, 8]. In mammalians, including humans, 
carotenoid species containing a β-ring can be converted into retinal (the main visual 
pigment), retinol (vitamin A), and retinoic acid (a substance that controls morpho-
genesis) [9]. Additional beneficial effects of carotenoids in human health are at-
tributed to their antioxidant and anti-inflammatory activities in vivo, which help to 
prevent certain cancers, cardiovascular diseases, light-induced erythema, and age-
related diseases of eye such as cataract and macular degeneration [10, 11].

Here we present the current knowledge about the carotenoid biosynthesis gene 
families in higher plants from a genomic perspective. This includes information 
about the basic structure, function, and evolution of the genes and enzymes, as well 
as the molecular mechanisms regulating carotenoid biosynthesis in different plant 
tissues.

Carotenoid Biosynthetic Pathway

The biosynthetic pathways involved in carotenoid formation were elucidated during 
the second half of the twentieth century using both classical biochemical approaches 
and modern molecular biology techniques [12]. Nevertheless, the major advances 
in the identification of genes and enzymes of carotenoid biosynthesis occurred in 
the 1990s. Isolation of carotenoid-defective mutants in plants, and the information 
resources of the Arabidopsis thaliana EST database and the genome sequence of 
the cyanobacterium Synechocystis PCC6803 contributed to such advances [9, 12, 
13]. Also important was the dissection of carotenoid biosynthesis pathway in bac-
terial systems, such as Rhodobacter capsulatus, Erwinia uredovora, and Erwinia 
herbicola. It allowed engineering strains of Escherichia coli accumulating a variety 
of carotenoid precursors for use as a simple and powerful in vivo system for the 
assay of enzyme function and substrate specificity [12]. In addition, the different 
colors exhibited by carotenoid-accumulating E. coli strains were exploited to visu-
ally screen complementary DNA (cDNA) and genomic libraries, in a procedure 
referred to as “color complementation,” enabling the identification of a number of 
previously unidentified plant, algal, and cyanobacterial carotenogenic genes based 
on the visualization of color changes in E. coli colonies [14].

Carotenoids make a part of the plethora of chemical compounds that are pro-
duced via the general isoprenoid biosynthetic pathway (Fig. 2.1). As all other iso-
prenoids, carotenoids are built from the five-carbon (C5) compound isopentenyl 
diphosphate (IPP) and its allylic isomer, dimethylallyl diphosphate (DMAPP)  
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[10, 13, 15]. Until recently, it was assumed that IPP was synthesized from acetyl-
coenzyme A (CoA) via mevalonic acid (MVA) pathway [16]. However, in the early 
1990s retro-biosynthetic studies established the presence of an alternative, MVA-
independent pathway for the formation of IPP and DMAPP, termed 1-deoxy-D-xy-
lulose-5-phosphate (DXP) or 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway 
[17]. Several reports have indicated that eubacteria ( E. coli and other pathogenic 
bacteria) and protozoans of apicomplexan phylum ( Plasmodium falciparum) syn-
thesize isoprenoids only via the MEP pathway, while archaebacteria, fungi, and 
animals (including humans) contain only the MVA pathway [18, 19]. The formation 
of isoprenoids in plants, however, can proceed from both MEP and MVA pathways 
[15, 18]. IPP is synthesized in plastids through the MEP pathway and in the cytosol 
through the MVA pathway. Thus, MEP pathway is a potential target for the develop-
ment of new herbicides and anti-malarian and antimicrobial drugs that, besides the 
large spectrum of action, are not toxic for humans.

The MVA pathway involves a set of six reactions proceeding sequentially from 
acetyl-CoA to produce IPP and DMAPP [15, 16, 19]. Initially, two acetyl-CoA mol-
ecules, obtained through CO2 fixation, are condensed to yield acetoacetyl-CoA, in 
a reaction catalyzed by acetyl-CoA C-acetyltransferase (AACT, EC 2.3.1.9). Then, 
a third acetyl-CoA molecule is condensed to acetoacetyl-CoA, forming 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) by the action of HMG-CoA synthetase (HMGS, 
EC 4.1.3.5). The nicotinamide adenine dinucleotide phosphate (NADP)-dependent 
HMG-CoA reductase converts the CoA-derived in ( R)-MVA, which is phosphory-
lated to ( R)-MVA 5-diphophate by the sequential action of mevalonate kinase (MK, 
EC 2.7.1.36) and diphosphomevalonate kinase (PMK, EC 2.7.4.2). ( R)-MVA 5-di-
phophate is further decarboxylated by the mevalonate diphosphate decarboxylase 
(MDC, EC 4.1.1.33), producing a pool of IPP. Finally, IPP isomerase catalyzes the 
reversible conversion of IPP into DMAPP, maintaining the equilibrium between 
these two compounds [16, 20].

The MEP pathway consists of seven sequential reactions starting from the con-
densation of pyruvate and glyceraldehyde 3-phosphate (G3P) to yield 1-deoxy-D-
xylulose 5-phosphate (DXP) [10, 17, 18]. This transketolase reaction is catalyzed by 
DXP synthase (DXS, EC 4.1.3.37), an enzyme that requires thiamine pyrophosphate 
and a divalent cation (Mg2 + or Mn2 + ) as cofactors [18, 21]. DXP is subsequently re-
arranged and reduced to MEP in a single step, in a reaction catalyzed by DXP reduc-
toisomerase (DXR, EC 1.1.1.267). DXR requires NADPH and Mn2 + as cofactors 
[18, 21]. MEP is converted to IPP and DMAPP via 4-(cytidine 5′-diphospho)-2-C-
methyl-D-erythritol (CDP-ME), 2-phospho-4-(cytidine 5′-diphospho)-2-C-methyl-
D-erythritol (CDP-MEP), 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MCP), 
and 1-hydroxy-2-methyl-2-( E)-butenyl 4-phosphate (HMBPP). The enzymes 
responsible for these reactions are, respectively, MEP cytidyl transferase (MCT, 
EC 2.7.7.60), CDP-ME kinase (CMK, EC 2.7.1.148), MCP synthase (MCS, EC 
4.6.1.12), and HMBPP synthase (HDS) [18, 21]. IPP/DMAPP synthase (IDS) is 
responsible for the conversion of HMBPP to a 5:1 mixture of IPP and DMAPP [10, 
20, 21].

IPP and DMAPP are subsequently used as blocks in a modular assembly process 
that produces compounds of 5, 10, 15, 20, or more carbons (in multiples of 5),  
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allowing the biosynthesis of the basic skeletons for the various isoprenoids, includ-
ing carotenoids, with a relatively small number of basic reaction steps [10, 15, 19]. 
For instance, the C20 geranylgeranyl diphosphate (GGPP), which serves as the im-
mediate precursor for carotenoids, is formed by the sequential and linear addition 
of three molecules of IPP to one molecule of DMAPP. The enzyme that catalyzes 
these reactions, the GGPP synthase (GGPS; EC 2.5.1.29), is encoded by a multi-
gene family of 12 members in the Arabidopsis genome, suggesting the involvement 
of different isozymes in the production of specific groups of isoprenoids [10, 13].

Basic Structure, Function, and Evolution of Carotenoid 
Biosynthesis Genes and Enzymes

The C40 skeleton of all plant carotenoids is assembled from the condensation of 
two molecules of GGPP, which then suffer a series of enzymatic reactions of de-
saturation, cyclization, and oxidation [10, 19]. Genetic and molecular evidences 
indicate that all enzymes of carotenoid biosynthetic pathway in plants are encoded 
by nuclear genes and post-translationally imported to plastids [12, 22]. Here, the 
genes and enzymes of carotenoid biosynthesis are discussed sequentially in their 
order within the pathway, giving specific details for one or more examples of each 
in Arabidopsis and other higher plants whenever possible.

Phytoene Synthase

Phytoene synthase (PSY, EC 2.5.1.32) catalyzes the first committed step in the for-
mation of carotenoids, by the condensation of two GGPP molecules to produce 15-
cis phytoene (Fig. 2.1a) [10, 12]. Detailed biochemical characterization of tomato 
and pepper PSYs has demonstrated that they can be either thylacoid membrane as-
sociated, but not integral, or stroma-localized proteins [10, 22]. The catalytic site of 
PSY, at the carboxy terminus, contains a large central cavity, formed by antiparallel 
alpha-helices, with two aspartate-rich motifs (DELVD and DVGED) that are posi-
tioned on opposite walls of the central cavity [19, 23]. The high degree of sequence 
conservation of these motifs suggests that they are required for the interaction of 
enzyme with upstream products [23]. PSY also contains an active site (YAKTF) at 
the amino terminus and a squalene synthase (SQS) domain type located between 
the catalytic and active sites (Fig. 2.2) [19, 23]. There is a low sequence similarity 
at the amino terminus among PSYs of different plant species, partially due to the 
existence of plastid transit peptide sequences that are known to show a low degree 
of sequence conservation.

Arabidopsis possesses only one PSY gene, while tomato and tobacco have two 
PSYs and plants belonging to the Poaceae have three PSYs [24–29]. Scenarios of 
gene duplication and sub-functionalization can be invoked for the evolution of PSY 
genes and enzymes from an ancestral PSY gene prototype. The PSY paralogs are 
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involved with the carotenoid synthesis in different plant tissues. For instance, PSY1 
encodes a fruit- and flower-specific isoform in tomato, whereas PSY2 encodes an 
isoform that predominates in photosynthetic tissues [25, 27]. In maize, PSY1 and 
PSY2 are required for endosperm carotenoid accumulation and photomorphogen-
esis in photosynthetic tissues, while PSY3 is associated with root carotenogenesis 
and necessary for drought and salt stress-induced production of ABA [28, 30].

A comparison of the gene structures of PSYs among different plant species shows 
that the Arabidopsis PSY  contains seven exons, as well as Vitis vinifera, while 
rice and maize PSYs show a loss of exon 1 (Fig. 2.3a). The gene structures at the 

Fig. 2.3   PSY gene structure and phylogeny. a Exon/intron structure of PSY in different plant 
species. Red arrow denotes the catalytic site of PSY. White, gray, and black thin bars indicate 
UTR, intron and exon regions, respectively. b Similarity dendrogram of plant PSYs and squalene 
synthases (SQSs). Amino acid sequences were aligned using ClustalW and a neighbor-joining tree 
was constructed with a 1000-bootstrap replication support. Abbreviations for the name of plant 
species are as follows: At Arabidopsis thaliana, Os Oryza sativa, Zm Zea mays, Nt Nicotiana 
tabacum, Cs Citrus sinensis, Po Populus trichocarpa, Sl Solanum lycopersicum, Ca Capsicum 
annum, Vv Vitis vinifera, PSY phytoene synthase, UTR untranslated region
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5′-untranslated region (UTR) of all PSY genes analyzed show differences in length 
and sequence, even among the different genes within a species, such as OsPSY1 
(227 bp), OsPSY2 (147 bp), and OsPSY3 (193 bp; Fig. 2.3a). In contrast, the lengths 
of exons 3, 4, 5, and 6 are comparable among the different plant species, with 45–
51, 173, 236, and 193–211 bp, respectively. Such conservation may be associated to 
the presence of nucleotide sequences encoding conserved domains of enzyme, such 
as the catalytic site located at the exon 5 of Arabidopsis. The dendrogram of similar-
ity reveals that PSYs of rice and maize clustered together, in a separated clade from 
PSYs of dicots, which includes the tomato PSY1 and PSY2. It suggests that the du-
plication event of PSY occurred separately in Poaceae and Solanaceae (Fig. 2.3b). 
Furthermore, the proximity between AtPSY and OsPSY1 represents the existence 
of an ancient PSY constituting a common ancestor of monocots and dicots [29].

Desaturases

Colorless phytoene undergoes a series of four desaturation reactions in plants that 
results in the formation of the red-colored carotenoid lycopene (Fig. 2.1a). These re-
actions are catalyzed by two related enzymes in plants: phytoene desaturase (PDS, 
EC 1.3.5.5) and ζ-carotene desaturase (ZDS, EC 1.3.5.6). PDS converts phytoene in 
phytofluene and then in ζ-carotene, while ZDS converts ζ-carotene in neurosporene 
and then in lycopene [10, 19]. In contrast with plants, bacteria and fungi contain 
only a single desaturase, CrtI, which catalyzes the four desaturation steps [19].

PDS and ZDS are found to be associated with other enzymes of carotenoid bio-
synthetic pathway, forming multimeric complexes of about 350 kDa [12, 31]. It has 
been proposed that two molecules of each PDS and ZDS, associated with one mol-
ecule of lycopene β-cyclase (β-LCY) and another of lycopene ε-cyclase (ε-LCY), 
form a multienzymatic complex responsible for the synthesis of α-carotene [12, 32]. 
A similar association of PDS and ZDS with two molecules of β-LCY would be re-
sponsible for the synthesis of β-carotene [12, 32]. PDS may be also associated with 
chloroplastic chaperonins (Cpn60) or heat-shock proteins (Hsp70) when located in 
stroma [31, 33, 34].

The active form of PDS is tightly bound to thylacoid membranes, whereas the 
stroma free form is inactive [31, 33]. Besides the association with membranes, the 
desaturases require cofactors for their complete activity. The removal of two hydro-
gen atoms during each desaturation step suggests the involvement of an electron 
transport chain for the regeneration of reductants [10]. A plastid terminal oxidase 
(PTOX) was identified in Arabidopsis mutants as one component of this electron 
transport chain required for the desaturation of phytoene [35]. PTOX is a plastoqui-
none oxidoreductase that regenerates the reduced plastoquinone formed during the 
desaturation of phytoene and ζ-carotene, using oxygen (O2) as a terminal acceptor. 
Thus, PTOX and O2 are considered as the main cofactors involved in the desatura-
tion of phytoene, in both photosynthetic and nonphotosynthetic tissues [35].

The genomes of higher plants apparently contain only one copy of desaturase 
genes, PDS and ZDS [12, 26, 33, 36, 37]. A unique exception has been recently 
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discovered in sweet orange ( Citrus sinensis), in which 2 PDS and 12 ZDS members 
were found to be clustered, respectively, at one and three loci [38]. A high degree of 
similarity is observed in the deduced amino acid sequences of all plant desaturases 
[10]. All contain a conserved dinucleotide (FAD/NADP)-binding site domain at 
the amino terminus (Fig. 2.2). The carboxy terminus contains another conserved 
region, the carotenoid-binding domain.

Isomerases

In higher plants, phytoene occurs predominantly as the 15-cis isomer, while the pre-
dominant isomer of lycopene is all-trans, suggesting the existence of an enzymatic 
step mediating the cis–trans isomerization of lycopene precursors (Fig. 2.1a). Map-
based cloning of the gene responsible for the tangerine tomato fruit phenotype, 
which accumulates 7,9,7′,9′-tetra-cis lycopene (prolycopene) and traces of its poly-
cis precursors, resulted in the isolation of carotenoid isomerase ( CrtISO). CrtISO 
encodes a carotenoid isomerase (CrtISO, EC 5.2.1.13) catalyzing the isomerization 
of prolycopene to all-trans lycopene [39]. A CrtISO homolog termed Ccr-2 was 
also isolated in Arabidopsis [40].

Both tomato and Arabidopsis isomerases contain a dinucleotide (FAD/NADP)-
binding domain, like PDS and ZDS. However, the isomerases show more identi-
ties to bacterial phytoene desaturases (CrtI) than the plant desaturases [39, 40]. 
In fact, the bacterial desaturase CrtI also possesses the function of isomerization 
in combination with that of desaturation, converting 15-cis phytoene to all-trans 
lycopene [10].

Cyclases

Cyclization of the linear carotenoid lycopene marks an important branching point 
in the carotenoid pathway: one branch leads to β-carotene and its derivative xan-
thophylls, whereas the other leads to α-carotene and lutein (Fig. 2.1b). These ca-
rotenoids differ in the type of cyclic end group that is added. It can be a ε- or 
β-ionone ring, depending on the position of a double bond within the cyclohexane 
ring. Carotenoids with two β-rings, such as β-carotene and zeaxanthin, are primarily 
involved in protection against photooxidative damage and dissipation of the excess 
of light energy in the photosynthetic membranes [12]. Carotenoids with one β-ring 
and one ε-ring, such as lutein, act as accessory pigments in light-harvesting anten-
nae of the chloroplasts [12]. Carotenoids with two ε-rings, such as lactucaxanthin 
in lettuce, are rare [41].

The type of end group produced depends on the nature of cyclase enzyme. In 
higher plants, there are two major cyclases: β-LCY (EC 5.5.1.19), which intro-
duces β-rings, and ε-LCY (EC 5.5.1.18) that introduces ε-rings. The formation of 
β-carotene requires the introduction of two β-rings by β-LCY, whereas α-carotene 
requires the interaction of both β-LCY and ε-LCY (Fig. 2.1b) [32]. In contrast with 
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β-LCY, ε-LCY is able to incorporate only one ε-ring to the symmetrical lycopene, 
forming δ-carotene [32]. Lettuce ε-LCY is the only example of cyclase that can in-
troduce two ε-rings to the lycopene molecule [41]. All lycopene cyclases, irrespec-
tive of class, proceed via a carbocationic mechanism [19].

A membrane-associated multienzymatic complex involving the association of 
β-LCY and ε-LCY with PDS and ZDS is postulated to act in the synthesis of α- and 
β-carotene (see the desaturases section). These carotenogenic complexes possibly 
are associated to other enzymes and cofactors that regulate their catalytic activity 
[12]. Flux directing towards the β,β- or β,ε-branch of the pathway seems to be de-
termined by the relative amounts of enzymatic activity and/or substrate specificity 
of β-LCY and ε-LCY [32, 42].

The lycopene cyclases contain a dinucleotide (FAD/NADP)-binding site do-
main, apparently involved in allosteric activation, and two characteristic conserved 
motifs: cyclase I and cyclase II (Fig. 2.4) [43, 44]. The FAD/NADP-binding site 
domain is composed by a typical secondary structure (β-sheet/α-helice/β-sheet) 
present in all plant enzymes with lycopene cyclase activity [44]. The cyclization 
reaction seems to be a simple rearrangement that does not involve any change in the 
oxidation level of lycopene molecule [19]. Thus, the involvement NAD(P)H in the 
reaction is not expected. NAD(P)H seems to have an indirect action, participating 
in the enzymatic reaction as an allosteric activator [44].

The first searches for homology carried out with plant ε-LCYs revealed the ex-
istence of a conserved region (VQMQQ), which was termed “ε-cyclase conserved 
region” (Fig. 2.4) [32]. Similarly, β-LCYs contain a conserved region (PLYD) that 
has been identified as “β-cyclase conserved region.” All lycopene cyclases also 
contain a conserved region that shows similarity to motifs of β-cyclase [32]. Since 
this region is present in cyclases that introduce β-, ε- or κ-ring, it has been termed 
“cyclase activity region” (Fig. 2.4).

Only a copy of ε-LCY gene has been identified in the genome of Arabidopsis and 
tomato [32, 45]. Arabidopsis also contains a copy of β-LCY [32], but two β-LCY 
copies, Crtl-B and Cyc-B, were identified in tomato [46, 47]. Crtl-B is active in 
photosynthetic tissues, whereas Cyc-B functions only in chromoplast-containing 
tissues [22]. The presence of two β-LCY genes, one with a chromoplast-specific ex-
pression, has been also reported in carotenogenic fruits other than tomato, including 
watermelon [48], orange, and grapefruit [49, 50].

Plant lycopene cyclases are also related to two other carotenoid cyclase enzymes: 
the capsanthin–capsorubin synthase (CCS, EC 5.3.99.8) of pepper [32] and the neo-
xanthin synthase (NSY, EC 5.3.99.9) of tomato [51] and potato [52]. CCS catalyzes 
the formation of the unusual five-carbon κ-ring [53], converting antheraxanthin or 
violaxanthin to capsanthin or capsorubin, respectively. In addition, CCS exhibits a 
β-LCY activity when lycopene is provided as a substrate [43]. NSY also modifies 
violaxanthin to the allenic product via a carbocation with a structure similar to the 
intermediate in the CCS-catalyzed reaction [54]. Although NSY operates mechanis-
tically like CCS, its cryptic LCY activity has not been demonstrated [19].

Conservation of amino-acid sequences and their similar mechanisms of catalysis 
suggest that all plant cyclases, including CCS and NSY, have evolved from a common  
ancestor, most probably the cyanobacterial CrtL [55]. Since cyanobacteria do not 
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contain any ε-LCY activity, it is presumed that this enzyme evolved by gene du-
plication of a β-LCY in prochlorophytes, where carotenoids with an ε-end group 
appear. In contrast with higher plants, Prochlorococcus marinus can synthesize 
α-carotene from lycopene by a single enzyme [55]. Thus, the P. marinus ε-LCY 
can be regarded as a premature form of the plant ε-LCY, which has not yet lost its 
β-cyclase activity [55].

Hydroxylases

Xanthophylls are oxidation products of α- and β-carotene in higher plants [10]. 
Hydroxylation of the number three carbon of each ring (C-3 and C-3′) of α-carotene 
and β-carotene results in the formation of lutein and zeaxanthin via α-cryptoxanthin 
and β-cryptoxanthin, respectively (Fig. 2.1b). These reactions are carried out by two 
types of enzymes, one specific for ε-rings (ε-hydroxylase, ε-CHY, EC 1.14.99.45) 
and the other for β-rings (β-CHY, EC 1.14.13.129) [22].

Fig. 2.4   Alignment of the partial amino acid sequences of β-LCY and ε-LCY from different plant 
species. Conserved amino acid sequences of β-LCY and ε-LCY in a given position are in white text 
on a blue and black background, respectively. Dashes denote a gap in the amino acid sequence. 
The conserved regions are plant ε-cyclase conserved region (I), plant β-cyclase conserved region 
(II), dinucleotide (FAD/NADP)-binding site domain (III), cyclase I motif (IV and V), cyclase II 
motif (VI) and cyclase activity region (VII). Asterisk (*), colon (:) and dot (.) symbols denote 
identical, conserved and similar amino acids, respectively. Abbreviations for the species names are 
as follows: At Arabidopsis thaliana, Ca Capsicum annum, Cs Citrus sinensis, Ls Lactuca sativa, 
Os Oryza sativa, Pt Populus trichocarpa, Sl Solanum lycopersicum, Vv Vitis vinifera, Zm Zea 
mays, FAD/NADP flavin adenine dinucleotide/nicotinamide adenine dinucleotide phosphate, LCY 
lycopene cyclase
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Two genes encoding β-CHY ( CHB1, CHB2) were first cloned from Arabidopsis 
[56] and pepper [57]. The deduced amino acid sequences of β-CHY indicate the 
presence of transmembrane helices, suggesting that they are integral membrane en-
zymes. Pepper β-CHY displays histidine motifs, HXXXXH and HXXHH (Fig. 2.2) 
that play a vital role in coordinating the Fe ions in the active site [58]. Thus, β-CHY 
is a nonheme-di-iron monooxygenase that uses activated molecular oxygen to break 
the C–H bond, with the concomitant formation of unsaturated bonds and the reten-
tion of hydroxyl groups [57].

Although the β-ring of α-carotene is hydroxylated by a nonheme-di-iron mono-
oxygenase, β-CHY, the ε-ring is not. Molecular analysis of the Arabidopsis mutant 
lut1, which shows up to a 95 % decrease in lutein content, led to the identification 
of a cytochrome P450-type oxygenase (CYP), CYP97C1, involved in the hydrox-
ylation of the ε-ring of lutein [59]. Thus, the introduction of hydroxy group into the 
β- and ε-rings of α-carotene, to form lutein, is catalyzed by structurally unrelated 
enzymes such as nonheme-di-iron monooxygenases and cytochrome P450-type 
oxygenases.

Epoxidases and De-epoxidases

Zeaxanthin is converted into antheraxanthin and violaxanthin by the introduction 
of, respectively, one or two 5,6-epoxygroups into the 3-hydroxy-β-rings (Fig. 2.1b). 
This reaction is catalyzed by zeaxanthin epoxidase (ZEP, EC 1.14.13.90) [10]. The 
resulting antheraxanthin and violaxanthin are subjected to de-epoxidation by vio-
laxanthin de-epoxidase (VDE, EC 1.10.99.3), which converts violaxanthin and an-
theraxanthin back to zeaxanthin [10]. These reactions of interconversion are known 
as the xanthophyll cycle, which has a key role in protecting the photosynthetic 
membranes against excess light by dissipating light energy as heat [19]. Zeaxanthin 
is converted into antheraxanthin and violaxanthin under light conditions that do not 
saturate photosynthesis or in the darkness [60]. Under light conditions that exceed 
the leaf photosynthetic capacity, violaxanthin is converted back to zeaxanthin [60].

ZEP and VDE are members of a group of proteins known as lipocalins, which 
bind and transport small hydrophobic molecules [61]. Lipocalins show a conserved 
secondary structure containing eight antiparallel β-sheets, which encompass three 
major motifs: motif I, first of the eight β-sheets, preceded by a stretch of α-helice; 
motif II, segments of sixth and seventh β-sheets, along with a loop between the 
sheets; and motif III, part of eighth β-sheet along with a carboxy terminal α-helice 
fragment and a loop between these two structures [61]. ZEP differs from VDE on 
the number of amino acid between the motifs I and II [62].

In addition, ZEP and VDE also contain a cystein-rich amino terminal region 
and a glutamate-rich carboxy terminal region (Fig. 2.2), probably involved in the 
formation of α-helices [62]. ZEP also contains a dinucleotide (FAD/NADP)-bind-
ing motif, like those in the carotenoid desaturases and cyclases. ZEP activity is  
controlled by the availability of β,β-xanthophyll precursors and requires the pres-
ence of FAD and ferredoxin [19]. VDE activity depends on the availability of  
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violaxanthin, acidic pH of the lumen and protonated ascorbate [19]. During the light 
period, VDE binds to thylakoid membranes due to the acidification of lumen. In the 
dark, pH is neutral and VDE is released from thylakoid membranes.

VDE seems to be encoded by single copy genes in plants, while small gene fami-
lies encode ZEP in plants such as maize, rice, and Vitis [26, 63, 64].

Neoxanthin Synthase

The conversion of violaxanthin into neoxanthin, by the rearrangement of a single 
epoxy group to 5-hydroxy, is the final step in the β,β-branch of carotenoid biosyn-
thetic pathway (Fig. 2.1b). This reaction is catalyzed by NSY [10]. Neoxanthin can 
be cleaved to form a C15 precursor of ABA [4].

NSY has been characterized in potato and tomato [52, 54]. Interestingly, the 
amino acid sequence of NSY is homolog to CYC-B, the chromoplast-targeted iso-
form of β-LCY in tomato [47], and to CCS [43], which converts antheraxanthin 
and violaxanthin to capsanthin and capsorubin, respectively, in pepper. However, in 
contrast to β-LCY, which carries out the cyclization of end groups in the linear ca-
rotenoid lycopene, NSY acts by means of epoxidation, carbocation neutralization, 
and intramolecular rearrangement of the violaxanthin precursor [19]. NSY activity 
is similar to that of CCS, which also catalyzes an epoxidation reaction in the 5,6-ep-
oxy cyclohexenyl end groups [19].

NSY is encoded by a single-copy gene in potato and tomato [52, 54]. Surpris-
ingly, no NSY homologous gene has been found in the Arabidopsis genome yet. 
Its extensive homology with CYC-B has led to speculation that the NSY activity 
may be played by bifunctional β-LCYs, capable of converting both lycopene to 
β-carotene and violaxanthin to neoxanthin [65].

Regulation of Carotenoid Biosynthesis in Higher Plants

Since carotenoids play a central role in plant development and adaptation, their syn-
thesis must be coordinated with the developmental processes, such as plastid dif-
ferentiation, flowering and fruit development, and related metabolic pathways. Sev-
eral mechanisms are used to regulate the carotenoid biosynthesis in higher plants, 
defining the types and amounts of the diverse carotenoids that will be synthesized 
in the different tissues [66]. Transcriptional regulation of carotenoid biosynthesis 
genes appears to be the major regulatory mechanism controlling carotenoid accu-
mulation in the different plant tissues. However, other regulatory mechanisms have 
been also observed to control carotenoid biosynthesis, including posttranscriptional 
regulation, natural genetic variation and carotenoid degradation, turnover, and se-
questration.

A key regulatory mechanism during the formation of isoprenoids is the control of 
precursor partitioning into the branches of the pathway. This has led to the concept 
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of metabolic channeling among each branch of the pathway [10]. Considering the 
precursor supply as a limiting factor for carotenoid biosynthesis in plants, the enzy-
matic steps of MEP pathway involved in the synthesis of IPP and DMAPP would 
be the most restrictive ones to the flux into the pathway. Consistent with the idea of 
rate-limiting steps in the MEP pathway, changes in levels of DXS messenger RNA 
(mRNA) expression result in alterations in the contents of several isoprenoids, such 
as chlorophylls, tocopherols, carotenoids, and ABA [66]. For instance, expression 
analysis of DXS showed a developmental regulation during tomato fruit ripening, 
which correlated with an increase in PSY mRNA transcripts and carotenoid accu-
mulation [67]. Furthermore, transgenic Arabidopsis seedlings overexpressing DXS 
and DXR showed increased levels of several isoprenoids, while antisense silencing 
of DXS significantly reduced isoprenoid formation [68, 69].

PSY catalyzes the most important rate-limiting step in the carotenoid biosyn-
thetic pathway. PSY genes respond transcriptionally to ABA, high light, photoperi-
od, development cues, abiotic stresses, and posttranscriptional feedback regulation 
[66]. Some plant species possess more than one PSY, which show tissue-specific ex-
pression and different responses to environmental stimuli. For example, the mRNA 
expression of a flower- and fruit-specific PSY ( PSY-1) significantly increases dur-
ing tomato fruit ripening [45], contributing to the accumulation of lycopene. The 
induction of PSY3 transcription in maize and rice under salt and drought stresses 
correlates with increased carotenoid flux and ABA synthesis in their roots [28, 29]. 
Allelic variation in PSY has been also described as a mechanism that may change 
PSY enzymatic activity. Alternative splicing of PSY-A1 allele was considered to be a 
major quantitative trait locus (QTL) determinant of flour color in bread wheat [70]. 
The accumulation of phytoene has been demonstrated to involve negative feedback 
regulation of upstream genes, including PSY, as well as downstream genes such as 
ZDS and β-LCY, which were all downregulated in the pds3 mutant [71].

CrtISO has recently emerged as a regulatory node in the carotenoid biosynthetic 
pathway. CRTISO mutants, such as ccr2 and tangerine, accumulates cis-carotenes 
like 7,7′9,9′-tetra-cis-lycopene in etioplasts (dark-grown plastids) of seedlings and 
chromoplasts of fruit [39, 40]. In chloroplasts of the mutants, the biosynthetic path-
way proceeds via photoisomerization, but there is delayed greening and substantial 
reduction in lutein in Arabidopsis and varying degrees of chlorosis in tomato and 
rice [39, 40, 72].

The branching point in the carotenoid pathway proceeding after lycopene has 
a major regulatory role in modulating the partitioning of β,β- and β,ε-ring carot-
enoids. Flux through the two branches can be controlled by ε-LCY and β-LCY [66]. 
The massive accumulation of lycopene during tomato fruit development is a result 
of developmentally controlled downregulation of mRNA expression of β-LCY and 
ε-LCY, besides the upregulation of PSY [45]. A similar mechanism of carotenoid 
gene expression regulation during fruit development has been found in other plant 
species. In citrus, such as oranges, lemons, mandarins, and grapefruit, there is a 
decrease in the lutein content after the green stage of fruit development and color 
appears in various tones, from light yellow to deep orange, due to the massive ac-
cumulation of β,β-xanthophylls in the flavedo and juice sacs [73, 74]. During this 
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process, the mRNA levels of PSY, PDS, ZDS, β-LCY2, and β-CHY increase while 
that of ε-LCY disappears [49, 50, 73–75]. Natural genetic variation at the ε-LCY 
locus in maize was shown to be another mechanism regulating the flux down β,ε- 
or β,β-branch of the carotenoid pathway [76]. Four natural ε-LCY polymorphisms 
explained 58 % of the variation in lutein and β,β-carotenoids [76].

Several studies have demonstrated that a pool of carotenoids is also regulated, in 
part, by the rate of degradation by carotenoid cleavage dioxygenases (CCDs) [66]. 
Members of this family not only synthesize important apocarotenoid molecules, 
such as the phytohormones ABA and strigolactone, but also aid in the maintenance 
of suitable carotenoid levels in different plant tissues. In Arabidopsis, the high ca-
rotenoid levels observed in maturing seeds have been attributed to a loss of CCD ac-
tivity [77]. In strawberry, there was a correlation between the increase in FaCCD1 
expression levels during ripening and a decrease in lutein content [78]. Petal color 
in chrysanthemum can also be regulated by CCD activity. Elevated transcript levels 
of CmCCD4a were observed in white petals, which correlated with a breakdown of 
the yellow carotenoid pigments [79].

Plastid biogenesis is another important regulatory mechanism providing a sink 
for carotenoid accumulation. The high-pigment-2 ( hp-2) and hp-3 tomato mutants 
contain higher fruit pigmentation caused by an enlargement of the plastid compart-
ment size, enabling greater pigment biosynthesis and storage capacity for carot-
enoids in mature fruits [80, 81]. The cauliflower Orange ( Or) mutant accumulates 
a high level of β-carotene in various normally white tissues of the plant, turning 
them orange, since the Or gene triggers the differentiation of proplastids and other 
colorless plastids into chromoplasts, creating a metabolic sink for carotenoid ac-
cumulation [82].

The sequestration of carotenoids within the various plastid types is another im-
portant form of regulation. Chloroplasts and chromoplasts appear to differ consider-
ably in the way they sequestrate end-product carotenoids. In chloroplasts, end-prod-
uct carotenoids are associated with light-harvesting complexes [10]. The unbound 
carotenoids are likely to be associated with specific proteins as small plastoglobuli. 
For instance, end-product carotenoids are typically esterified and associated with 
the fibrillin protein as fibrils in chromoplasts of pepper [83]. Tomato chromoplasts 
appear to sequestrate lycopene as crystals [84]. The plastid ultrastructure may be 
altered in response to changes in carotenoid content [84, 85]. Esterification of carot-
enoids appears to be an effective mechanism used by flowers of sunflower, daffodil, 
and marigold for a high-level carotenoid accumulation [10].

Transcriptional Co-regulation of Carotenoid 
Biosynthesis Genes

Transcriptional co-regulation has shown to play a central role in coordinating the 
cellular responses, which involve multiple genes and their products. Some studies 
have shown that many genes encoding metabolic enzymes that function within the 
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same or functionally related pathways form co-expression modules [86, 87]. Thus, 
it is believed that the synthesis of functionally related isoprenoid molecules may be 
mediated by their transcriptional co-regulation. However, it is important to empha-
size that changes in gene transcription do not necessarily reflect in altered protein 
abundance and functional activity due to the existence of posttranscriptional regula-
tory mechanisms of gene expression. Nevertheless, as the transcriptional regulation 
is the first level of protein synthesis regulation, changes in gene transcription in 
response to specific stimuli can be considered a primary regulatory response that 
reflects a change in requirement for specific proteins at a specific time period.

An expression correlation analysis using PSY and β-LCY as driver genes was 
carried out in order to determine the level of co-expression that they share with 
all of the other genes represented on the Arabidopsis co-expression tool (ACT) 

Fig. 2.5   Co-correlation scatter plot representing the level of co-expression of all Arabidopsis 
genes ( blue squares) relative to PSY ( x-axis) and β-LCY (LCY-B) ( y-axis). Carotenogenesis-
related genes are highlighted in red. Data were obtained using the Arabidopsis coexpression tool 
(ACT) (http://web.archive.org/20051222113921/www.arabidopsis.leeds.ac.uk/act/coexpanalyser.
php). See text and figure legends for abbreviations. PSY phytoene synthase, LCY lycopene cyclase
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(http://web.archive.org/20051222113921/www.arabidopsis.leeds.ac.uk/act/coexp-
analyser.php). PSY and β-LCY were chosen as driver genes for this analysis as their 
transcriptions are known to be positively correlated with carotenoid accumulation, 
as discussed above. It is believed that genes that are highly co-expressed with PSY 
and β-LCY will have closely associated functional roles. A co-correlation scatterplot 
between PSY and β-LCY reveals that both genes have a high level of co-expression 
with other genes related to photosynthesis, including those encoding the photo-
system II protein PsbP and chlorophyll a/b-binding proteins. The scatterplot also 
shows that expression of PSY and β-LCY is highly correlated with the expression of 
many genes involved in MEP and carotenoid biosynthetic pathways, with Pearson 
correlation coefficient ( r-value) ranging from 0.52 to 0.87 (Fig. 2.5). These find-
ings provide additional evidence that the coordinated transcriptional regulation of 
these biosynthesis genes is critical in regulating and coordinating the synthesis of 
functionally related carotenoids.

Concluding Comments

The carotenoid biosynthetic pathway is a wonderful example of successful inter-
disciplinary approach applied to clarify the fundamental reaction steps of the path-
way and their associated genes and enzymes. The biochemical reaction sequences 
involved in the biosynthesis of carotenoids are now known, as are all the encoding 
genes. A significant progress has also been made in understanding the regulation of 
carotenoid biosynthesis accumulation in higher plants. Although most of the carot-
enoid-related research has focused on model species such as Arabidopsis, tomato, 
maize and rice, other exciting reports have emerged from vegetables and fruits such 
as orange. These studies along with more in-depth research on the field of genomics 
will strengthen knowledge about the carotenoid pathway and its regulation in the 
future. The recent progress in the technological capacities in genomics, including 
the emergence of next-generation sequencing technologies, can lead to more fasci-
nating discoveries.
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Introduction

Although there are about 600 known carotenoids in nature, the human diet con-
tains approximately 40, and only ~ 10 were found in human tissues and plasma 
[1]. Some abundant dietary carotenoids, like violaxanthin and antheraxanthin in 
green plant tissues, are poorly absorbed in the human intestinal tract. Neverthe-
less, humans and monkeys are able to absorb and utilize a remarkably wide variety 
of carotenoids, from the nonpolar hydrocarbons (carotenes) to polar hydroxycarot-
enoids (lutein, zeaxanthin) [2]. Carotenoids containing an unsubstituted β-ionone 
ring (β-carotene, α-carotene, γ-carotene, β-cryptoxanthin) are partially converted to 
vitamin A in the intestinal mucosa and other tissues. Other animals may absorb only 
carotenes (cows, felines) [3], or are practically unable to absorb any carotenoids 
unless fed with large pharmacological doses (carnivores) [4]. Some animals seem 
to absorb only provitamin A carotenoids and convert them so efficiently to vitamin 
A that none can be found in their blood or tissues (rats, mice). Birds utilize provi-
tamin A carotenoids, as well as polar hydroxy- and keto-carotenoids, to produce 
pigments coloring their skin and feathers [5]. Because of these great differences in 
carotenoid utilization and metabolism, it is difficult to translate the data obtained 
from research with laboratory animals to human physiological response and dietary 
recommendations. However, genetic and proteomic investigations in animals and 
humans may reveal the causes of the differences between species and within human 
populations [6].
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This chapter considers the role of carotenoids in various aspects of human physi-
ology, possible benefits of dietary intake in preventing and treating disease, as well 
as the controversial issues of supplementation. Despite a very substantial body of 
existing literature, we are still at the beginning in the understanding of these com-
plex problems.

Food Sources and Bioavailability

Plants are the main source of carotenoids in our diet, since the bright colors of 
many fruits and vegetables are due to the high content of these pigments. Carrots, 
sweet potato, pumpkin, squash, mango, and apricots are rich in β-carotene, which 
is also abundant in the dark-green leaves of spinach, turnip greens, and collards 
[7]. Carrots, pumpkin, and squash also contain considerable amounts of α-carotene, 
while oranges, tangerines, red peppers, yellow papaya, and persimmons are the 
main sources of β-cryptoxanthin. Lycopene is provided mostly by tomatoes and 
tomato products, but is also present in watermelon, guava, pink grapefruit, and red 
papaya. Lutein and zeaxanthin are delivered by dark-green leaves, broccoli, and 
corn (maize).

Canned, cooked, or dried fruits and vegetables often contain more carotenoids 
per unit of weight than their fresh counterparts, due to dehydration, although some 
losses occur in processing at high temperatures. However, the bioavailability of ca-
rotenoids is greatly increased by processing (mincing, pureeing, cooking, canning) 
since it releases them from the food matrix. Thus, they may be easier to digest in 
the intestine, i.e., to incorporate into micelles of lipids and bile salts. Carotenoids 
are fat-soluble pigments, and therefore require the presence of fat in the same meal 
to be absorbed. Salad dressings should contain some fat to facilitate the absorption 
of carotenoids [8]. Mixed dishes containing carotenoids, like soups, stews, casse-
roles, and sauces, are better vehicles for carotenoid delivery than raw produce. For 
the same reason, animal sources of carotenoids are excellent providers of bioavail-
able β-carotene (milk, butter, cheese, and beef liver) or lutein and zeaxanthin (eggs, 
chicken fat, liver, and skin).

Major contributors of individual carotenoids, as well as of total provitamin A 
carotenoids, in the diet of adult Americans are listed in Table 3.1 [9]. The average 
daily intake of carotenoids by adults >19 years of age is close to 10 mg/day, includ-
ing 2.63 mg provitamin A carotenoids (2.11 mg β-carotene, 0.39 mg α-carotene, 
0.13 mg β-cryptoxanthin), 5.52 mg lycopene, and 1.50 mg lutein and zeaxanthin 
[10]. However, it was estimated from the National Health and Nutrition Exami-
nation Survey (NHANES) 2003–2006 data that only 5 % of adult males and 7 % 
of adult females meet dietary guidance recommendations for fruit and vegetable 
intake. Those individuals have a two- to threefold higher intake of carotenoids than 
the rest of the US population. Table 3.2 provides a list of mixed foods that contrib-
ute to carotenoid intake and are well accepted even by people who do not eat many 
fruits and vegetables.
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Absorption of carotenoids in the intestine was long considered to occur passively 
together with dietary lipids [11]. After their release from plant tissues, they must be 
dissolved in fat, forming emulsions with the aid of bile acids. Carotenoid-contain-
ing lipid micelles are absorbed by the intestinal mucosal cells and incorporated in 
chylomicrons; however, this universal scheme does not explain considerable dif-
ferences in carotenoid absorption among animal species. Recent cell culture and 
animal model studies indicate that carotenoid absorption is protein-mediated by 
a scavenger receptor class B type 1 (SR-B1), which also facilitates the uptake of 
α-tocopherol and cholesterol [6]. SR-B1 is regulated (attenuated) by the intestine-
specific homeobox factor (ISX), which in turn is activated by retinoic acid. Further 
studies of the differences in activity and expression of these proteins may help to 
elucidate the diversity of carotenoid absorption among various species, as well as 
individual differences in the human population. It is worth mentioning that careful 
balance studies of carotenoids measured in the diet and feces provide some assess-
ment of carotenoid absorption, although it may be overestimated due to bacterial 
degradation in the colon. The absorption of β-carotene from plant sources ranged 
from 5 to 65 % in adult humans [12] according to studies in the Netherlands, UK, 
and USA, a demonstration of the wide variation in carotenoid absorption within the 
human population.

Carotenoid Metabolism

The absorbed provitamin A carotenoids are centrally cleaved by β-carotene-15,15′-
monooxygenase (BCMO1), producing retinal (vitamin A aldehyde) that is quickly 
reduced to retinol. Irreversible oxidation of retinol results in retinoic acid, which 
mediates the vitamin A functions in growth and development by binding to retinoic 
acid receptors (RARs). BCMO1, like the absorption facilitator SR-B1, is regulated 
(attenuated) by ISX, a transcription factor activated by RARs [6]. A heterozygotic 
mutation in BCMO1 causes elevated β-carotene and low retinol concentrations in 
blood [13]. Normally, about 40 % of absorbed β-carotene is not converted to vita-
min A in the intestine, but incorporated in chylomicrons, entering circulation and 
taken up in various tissues by lipoprotein-specific receptors. Since BCMO1 is ex-
pressed in the liver and peripheral tissues (glandular cells of stomach, pancreas, 
colon, prostate, mammary tissue, steroidogenic cells of ovary, testis, and adrenals, 
as well as skin keratocytes, muscle cells, and retinal pigmented epithelium of the 
eyes), local production of retinoids may also occur.

The efficiency of provitamin A carotenoid conversion to vitamin A depends on 
bioavailability, absorption, and cleavage reactions that are obviously affected by 
many factors, like food preparation, health, and genetic variability in human sub-
jects [12, 14]. Low vitamin A status may increase the conversion in the absence of 
parasites, anemia, and other diseases. On the other hand, large dietary intakes of pro-
vitamin A carotenoids may decrease the efficiency of conversion due to the negative 
feedback regulation by retinoic acid. The equivalency ratio (weight of β-carotene 
in food: estimated weight of retinol formed) was better for fruits (12:1) than for 
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vegetables (26:1) in most studies, but the best was found for biofortified Golden 
Rice (3.8:1), biofortified maize (6.5:1), spirulina (4.5:1), and red palm oil (RPO; 
5.7:1). However, the reported ranges within studies were very wide, as shown in 
Table 3.3. In 2001, the US Institute of Medicine proposed a new unit, the retinol 
activity equivalent (1 µg RAE = 1 µg retinol), and advised that 1 µg RAE = 12 µg 
β-carotene or 24 µg of other provitamin A carotenoids for calculations of vitamin A 
equivalency for plant-derived food [15].

Besides the cytoplasmic enzyme BCMO1, there is also a mitochondrial carot-
enoid-degrading enzyme, β-carotene-9′,10′-dioxygenase 2 (BCDO2), that cleaves 
a wide range of carotenoids at position 9, 10 or 9′,10′, forming apocarotenals, 
β-ionone, or acyclic fragments, depending on the substrate [16]. BCDO2 degrades 
provitamin A carotenoids, xanthophylls (lutein and zeaxanthin), and lycopene cis 
isomers. Inhibition of BCDO2 gene expression may help to explain the accumula-
tion of xanthophylls in birds (yellow skin of chickens) or an unusual yellow-fat 
phenotype in sheep. Thus, the apparent lack of carotenoids in blood or tissues of 
various animal species may be the result of active degradation by BCDO2. Apocar-
otenals seem to be quickly metabolized, since they do not accumulate in animal 
tissues. However, minute amounts of β-apo-8′-carotenal, β-apo-10′-carotenal, and 
β-apo-12′-carotenal were found in mice and humans, derived from dietary apocaro-
tenals or from β-carotene eccentric cleavage (enzymatic or nonenzymatic) [17]. 
Small amounts of β-apocarotenals (~1.5 % of β-carotene) were found in cantaloupe 
[18] and lycopenals (0.1 % of lycopene) were identified in tomatoes, tomato paste, 
watermelon, and red grapefruit [19].

Significance of Provitamin A Carotenoids  
in Developing Countries

Provitamin A carotenoid availability is of particular importance in developing 
countries where vitamin A deficiency (VAD) is a significant public health concern. 
The main underlying cause of VAD in low-income countries is a poor diet that is  

Table  3.3   Vitamin A equivalency of β-carotene from plant sources, based on plasma retinol 
response. (Adapted from [12])
Plant source Amount of 

β-carotene (mg)
Equivalency 
ratio (wt)

Range CV (%)

Indian spinach ( Basella alba) 4.5 10:1 – –
Sweet potato 4.5 13:1 – –
Spinach 11 21:1 10:1–47.1:1 43
Carrots 11 15:1 8:1–25:1 44
Maize (biofortified) 0.527 6.5:1 3.9:1–13.3:1 54
Golden Rice 1–1.53 3.8:1 1.9:1–6.4:1 45
Red palm oil 2.37 5.7:1 – –
Spirulina 4.2 4.5:1 2.3:1–7.1 36
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consistently insufficient in vitamin A, eventually leading to depleted stores that fail 
to achieve physiological needs [20, 21]. Persistent, severe deficiency can lead to 
xerophthalmia, a form of preventable, but irreversible, blindness in young children, 
and facilitates infectious diseases such as measles, diarrhea, and intestinal parasites, 
which increase infant mortality risks.

In such low-income populations, due to the poor availability of animal sources 
of preformed vitamin A, dietary carotenoids from plant sources, which need to be 
converted to vitamin A in the intestine, contribute to ~ 80 % of daily vitamin A in-
take and become highly necessary [12]. However, intestinal conversion of provi-
tamin A to vitamin A is often compromised due to intestinal parasitic infections 
in young children, further exacerbating the deficiency condition. Some success 
has been observed with improving vitamin A status through supplementation with  
low-dose β-carotene (1.2 mg daily) coupled with deworming for roundworms, such 
as Ascaris lumbricoides, in young Bangladeshi children with subclinical VAD [22].

World Health Organization (WHO; [21]) has reported that about 250 million 
preschool children are affected by VAD, and an estimated 250,000–500,000 chil-
dren go blind every year. WHO has outlined three main community-intervention 
strategies to combat and reduce VAD in affected populations: (1) fortification, (2) 
supplementation, and (3) dietary diversification. The first approach involves in-
creasing dietary intake through fortification of a staple food with vitamin A. While 
this approach has been implemented and successful in Central and South America 
where sugar has been fortified for many years [23], and also in high-income popula-
tions where fats, oils, and cereal products are enriched, its success in low-income 
countries is still limited. As mentioned earlier, vitamin A equivalency ratios appear 
to be lower for biofortified foods that are staples in populations at risk for VAD in 
developing countries. However, since these ratios were estimated in healthy US 
adults, it remains to be seen whether these biofortified foods will be as favorable 
in these high-risk areas where nutritional deficiencies and intestinal parasites are 
highly prevalent [12].

In high-risk populations, periodic supplementation with 200,000 IU vitamin A in 
preschool children (< 5 years) has been shown to reduce the risk of xerophthalmia 
by 90 % and mortality by 23 % [20]. A recent meta-analysis evaluating the efficacy 
of vitamin A supplementation in reducing mortality and morbidity in children aged 
6 months to 5 years found that out of the 43 trials included, 17 trials reported a 24 % 
reduction in the all-cause mortality rate. Seven trials reported a 28 % reduction in 
mortality associated with diarrhea, and vitamin A supplementation was associated 
with a reduced incidence of diarrhea and measles and a reduced prevalence of vi-
sion problems including night blindness and xerophthalmia [24]. Although effec-
tive, supplementation targets an immediate need, but is not regarded as a sustainable 
and economically viable approach.

Dietary diversification has been promoted in these regions in order to enhance 
the overall nutritional status of a community through nutrition education, and en-
couraging the consumption of vitamin A- and provitamin A-rich foods. The impor-
tance of home gardens to improve availability has also been emphasized. However, 
supplementation with plant sources of β-carotene in children and pregnant/lactating 
women have had variable effects [12]. In Mozambique, the promotion of production 
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and consumption of orange-fleshed sweet potato (OSP) resulted in increased serum 
retinol concentrations in preschool children from the intervention area compared 
with children in the control area, following a 2-year period [25]. Similar results 
were obtained in Uganda, where introduction of OSP to farming households led 
to a decrease in the prevalence of inadequate vitamin A intake in both children 
and women, and a 9.5 % reduction in prevalence of serum retinol < 1.05 µmol/L in 
children [26]. In poor Bangladeshi women, however, 60 days of daily consump-
tion of OSP increased plasma β-carotene concentrations from 0.1 ± 00 µmol/L to 
0.18 ± 0.09 µmol/L ( P < 0.0001), but the vitamin A body pool size was not signifi-
cantly affected [27]. In Gambian children, the consumption of dried mango for 4 
months increased serum retinol concentrations, compared to the control group who 
received a single placebo capsule of 40 mg α-tocopherol, followed by no interven-
tion for 4 months. Dark-green leafy vegetables or orange-colored fruits, provided 
to Indonesian schoolchildren for 9 weeks, increased serum retinol concentrations 
compared to the control group that received a diet low in provitamin A. Filipino 
children also showed a positive response to a 9-week intervention with β-carotene-
rich vegetables [12]. While these studies indicated that consumption of β-carotene 
through fruits and vegetables can increase the vitamin A status of at risk children, 
it is argued that the extent of vitamin A status improvement is difficult to quantify, 
because serum retinol is under homeostatic control and assessing these levels alone 
cannot provide information on the magnitude of change in vitamin A status [12].

Another food widely promoted for controlling VAD is RPO, the richest naturally 
occurring source of β-carotene, which generally contains a total of 500–800 mg of 
provitamin A carotenoids/kg oil [28] and is traditionally used for cooking in tropi-
cal rain forest regions of West Africa [29]. Rice and Burns [30] have presented a 
comprehensive review on the efficacy of RPO in preventing VAD. In the reviewed 
studies, RPO was provided mainly to preschool-aged children and pregnant or lac-
tating women, either as a daily supplement, an in-home fortificant (such as mixing 
with breakfast, foods, and regular meals), or fortified into other foods (such as bis-
cuits or cassava flour). In general, most studies showed an improvement in serum 
retinol concentrations in the targeted populations. Carotenoid levels increased in 
breast milk and maternal serum, but did not increase milk retinol concentrations in 
early lactation. The authors observed that the distinctive odor, color, and taste of 
RPO could be a potential barrier in achieving intervention success in cultures and 
countries where the oil is not traditionally used for cooking. However, if incorpo-
rated successfully, there is considerable evidence supporting the efficacy of RPO in 
ameliorating VAD.

In recent years, genetically modified (GM) crops have been advocated as a safe 
and super-efficient mode to increase the provitamin A levels in staple crops that 
otherwise contain negligible amounts of carotenoids, and Golden Rice (GR) has 
become a frontrunner in this regard. By genetically engineering the components of 
the β-carotene biosynthetic pathway into the endosperm of rice [31], scientists have 
been able to produce GR containing up to 37 µg total provitamin A carotenoids 
(~30  µg β-carotene) in 1.0  g milled and uncooked rice [32]. This technological 
advancement has provided an opportunity to improve the availability of provitamin 
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A carotenoids to South Asian countries where rice is a main staple and VAD still 
prevalent. Tang et al. [33] compared the efficiency of isotope-labeled GR to spinach 
or pure β-carotene in oil in providing vitamin A to Chinese preschool children. The 
results indicated that GR was as effective as β-carotene in the oil capsule and bet-
ter than spinach in contributing to the vitamin A intake in these children. Further-
more, the efficiency of conversion of β-carotene from GR to vitamin A was found 
to be better (2.3:1) in the Chinese children than that in US adults (3.8:1) [34]. If 
supplementation with GR produces similar outcomes in other high-risk countries, 
a considerable reduction in VAD can be expected due to the large consumption 
of this staple food. However, the economic cost of producing and supplying large 
amounts of GM crops to densely populated areas may be a challenge to consider. In 
the meantime, the consumption of carotenoids through homegrown vegetables and 
crops needs be continually encouraged in order to maintain a vitamin A status that 
would prevent fatal consequences.

Fertility and Reproductive Success

It is well known that carotenoids are crucial for the propagation of animal species, 
especially birds [35]. The bright colors of feathers or skin advertise gender (usually 
male), health and vigor, and the ability to procure a nutritious diet for offspring. 
Sexual attraction and choice of mate often depend, in birds, on the dietary supply of 
carotenoids. Carotenoids are accumulated in the egg yolk and provide a necessary 
supply of lutein and zeaxanthin for the retina of the developing young bird. Bird 
retina has more photoreceptors than human retina, and each cone cell contains an oil 
droplet with a high concentration of carotenoids that allows them to have excellent 
vision and to distinguish a great range of colors [36].

Recent simulation experiments indicated that subjects preferred carotenoid-re-
lated yellowish skin tones over suntan in potential mates, possibly because it ad-
vertises good health and may also signal robust fertility [37]. Dietary carotenoids 
normally found in the testes [38, 39] and seminal plasma [40] were often at lower 
concentrations in men suffering from infertility. The relationship between carot-
enoids and fertility was investigated in 30 men with idiopathic sperm quality issues 
[41] who were given 2 mg lycopene twice a day for 3 months. Lycopene administra-
tion significantly improved sperm count, motility, and morphology. This short study 
resulted in six pregnancies.

Carotenoids also accumulate in ovaries, especially the corpus luteum, which de-
velops in female mammals from the ovarian follicle after release of the egg, during 
the luteal phase of the estrous or menstrual cycle. Bovine corpus luteum is so rich in 
β-carotene that it is often referred to as corpus rubrum, and it increases from 14 to 
175 µg/g during the estrous cycle [42]. The corpus luteum synthesizes progesterone 
to prepare the uterine endometrium for implantation of the fertilized egg, thus main-
taining pregnancy. When studied in bovine luteal cell culture, this steroidogenesis 
was found to require the replenishing of high-density lipoprotein (HDL) cholesterol 
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(substrate) and β-carotene [43]. It is possible that β-carotene fulfills a dual function 
in corpus luteum, as an antioxidant protecting the tissue from the action of free radi-
cals released during the synthesis of progesterone [44] and as an endogenous source 
of vitamin A produced there by the enzyme BCMO1. Reproductive performance 
of cows seems to be enhanced by the intake of carotenoids from fresh hay and/or 
supplemental β-carotene [45].

Human corpus luteum is the primary source of progesterone for 4–5 weeks after 
implantation [46], until placental production takes over. It is quite obvious that the 
concentration of carotenoids in human corpus luteum is higher than in the rest of 
the ovary, but the quantitative data are missing due to the difficulty of obtaining 
specimens from different phases of the menstrual cycle and pregnancy. The ova-
ries contain all the dietary carotenoids found in human plasma (β-carotene, lutein, 
lycopene) [38, 39]. It is tempting to speculate that an increased intake of dietary 
carotenoids may improve conception rates and maintenance of early pregnancy in 
some women with unexplained infertility.

Maternal deficiency of vitamin A increases the risk of pregnancy-related mortal-
ity and impairs infant survival. Although not of concern in high-income popula-
tions, where preformed vitamin A-rich and fortified foods are readily available, in 
low-income, high-risk countries, supplemental vitamin A is recommended during 
pregnancy to prevent night blindness and postnatal infant mortality.

A randomized, double blind, placebo-controlled trial in Nepal administered 
7 mg retinol, 42 mg β-carotene, or placebo to pregnant women on a weekly basis 
[47]. Both vitamin A and β-carotene significantly reduced maternal mortality dur-
ing pregnancy and 12 weeks after birth. However, no such effect was seen in a 
similar trial conducted in rural Bangladesh, where VAD was much less prevalent 
and the diet included more protein and fat [48]. Infant mortality (till 12th week post 
partum) and the rate of stillbirth were not reduced by the weekly dose of retinol or 
β-carotene.

In a meta-analysis of 17 trials using vitamin A or β-carotene supplementation 
during pregnancy, no significant overall effect on birth weight, preterm birth, still-
birth, miscarriage, or fetal loss was found [49]. Supplementation was protective 
in HIV positive women against low birth weight (< 2.5 kg; RR = 0.79, CI = 0.64, 
0.99) but not for preterm delivery or small-for-gestational-age infants. However, 
some evidence indicated that concurrent supplementation with vitamin A (5000 IU) 
and β-carotene (30 mg) was associated with an increase in HIV transmission from 
mother to child [50], thereby warranting caution against supplementation programs 
in high HIV prevalence areas. These authors concluded that the evidence in fa-
vor of vitamin A/β-carotene supplementation on maternal and infant mortality was 
lacking.

However, the WHO [51] has suggested a vitamin A supplementation scheme 
in areas with severe public health problems of night blindness and infant mortal-
ity. A daily dose of 10,000 IU or 25,000 IU weekly vitamin A in the form of an 
oral liquid or oil-based preparation of retinyl palmitate or retinyl acetate is recom-
mended. Supplementation should be considered for a minimum of 12 weeks during 
pregnancy until delivery where prevalence of night blindness is ≥5 % in pregnant 
women and children aged 24–59 months. No recommendation for provitamin A 
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carotenoids was given. Supplementation of provitamin A carotenoids or vitamin A 
during the last trimester of pregnancy may improve levels of retinol in breast milk 
[51], but a comprehensive study has not been performed. The initial postpartum 
breast secretion, colostrum, contains more carotenoids than later milk, especially in 
women who have lactated after earlier pregnancies [52]. The variability is great, but 
the carotenoids likely benefit the health of the newborn child. A multinational study 
of breast milk of healthy mothers revealed that the provitamin A carotenoids ac-
counted for > 50 % of milk carotenoids and were highest in Japanese mothers [53]. 
US mothers had the lowest concentrations of total carotenoids.

Few studies have explored the associations between carotenoids and preeclamp-
sia in pregnant women. Significantly lower plasma β-carotene levels were associ-
ated with the subsequent development of preeclampsia in pregnant women with 
diabetes [54]. Both placenta and plasma from preeclamptic women were signifi-
cantly lower in β-carotene and lycopene compared to normal pregnant women [55]. 
Since oxidative stress characterizes the pathophysiology of preeclampsia [56], it is 
conceivable that consumption of carotenoids during pregnancy may favor an envi-
ronment that minimizes oxidative damage. In any case, since pregnancy is a period 
of rapid growth and development, a carotenoid-rich diet may help to sustain a preg-
nancy free of complications and promote a healthy outcome.

Prevention of Oxidative Stress and Inflammation

The carotenes and xanthophylls are some of nature’s most efficient quenchers of 
singlet oxygen. Singlet oxygen arises from exposure of chromophores such as por-
phyrins, chlorophylls, and riboflavin to sunlight. These activated molecules can 
damage DNA, proteins, and lipids. Carotenoids absorb the excess energy of sin-
glet oxygen and dissipate it as heat [57]. However, the idea that carotenoids are 
important classical antioxidants, which play a role in major diseases where oxida-
tive stress and inflammation are causative factors, is less well established. Small 
amounts of carotenoids can be found in almost all the lipid membranes of the body. 
In the animal kingdom, they are often associated with specific proteins. The xantho-
phylls, such as lutein and zeaxanthin, having hydrophilic hydroxyl groups, orient 
themselves across membranes. The carotenes, such as β-carotene and lycopene, are 
oriented within the bilipid layers and can disturb the phospholipid structure to a 
small extent, allowing for greater penetration of small molecules [58]. Their loca-
tion and orientation may play a role in their ability to act as classical antioxidants.

In vitro studies have shown that all the carotenoids accept the unpaired electron 
from a number of free radical species (sulfur-containing radicals, glutathione, nitric 
oxide, NO2, –ONOO–, and peroxyl radicals), as well as superoxide. The resulting 
carotenoid radical must be converted back to its original state to be considered an 
antioxidant. The residence time of the specific carotenoid radical, oxygen partial 
pressure, and the availability of other antioxidants determine whether a carotenoid 
acts as a prooxidant or an antioxidant [59]. For example, protection of lymphocytes 
from nitrogen radical attack increases almost tenfold in the presence of vitamins C 
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and E and β-carotene compared to β-carotene alone [60]. Carotenoids can also ac-
cept electrons from each other, with lycopene being the ultimate acceptor from all 
other carotenoids [61].

Oxidative stress and inflammation processes occur together. Several human 
studies have found an association between low dietary carotenoids and/or blood 
carotenoid levels and increased markers of oxidative stress and inflammation [62–
66]. Such associations may be more related to antioxidant- and anti-inflammation-
promoting dietary patterns that include fruit and vegetable consumption than to 
carotenoid intake alone. Cell culture and animal studies, using models of oxidative 
stress, have found redox-based regulation of proinflammatory pathways by lutein, 
β-carotene, and lycopene [67–69].

Supplementation studies have been equivocal and their outcomes may depend 
upon the level of oxidative stress and the antioxidant status of participants dur-
ing the study. Lutein supplementation of preterm infants [70] and healthy adults 
[71], mixed carotenoids in postmenopausal women [72], and numerous lycopene 
supplementation studies [73] have found decreases in markers of oxidative stress or 
inflammation. The two studies that used supplement combinations of β-carotene, vi-
tamins C and E, and selenium found no change in markers of inflammation [74, 75].

Photoprotection and Skin Health

Sunlight is an environmental hazard over the life of human skin. Not only UV-A 
and UV-B but also visible and infrared light are responsible for singlet oxygen and 
radical production, especially in the presence of natural photosensitizers such a por-
phyrins and riboflavin. This can result in photoaging (roughened or patchy skin, 
wrinkles), UV-induced erythema (sunburn), and skin cancer [76]. Given the role 
that carotenoids play in nature as photoprotectors, do they play the same role in hu-
man skin? A variety of carotenoids accumulate in various dermal layers of the skin. 
In fact, their presence in skin due to higher consumption of fruits and vegetables or 
carotenoid supplements can be visibly detected by ordinary observers [77, 78]. As 
noted before, the resulting facial skin tones are favored and are considered a sign 
of greater health and vigor [79, 80]. Various case reports document carotenodermia 
in individuals who have gone overboard in consuming carrot or tomato juice. The 
extreme yellow-to-orange pigmentation that concentrates in the palms of the hands 
disappears harmlessly with the termination of intake [81, 82]. Canthaxanthin was 
sold as tanning capsules in European countries in the 1980s until it was discovered 
that golden crystals formed in the paramacular region of the eye [83].

The first medical use of β-carotene was developed by Micheline Mathews-Roth 
and her collaborators. People suffering from erythropoietic protoporphyria (EPP) 
accumulate large quantities of protoporphyrin IX, a precursor of hemoglobin syn-
thesis. Protoporphyrin is a photosensitizer in the visible light range, so sunscreens 
developed against UV light do not prevent the burning sensation and edema that oc-
cur when sufferers are exposed to even a small amount of sunlight. Mathews-Roth 
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made the connection between carotenoid protection for chlorophyll in plants in the 
wavelength range of 380–560 nm and the similar structure of protoporphyrin. Clini-
cal trials were very effective, with doses of 180 mg/day of β-carotene providing 84 % 
of patients a threefold greater ability to tolerate sunlight, especially for children who 
could now play outside. In 1975, the US Food and Drug Administration approved 
the use of β-carotene for the treatment of EPP [84]. The availability of β-carotene 
for human use motivated its employment in subsequent trials for cancer prevention.

A number of studies have evaluated dietary supplementation with β-carotene, 
lycopene, or mixed carotenoids, as protection from UV-radiation caused erythe-
ma. More positive results were observed for tomato extracts compared to lycopene 
alone. Phytoene and phytofluene (found in tomatoes) are precursors in the lycopene 
synthetic pathway and, unlike lycopene, absorb UV radiation. Greater efficacy was 
found in trials lasting ≥ 7 weeks with carotenoid doses ≥ 12  mg/day, possibly in 
combination with vitamin E [85, 86]. A meta-analysis of β-carotene supplementa-
tion trials found a protective effect regardless of dose, but increased in effective-
ness with time ≥ 10 weeks. The sun protection factor (SPF) was 4 compared to 
sunscreens with SPFs between 10 and 40 [87]. Topical application of β-carotene in 
lotion may have benefits, providing protection from infrared light that has also been 
shown to produce radicals from distressed mitochondria [88].

Skin ages in light-exposed areas (extrinsic or photoaging) as well as covered 
areas (intrinsic aging). Reactive oxygen species (ROS) formation via mutations in 
mitochondrial DNA are important for both processes, but UVA-light exposure in-
creases the mutation rate by 40 %. UV light accounts for 80 % of facial skin aging, 
with visible wrinkles and rough skin explained by the breakdown of collagen, deg-
radation of elastin fibers, and 50 % slower renewal of the epidermis by the age of 80 
years [89]. There is a general impression that a nonsmoking, healthy lifestyle leads 
to a more youthful appearance, but only a few studies have explored the association 
of carotenoid status to fewer wrinkles. A cross-sectional study of people >70 years 
in a range of countries found that back-of-the-hand skin wrinkling was negatively 
associated with higher intakes of vegetables, olive oil, and legumes, with healthy 
diet explaining 34 % of the variance [90]. Forehead skin roughness (an early stage 
of wrinkling) was associated with dermal lycopene ( R2 = 0.7) concentration (mea-
sured by resonance Raman spectroscopy) but not with aging in a small study with 
a narrow age range (40–56 years) [91]. Photoaging nude mice models have shown 
Anti-wrinkling effects for β-carotene and lutein + zeaxanthin. A variety of carot-
enoids are associated with a lower incidence of skin cancer [92].

Vision and Diseases of the Eye

Aside from the conversion of some of the carotenoids to vitamin A compounds, the 
strongest evidence of the human need for carotenoids comes from the study of the 
eye and its diseases associated with aging. The human macula lutea, an indented 
area located roughly in the center of the retina, occupying a diameter of 5–6 mm 
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and accounting for the central 15°–16° of vision, accumulates lutein and zeaxanthin 
at roughly 1000-fold the concentrations found in plasma [93]. The result is a vis-
ibly yellow hue referred to as macular pigment. A binding or transport protein that 
might explain this accumulation has not yet been unequivocally identified. These 
xanthophylls are organized with zeaxanthin predominating in the central region to 
about 2.5 mm from the center, with lutein exceeding zeaxanthin 2:1 at the periphery, 
and meso-zeaxanthin (thought to be an intermediate product) appearing throughout 
[94]. The relative location of lutein to zeaxanthin in the macula varies greatly from 
person to person with some people having concentric rings of greater pigmenta-
tion [95]. Lutein and zeaxanthin are localized in the Henle fiber layer that covers 
the photoreceptors, so light must be filtered through these pigments. An arrange-
ment perpendicular to the Henle fibers is consistent with maximal absorption of 
blue-wavelength light, but their specific organization (protein-bound or not) is not 
known. The orientation of zeaxanthin’s β-ionone rings provides a more orderly ar-
rangement compared to lutein [96].

The obvious function of macular pigment is to filter blue light (the most ener-
getic in the light spectrum), thus protecting the photoreceptors, retinal pigment epi-
thelium (RPE), and the underlying choriocapillaries during 70 + years of light ex-
posure. The reduction in blue light intensity can range between 40 and 90 %, which 
is sufficient to account for the observed reduction in risk for age-related macular 
degeneration (AMD) in some epidemiological studies [96]. In addition, a role as in 
situ antioxidants has been proposed. Zeaxanthin and, to a lesser extent, lutein are 
effective quenchers of singlet oxygen [1O2] coming from UV exposure [97, 98]. 
This quenching is a physical process with the excess energy dissipated as heat and 
does not destroy the xanthophylls; so macular pigment levels are maintained long 
after xanthophyll intake has ceased [99]. They may also act as classical antioxidants 
because they are present in the perifoveal and peripheral regions of the retina that 
are exposed to high oxygen tensions and have high rates of metabolism. Several 
carotenoid derivatives are found in the retina including meso-zeaxanthin, (3 S,3′S)-
zeaxanthin, and epilutein that may have been formed by redox reactions [96].

Whether there is an association between lutein and zeaxanthin status and the risk 
of AMD would seem to be a logical question. Late-stage AMD is the leading cause 
of legal blindness in people >65 years old in industrialized countries, affecting more 
than 10 million people in the USA and about 200,000 in the UK [100]. Non-His-
panic black persons have a lower prevalence [101]. Early-stage AMD starts in the 
macula with soft drusen (yellowish deposits containing no xanthophylls) and other 
pigmentation abnormalities in the RPE. It continues on to later stages characterized 
by atrophy of the photoreceptors and the RPE (dry AMD), often progressing further 
to choroidal neovascularization, retinal hemorrhage (wet AMD), detachment of the 
RPE, and retinal scarring [102]. The nature of this progressive disease complicates 
the interpretation of epidemiological studies and clinical trials. A recent meta-anal-
ysis of six longitudinal cohort studies found that the pooled relative risk (RR) of 
early- stage AMD was not related to baseline dietary intake of lutein and zeaxan-
thin, but late-stage AMD (RR = 0.74) and neovascular AMD (RR = 0.68) were risks 
for those in the lowest intake category [100].
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Since dietary lutein and zeaxanthin are related to fruit, vegetable, and egg intake, 
does lutein or zeaxanthin supplementation increase macular pigment optical density 
(MPOD) in people with healthy sight and those suffering from various stages of 
AMD? Is increased MPOD related to visual function and the development or re-
versal of AMD? Lutein, lutein esters, zeaxanthin plus lutein, or these xanthophylls 
plus various antioxidant mixes do increase MPOD in college students [103], older 
men with healthy sight [104, 105], those with early AMD [106], and men with mild 
to moderately advanced AMD [107, 108]. There appeared to be few differences 
between these formulations (10–20 mg/day) in their effect on MPOD over the 6–12 
month period in these studies. Furthermore, the ring structures of MPOD seen in 
some individuals, and thought to be protective, were neither attenuated nor gener-
ated de novo with xanthophylls supplementation [95]. In addition, those with lower 
baseline MPOD tended to have the greater increase in MPOD with xanthophyll 
supplementation. Lutein or zeaxanthin supplementation also improved visual acu-
ity, foveal shape discrimination, subjective glare recovery, and contrast sensitivity. 
These improvements were correlated with the increases seen in MPOD in several 
of the studies cited above. A small study, using 6 mg/day of lutein plus a vitamin/
mineral mixture for 9 or 18 months, failed to find improvements in the visual per-
formance parameters listed above [105].

The Age-Related Eye Disease Study 1 (AREDS1), a national study using a daily 
supplement containing vitamins C and E, β-carotene (15 mg/d), and the minerals 
zinc and copper, reduced the 5-year risk of developing advanced AMD by 25 % 
in eyes with intermediate AMD, but had no effect on the development or risk of 
cataract [109, 110]. A recent Cochrane review evaluating four high-quality random-
ized placebo-controlled studies that included 62,520 people, using vitamin E and 
β-carotene in their supplement formulations, failed to prevent the onset of AMD 
[111]. The AREDS1 study was included in this review. At the time these studies 
commenced, neither lutein nor zeaxanthin were yet available.

The goal of AREDS2 was to determine whether lutein (10 mg/d) plus zeaxan-
thin (2 mg/d), or the omega-3 long-chain fatty acids (eicosapentaenoic acid (EPA) 
650  mg/d plus docosahexanoic acid (DHA), 350  mg/d) in addition to the origi-
nal AREDS1 formulation, could reduce the 5-year risk of progression to advanced 
AMD in those with intermediate AMD [112]. More than 4000 men and women 
were randomized to one of four treatments. A secondary randomization of the un-
derlying AREDS formulation was made to answer the concern for the safety of 
β-carotene or high-dose zinc supplementation. There were no differences in the 
progression to advanced AMD for any of the primary treatments, although lu-
tein + zeaxanthin appeared to have some efficacy for the reduction of neovascular 
AMD (wet AMD; HR = 0.89, P = 0.05) compared to geographic atrophy (dry AMD). 
Further subgroup analysis showed that those in the lowest quintile of lutein + zea-
xanthin intake (0.1–1.4 mg/d) had a lower risk of AMD progression (HR = 0.74, 
P = 0.01) when supplemented compared to low-intake groups not receiving the lu-
tein + zeaxanthin supplement, whereas there was no difference among the higher 
quintiles of intake. Smokers and recent quitters had a higher risk of lung cancer with 
β-carotene supplementation and there was evidence for competition for absorption 
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between β-carotene and lutein + zeaxanthin. The authors were hesitant to make any 
conclusions based on these subgroup analyses but suggested that substitution of 
lutein + zeaxanthin in the AREDS1 formulation might be a safer choice for smokers.

Due to the macular location of lutein and zeaxanthin, and given their unique 
optical properties, they may enhance visual performance for everyone. Abundant 
macular pigment may (1) enhance visual acuity by reducing chromic aberration 
(like filters on a camera), (2) reduce visual discomfort by attenuating glare and daz-
zle, and (3) facilitate enhancement of details and visual contrast by the absorption 
of “blue haze,” (e.g., how mountains appear blue in the distance) [113, 114]. Stud-
ies enrolling younger, normal-sighted individuals have found positive relationships 
between macular pigment and contrast sensitivity, visual acuity, glare reduction, 
photo-stress recovery, and time discrimination of changing light [115–118]. Clini-
cal trials using lutein or zeaxanthin supplements (10–20 mg/day) for 6–12 months 
found improved visual acuity, contrast sensitivity, glare attenuation, and light/dark 
adaptation [119–122]. Another supplementation study (6 mg/day lutein plus vita-
mins and minerals for 9 months) found no effect on visual performance parameters 
[123]. All of these studies had small numbers of subjects and none found a correla-
tion between macular pigment density and improved visual function. Since a number 
of subjects may have already achieved optimal macular pigment before supplemen-
tation, any association with visual performance may have been attenuated.

The lens is clear, and along with the cornea, focuses a sharp image onto the 
retina. It is composed of tightly ordered fibrous cells that lose their nuclei, so their 
major proteins cannot be regenerated. Over our lifetime, new cells accumulate at 
the outer surface of the lens like the layers of an onion. The central tightly packed 
denucleated cells are subject to the so-called nuclear cataract formation. Cortical 
cataracts are formed in outer cells laid down after birth. The prevalence of age-
related cataract varies widely throughout the world in people >70 years old, with 
cortical cataract being more prevalent in some populations (30–45 %) and nuclear 
cataract more prevalent in others (10–80 %). Cataracts are observed as opacities 
of the lens that range from white to yellow to dark brown. The crystalline proteins 
(especially β) are chopped and cross-linked, forming large aggregates. This process 
is accompanied by the loss of reduced glutathione (the major antioxidant in the lens) 
and the enzyme, glutathione reductase, that regenerates it. There is also a loss of 
sulfhydryl groups in sulfur-containing amino acids of the lens proteins. Therefore, 
oxidative stress is thought to be a major factor in cataract formation [124, 125]. Do 
dietary antioxidants such as vitamins C and E and the carotenoids reduce the risk 
of cataract? The human lens contains substantial amounts of lutein plus zeaxanthin 
and vitamins A and E, but no hydrocarbon carotenoids, such as β-carotene and lyco-
pene. Lutein and zeaxanthin are more concentrated in the cortical regions of the lens 
[126] and can be substantially increased throughout the lens with long-term supple-
mentation [127]. A number of large population studies have found reduced risk for 
nuclear cataract (less so for cortical cataract) with higher intakes of lutein and zea-
xanthin or higher plasma levels [128]. These associative studies may also be related 
to other substances in fruits and vegetables, and other lifestyle factors associated 
with healthy diets. For example, the Healthy Eating Index score was the strongest 
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modifiable predictor for low prevalence of nuclear cataract (reduced by 37 %) in 
the Women’s Health Initiative Observational Study [129]. Furthermore, a number 
of population studies and clinical trials have found significant risk reductions for 
nuclear cataract with long-term use of Centrum and other multivitamin–mineral 
supplements [130]. Centrum has included small amounts of lutein (0.25 mg/day) for 
several years. Xanthophyll supplementation studies have focused on slowing visual 
decline in those with developing cataract, and visual performance was improved in 
two trials [131, 132]. Despite a plausible physiological rationale and largely con-
sistent circumstantial evidence, the lack of xanthophyll-based, placebo-controlled 
clinical trials for the prevention of cataract or macular degeneration prompted the 
US Food and Drug Administration to determine that no credible evidence existed 
for a health claim about the intake of lutein or zeaxanthin and the risk of AMD or 
cataracts in 2006 [133].

Retinitis pigmentosa is an inherited disease affecting 1.5 million people world-
wide. It starts with night vision problems in adolescence, progressing through the 
loss of peripheral vision, with final loss of central vision after the age of 60 years. 
The cause is the progressive loss of rod and cone photoreceptors [134]. The authors 
of a major 4-year clinical trial of 12 mg/day of lutein plus vitamin A (15,000 IU/
day) versus vitamin A alone, in 225 nonsmoking retinitis pigmentosa patients, con-
cluded that the lutein supplement slowed the loss of midperipheral visual field, but 
only in those achieving the highest serum level of lutein or those with the highest 
MPOD as a result of treatment. There was no difference in the primary endpoints 
[135]. This invoked a letter from their data safety-monitoring committee indicating 
that despite sound study design, the committee disapproved the use of subgroup 
analysis as the basis of the authors’ main conclusion [136]. Two small clinical trials 
have also found positive results using lutein supplementation [137, 138], but one 
6-month study (20 mg lutein/day) found that only 50 % of their participants had any 
increase in MPOD resulting in no detectable change in central vision function dur-
ing the intervention [139]. Whether lutein supplementation is beneficial for those 
suffering from retinitis pigmentosa is likely to be complicated by variable accu-
mulation of lutein in the retina. MPOD increase with lutein supplementation was 
inversely proportional to serum total cholesterol levels, and MPOD became higher 
in those with brown irises and those who had retained more photoreceptors [140].

The possible anti-inflammatory, antiapoptotic effect of lutein on other retinal 
structures is a new area of inquiry, especially in acute retinal ischemic/reperfusions 
that are experienced during operations for retinal reattachment and arterial block-
ades. Preliminary studies on animals hold some promise [141–143].

Cognitive Decline and Alzheimer’s Disease

More than 16 carotenoids have been found in human brain tissue, with the xan-
thophylls (lutein and zeaxanthin) accounting for 66–77 %. Their distribution 
is not homogeneous, with the frontal cortex being particularly rich [144]. Tissue 
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concentrations in some sections of the brain appear to be correlated with macular 
pigment density. A study of xanthophyll concentrations in postmortem brain tissue 
of subjects enrolled in the Georgia Centenarian study found positive correlations 
with better age-adjusted performance on various cognitive function tests, especially 
retention, with higher tissue levels [145].

Cognitive impairment refers to the subclinical complaint concerning memory 
functioning in the elderly and is so common that it has come to be thought of as an 
inevitable feature of the aging process. Cognitive decline is evaluated in longitudi-
nal studies by changes in performance over time, in one or two domains of a series 
of cognitive tests (memory, orientation, language, executive function, or praxis). 
Using functional tests, cognitive impairment is defined as: (1) at least one standard 
deviation below the mean for young adults on one or more tests or (2) greater-
than-expected decline in score for a person’s age and education level. Impairment 
is considered a risk factor for the development of Alzheimer’s disease (AD) [146].

AD is a degenerative disorder of the brain causing memory loss, progressing 
to the inability to perform activities of daily living, followed by death. It accounts 
for 60–80 % of cases of dementia and its current US prevalence is estimated at 
5.1 million. Mild cognitive impairment occurs at much higher rates. This disability 
constitutes a large share of the ballooning health-care costs. Postmortem, it is char-
acterized by senile amyloid-β protein plaques and neurofibrillary tangles composed 
of phosphorylated tau proteins that first accumulate in cortical tissue. The most 
vulnerable cortical tissue is that which was laid down during the later stages of 
fetal and newborn development. It then spreads to the hippocampus. This pathology 
can be found also in those with mild cognitive impairment, which makes diagnosis 
difficult in prevention and treatment studies. Furthermore, coexistent Parkinson dis-
ease and the evidence of infarcts or hemorrhage have been found in 20–25 % of AD 
brains. Aging, genetics (ApoE4—a genetic variant of a cholesterol reverse transport 
protein) and oxidative stress (tobacco use, diabetes) have been identified as caus-
ative factors. Progress is being made with imaging techniques such as magnetic 
resonance imaging (MRI) and position emission tomography (PET) correlated with 
postmortem pathology, so that more precise endpoints can be identified for future 
clinical trials [147–149].

A number of longitudinal studies of middle-aged populations have explored the 
relationship between plasma or dietary levels of β-carotene and cognitive decline. 
These studies have been mixed, but are largely negative. A number of clinical trials, 
designed to evaluate supplements containing vitamins C and E and β-carotene for 
heart disease and/or cancer endpoints, have added tests for cognitive decline. The 
results for all cognitive endpoints have been disappointing. A systematic review of 
both study types found no evidence that any of these antioxidants prevented cog-
nitive decline in later life [150]. This systematic review was used as the basis for 
a National Institutes of Health (NIH) State-of-the-Science Conference Statement 
that explored modifiable factors that might reduce the risk of AD and cognitive de-
cline in older adults. The major conclusion was that there was currently insufficient 
evidence to identify any modifiable factors that might reduce risk for either. This 
was due to the limitations of studies currently available [151, 152], including short 
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follow-up time, starting interventions too late in the disease process, and lack of 
baseline measurements in the clinical trials allowing no subgroup analysis of those 
subjects who had low baseline intakes (a group more likely to benefit from interven-
tion) [153]. None of these studies evaluated the xanthophylls, which have a more 
stabilizing effect on neuronal membranes.

A small preliminary study, supplementing DHA (an omega-3 fatty acid) or lutein 
(12 mg/day) for only 4 months to mentally unimpaired elderly women found im-
provements in memory scores and rates of learning with either or both supplements 
[154]. Cerebral ischemia with reperfusion (I/R) is often used in animal studies to 
simulate the effects of a stroke. Lutein supplementation, given to mice shortly be-
fore or subsequent to reperfusion, produced better survival rates, better neurological 
scores, and smaller areas of infarct [155]. Lutein also appears to protect neurons in 
models of retinal I/R [156].

It would be unfortunate to discard the possibility that the long-term intake of a 
fruit and vegetable-rich diet, that includes the xanthophylls and other carotenoids, 
might slow the progression of age-related cognitive decline before there are suf-
ficient data.

Cancer Prevention and Treatment

Cancer is an umbrella term encompassing a number of tissue diseases and a variety 
of mechanistic antecedents. The retinoids have potent anticancer effects against a 
wide variety of experimental cancers, but their toxic side effects may be inseparable 
from their mode of action [157]. When the first population studies were published, 
showing a reduced risk for cancer with higher blood levels of retinol and β-carotene 
[158, 159], the search was on to find associations with other cancers in various pop-
ulations. Some of these studies found risk reductions for greater intakes or higher 
blood levels of β-carotene or lycopene and occasionally the xanthophylls, but many 
did not [160]. Such studies may rather indicate beneficial dietary patterns (including 
greater intake of fruits and vegetables) and lifestyles associated with such patterns 
[161–163]. With high hopes, several clinical trials supplemented their subjects with 
large doses of β-carotene, combined with vitamins A or E, and followed cancer 
incidence. Surprisingly, two studies found an 18–24 % increase in lung cancer and 
8–17 % increase in mortality over a 4–8 year follow-up, especially in those who 
received only β-carotene [α-tocopherol, β-carotene (ATBC) study] [164, 165]. A 
follow-up to one of these (ATBC study) found that the excess risk for any cancer, 
including lung cancer, was no longer evident 4–6 years after the ending of the inter-
vention [166]. The early excess risk due to β-carotene supplementation in smokers 
and asbestos workers in these trials was widely hypothesized to be due to compo-
nents of cigarette smoke in the presence of relatively high oxygen partial pressure 
in the lung [167]. The other clinical trials using β-carotene found neither reduced 
nor increased risk for any type of cancer [168, 169]. A study using a population of 
vitamin- and mineral-deficient Chinese men and women found that a mixture of 
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vitamin E, β-carotene, and selenium decreased total cancers by 13 % and deaths by 
9 % during a 5-year follow-up [170].

A search for mechanism ensued with numerous cell culture studies using cancer 
cell lines and animal cancer models. Carotenoids, especially β-carotene or lyco-
pene, were found to exhibit functions consistent with blocking the development or 
growth of various cancers through the following mechanisms: (1) modulation of 
nuclear receptor superfamilies, (2) decreasing angiogenesis, (3) increasing apop-
tosis, (4) restoring gap junction communication, (5) prooxidant and antioxidant ef-
fects, especially protection from DNA damage, (6) inhibition of cell proliferation, 
and (7) modulation of phase I and phase II enzymes [160, 171, 172]. Cell culture ex-
periments often used concentrations that were higher than physiologically feasible, 
with long incubations at high temperatures and oxygen partial pressures that could 
produce oxidation products. Indeed, under these conditions, oxidation products 
have been identified for lycopene, but not for β-carotene [173]. Oxidation products 
or metabolites of lycopene have also been identified in human plasma and tissue. 
These lycopenoids, mostly lycopenals, have similar structures to 9-cis retinoic acid 
(a powerful ligand for several nuclear receptors) and are present in comparable 
concentrations in human samples [174]. Beside β-carotene, lycopene is a substrate 
for the eccentric cleavage enzyme, BCDO2, which cleaves the 5-cis and 13-cis iso-
mers for lycopene, but not the all-trans isomer. Lycopene cis isomers are prevalent 
in circulation after ingestion of tomato products or lycopene supplements, and the 
BCDO2-mediated conversion to apo-10′-lycopenal and then to apo-10′-lycopenoic 
acid which may be a substitute ligand for 9-cis retinoic acid. This hypothesis was 
investigated using the major retinoid receptors with only modest activity [173]. 
However, the lycopene degradation products have been shown to have a variety of 
anticarcinogenic activities and are often more potent than lycopene. Their actions 
include regulation of the cell cycle, apoptosis of cancer cells, and the induction of 
two important systems. The first is the electrophile response element/antioxidant 
response element (EpRE/ARE) system that mediates the induction of detoxifying 
and antioxidant enzymes responsible for inhibiting the mutagenic effects of car-
cinogens and oxygen radicals. The second is the nuclear factor kappa B (NF-κB) 
system which is responsible for the normal functioning of the immune system, but 
is crucial for the deleterious inflammatory response that often is associated with 
cancer risk [173, 174].

Several epidemiological studies have identified risk reduction with lycopene 
exposure while finding no other carotenoid associations. The data are especially 
strong for cancers of the prostate [175]. A systematic review of eight clinical tri-
als using 15–30 mg/day lycopene supplements found reductions in serum prostate-
specific antigen (PSA), but only a modest reduction in benign prostate hyperplasia 
(BPH), which was not statistically significant [176].

Cancer patients may be tempted to add various carotenoids as dietary supple-
ments to their standard care which may include chemotherapy. As chemotherapeu-
tic agents generate oxidative stress, there has been concern that antioxidant therapy 
may blunt the effects of these agents. However, numerous studies have demon-
strated that antioxidants do not inhibit but actually enhance the cytotoxic effect of 
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antineoplastic drugs on cancer cells. Several β-carotene and lycopene cell culture 
and animals studies using various agents have found an enhancement of their effects 
[177, 178]. A systematic review of 19 trials of antioxidant plus chemotherapy (only 
one of which had β-carotene as part of a vitamin mixture) found no detrimental ef-
fects, while several reported increased survival times and tumor responses as well 
as fewer toxicities compared to controls [179]. In a small trial of 50 patients with 
high-grade gliomas treated with radiation and paclitaxel, there was a modestly im-
proved response in the lycopene-treated group [180].

The early promise of a variety carotenoids, as benign agents, for lowering the 
risk of various cancers is somewhat tarnished, but the intriguing biological activities 
of these carotenoids and their metabolites raise hope that they may yet be found to 
be useful adjuncts in the disruption of various carcinogenic processes.

Metabolic Syndrome, Obesity, Cardiovascular Disease,  
and Diabetes

Metabolic syndrome (MetS) is a clustering of many conditions including abdominal 
obesity, high blood pressure (HBP), hyperglycemia, elevated fasting triglycerides, 
and low levels of HDL cholesterol [181]. These metabolic abnormalities increase 
the risk for cardiovascular disease and diabetes mellitus, as also does obesity which 
is correlated with cardiovascular mortality through hypothesized instigating factors, 
such as an increase in chronic inflammation and oxidative stress [182]. Over the last 
decade, a consistent rise in the rates of obesity and MetS has been observed in the 
USA. As reported by the Centers for Disease Control and Prevention (CDC), 35.7 % 
of adults are obese, and it is expected that by 2030 more than half of US adults will 
be obese. More disconcerting is the increase in childhood obesity (16.9 %) and, 
consequently, of preventable diseases in this age group.

Carotenoids, by virtue of their antioxidant properties, may help to prevent the 
progression of chronic conditions related to obesity and MetS, and thereby de-
crease related morbidity and mortality rates. Many previous observational stud-
ies have indicated an inverse association between serum/dietary carotenoid levels 
and MetS [183–186]. In a recent analysis of NHANES cross-sectional data, serum 
carotenoid concentrations were found to be consistently lower in US adults with 
MetS compared to those without MetS (0.057–0.863 vs. 1.62–10.114 µmol/L total 
carotenoids), with an inverse association observed with all MetS components [187]. 
Furthermore, adolescents with MetS also had lower serum carotenoid concentra-
tions compared to their counterparts without MetS that were inversely related to 
the inflammatory C-reactive protein (CRP) in their serum [188]. In middle-aged 
and elderly men, higher dietary intakes of total carotenoids, β-carotene, α-carotene, 
and lycopene were associated with lower waist circumference and less visceral and 
subcutaneous fat, while lycopene intake alone was related to lower serum triglycer-
ide concentrations [186]. Despite the associations observed in these studies, long-
term supplementation with antioxidants including a combination of vitamins C and 
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E, β-carotene, zinc, and selenium did not prevent the incidence of MetS in adults 
free of the condition at baseline, although baseline serum β-carotene concentra-
tions were negatively associated with the risk of MetS [189]. Due to the scarcity of 
similar randomized clinical trials, it is still unclear whether long-term carotenoid 
supplementation would prevent progression to MetS in susceptible individuals. 
Short-term supplementation studies in obese and overweight individuals have pre-
sented mixed results. Four weeks of supplementation with 30 mg/day lycopene in 
the form of tomato-derived Lyc-O-Mato did not affect the markers of inflammation 
and oxidative products in severely obese individuals [190]. However, in moder-
ately overweight middle-aged individuals, 70 mg lycopene/week enhanced HDL 
functionality [191], as determined by increases in the activity of the antioxidant en-
zyme paraoxonase-1 and decreases in the cholesteryl ester transfer protein (CETP). 
Tomato juice consumption in overweight and obese females was also found to re-
duce systemic inflammation through decreases in inflammatory biomarkers such 
as interleukin (IL)-6, IL-8, and tumor necrosis factor (TNF)-α [192]. Most of these 
investigations have examined the effect on obesity-induced inflammation, since this 
is considered the therapeutic strategy to retard the progression to cardiovascular 
disease and diabetes mellitus, and among the carotenoids, lycopene has consistently 
demonstrated anti-inflammatory properties in humans, as well as in animal and cell 
culture models [193–195].

Low levels of carotenoids found in MetS and obesity possibly point to an unbal-
anced diet, leading to a deficiency in these micronutrients and/or an increased re-
quirement due to a heightened state of oxidative stress. It is of interest that intake of 
a low caloric diet that provided more than adequate micronutrients [exceeding the 
dietary reference intakes (DRI) requirements] was unable to correct deficiencies of 
many micronutrients, including lycopene, in obese subjects undergoing a 3-month 
weight loss regimen, suggesting a larger need for antioxidants in obese individuals, 
especially during weight loss-induced stress [196].

Associations between carotenoids and cardiovascular disease (CVD) have been 
examined in epidemiological studies through the measurement of dietary intake, 
serum, and adipose tissue levels. Some early prospective studies showed that higher 
β-carotene status was related to a reduced risk of myocardial infarct and a modest 
decrease in the risk of stroke in men and women [197]. In a recent study, a twofold 
increase in the risk of sudden cardiac death was observed in men with lower serum 
β-carotene levels [198]. Many recent studies have focused on lycopene as a primary 
player in the prevention of CVD, likely due to its potency as a singlet oxygen quench-
er. Increased serum concentrations of lycopene were associated with decreased arte-
rial stiffness and lower oxidized low-density lipoprotein (LDL) in healthy women 
[199]. When supplemented with 15 mg/d of lycopene for 8 weeks, healthy men 
showed a significant improvement in endothelial function with decreases in CRP 
and systolic blood pressure and an increase in the antioxidant enzyme superoxide 
dismutase [200]. A prospective study of Finnish men at risk for ischemic heart dis-
ease found that men in the highest quartile of serum lycopene had a 59 % lower risk 
of ischemic stroke and a 55 % lower risk of all strokes [201]. Moreover, in patients 
with heart failure, higher lycopene intake was associated with a significantly longer 
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cardiac event-free survival, compared to those with lower lycopene intake [202]. 
These findings from human studies are corroborated by experimental studies using 
animal models, which suggest that lycopene’s antiatherogenic effects occur through 
the reduction of atherosclerotic plaques, decreases in serum total cholesterol and 
LDL cholesterol, and increases in HDL cholesterol [203]. In elderly Finnish men, 
the concentrations of plasma β-cryptoxanthin, lycopene, and α-carotene were found 
to decrease linearly with increasing intima-media thickness of the common carotid 
artery [204]. Serum levels of lutein and zeaxanthin were also found to be lower in 
early atherosclerotic patients compared to healthy subjects [205].

Oxidative stress may contribute to the etiology of diabetes by inducing insulin 
resistance in the peripheral tissues and impairing secretion from the pancreatic cells 
[206], and the antioxidant capacity of carotenoids may protect against the develop-
ment or progression of the disease. High levels of commonly measured metabolic 
parameters such as fasting blood glucose, 2-h glucose level in the glucose tolerance 
test, and glycosylated hemoglobin were inversely correlated with serum or dietary 
carotenoid levels in cross-sectional studies [207–209], but few prospective studies 
have investigated this association. It has been reported that higher dietary intake of 
β-cryptoxanthin, but not other carotenoids, significantly reduced the risk of type 2 
diabetes [210]. Long-term β-carotene supplementation in a randomized controlled 
trial did not affect the incidence of type 2 diabetes [211]. Baseline plasma carotenoid 
concentrations failed to show an association with the risk of type 2 diabetes [212].

Since cardiovascular disease and diabetes mellitus are characterized by high lev-
els of oxidative stress, it would be natural to assume that an increased consumption 
of antioxidants such as carotenoids through fruits, vegetables, and other sources in 
these chronic conditions would decrease further oxidative stress-related deteriora-
tion. Whether regular intake of carotenoids would prevent onset of disease is un-
clear from available evidence.

Toxicity of Carotenoids

Large doses of preformed vitamin A may cause acute poisoning, but high intake of 
provitamin A carotenoids does not result in hypervitaminosis. In patients with eryth-
ropoietic protoporphyria, therapeutic doses up to 150 mg β-carotene per day greatly 
increased tolerance to sunlight and did not have deleterious effects [213]. Similarly, 
the use of two richest sources of β-carotene, RPO [214] and gac fruit ( Momordica 
cochinchinensis) [215] in cooking is not associated with vitamin A toxicity.

However, high doses of supplemental β-carotene are not advisable, especially 
in people under unusual oxidative stress. The previously noted randomized inter-
vention trial of smokers in Finland found significantly increased incidence of lung 
cancer [216] on a daily dose of 20 mg β-carotene for 5–8 years. Similar results were 
found in the US asbestos workers and former smokers [165] who received 30 mg 
β-carotene per day for ~4 years. However, the US trial participants also received 
25,000 IU retinyl palmitate, which is more than eightfold the recommended daily 
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allowance (RDA) for men and 10.5-fold RDA for women. The excess risks were 
restricted primarily to women and former smokers. Another randomized trial fol-
lowed patients after removal of colorectal adenoma who received placebo or 25 mg 
β-carotene/day for 4 years [217]. The risk of recurrent adenoma was doubled by 
taking β-carotene supplements, but only for those who smoked and also drank more 
than one alcoholic drink per day. The nonsmokers and nondrinkers actually had 
their risk of adenoma markedly decreased by β-carotene supplements [218].

It has been long suspected that carotenoids may have prooxidant properties when 
present in high concentration or at high oxygen pressure [219]. Medical literature 
has noted a few cases of very high concentration of carotenoids in human tissues. 
Habitual and very excessive intake of tomato products caused lycopene deposits 
in the liver, accompanied by liver enlargement and abdominal pain [220]. Golden 
yellow crystals were observed in the retina of people taking canthaxanthin “tanning 
pills,” as well as in macaque monkeys treated with the same supplement [221]. The 
pills were banned, although they did not seem to damage the vision of the subjects.

Smoke exposure with concurrent β-carotene supplementation was studied in fer-
rets, a useful animal model for carotenoid absorption. High amounts of administered 
β-carotene, equivalent to 30 mg/day in humans, caused precancerous lung lesions 
in the smoke-exposed animals [222]. The lung extracts from these ferrets had en-
hanced β-carotene breakdown into apocarotenals in vitro. The ferret lung and other 
tissues express BCDO2 enzyme, which cleaves β-carotene to β-apo-10′-carotenal, 
while other β-apocarotenals may be formed in enzymatic or nonenzymatic reac-
tions, especially at high oxygen pressures and the free radical-rich environment of 
smoker lungs. Recently, all possible β-apocarotenoids were investigated for their 
biological activity on retinoid receptors [17] using molecular modeling assays. One 
of them, β-apo-13-carotenone, was found to be an antagonist of the 9-cis-retinoic 
acid activation of retinoid X receptor (RXRα), as well as of three all-trans-retinoic 
acid receptors (RARα, RARβ, RARγ). Considering the importance of these nuclear 
hormone receptors in cell differentiation, the excessive production of antagonists 
may help to explain the negative effects of supplemental β-carotene trials.

Recent studies with human cell cultures (liver carcinoma HepG2) and BCDO2-
deficient mice found that an excess accumulation of various carotenoids (β-carotene, 
lutein, zeaxanthin, lycopene) in mitochondria may produce oxidative stress [16]. It 
is hypothesized that gene polymorphism in the carotenoid splitting genes BCMO1 
and BCDO2 may alter carotenoid and vitamin A homeostasis in some individu-
als and make them more susceptible to toxic effects of excess carotenoid supple-
mentation.

Summary

Plants have evolved a vast number of carotenoids as essential compounds for their 
development and survival. Animals and humans, as plant consumers, have also 
evolved to take advantage of the unique properties of carotenoids. The mechanisms 
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for the absorption and metabolism of carotenoids are well established. Vitamin A 
toxicity is efficiently averted. However, the great variability in these processes in 
human omnivores, whether they adapted as predominate plant eaters or hunter gath-
erers, raises the likelihood that carotenoids have no obligate dietary requirement 
but rather act as dietary enhancements. Human carnivores survive quite well on the 
preformed vitamin A obtained from animal flesh and dairy products. On the other 
hand, vegans must pay attention to the daily consumption of provitamin A carot-
enoids (rich sources, like carrots, sweet potato, winter squash, pumpkin, or RPO) 
in order to meet their vitamin A requirement [15]. Increased fruit and vegetable 
consumption along with carotenoid-enhanced foods such as Golden Rice is an im-
portant strategy for the elimination of the devastating effects of VAD that still is too 
prevalent in several countries.

The accumulation of the xanthophylls in the macula of the eye points to the util-
ity of these carotenoids as blue light filters and may be the strongest evidence of a 
specific human function. To support eye health, the AREDS1 formulation, with the 
substitution of 10 mg/d of lutein and 2 mg/d of zeaxanthin for β-carotene (especially 
for smokers), may be our best interim estimate for beneficial effects [112]. The 
inclusion of a one half cup serving of a cooked dark-green leafy vegetable and/or 
egg yolk per day would be necessary to provide a similar dose of lutein + zeaxanthin 
from foods sources [7]. The accumulation of carotenoids in the corpus luteum and 
skin presents an intriguing possibility of their importance in fertility and sexual at-
traction, as it was found in many animals. The presence of xanthophylls in specific 
sections of the human brain should encourage further research into their role in 
protection from age-related cognitive decline and AD.

Carotenoids accumulate in lipid droplets and the lipids of various cell mem-
branes and likely occupy a different niche than other exogenous antioxidants, such 
as vitamins C and E, or the endogenous antioxidants, such as glutathione and the 
antioxidant enzymes. Therefore, they can act as players among the cast of actors 
against oxidative stress and inflammation. Their ability to act as prooxidants in 
situations of high oxygen partial pressure and oxidative stress that was evidenced 
in cancer trials among smokers and asbestos workers argues against high levels of 
supplementation [167]. The array of population studies evaluating various cancers, 
heart disease, and diabetes, that have found reduced risk with higher intakes of 
dietary carotenoids, may be more a product of health-promoting dietary patterns, 
including bountiful intakes of carotenoid-containing fruits and vegetables.

In one metabolic abnormality, erythropoietic protoporphyria, massive doses of 
β-carotene far beyond what could be provided by diet alone were found to have 
great clinical benefit [84]. Other metabolic disorders, where fat absorption is com-
promised, such as cystic fibrosis, jeopardize the absorption of all fat-soluble vita-
mins including the carotenoids [223]. There is an indication that obesity and other 
circumstances that produce mild oxidative stress and inflammation may benefit 
from the increased consumption of carotenoids, since many of these conditions are 
accompanied by lower plasma levels of various carotenoids. Given that few indi-
viduals in the US population meet dietary advice for the consumption of fruits and 
vegetables, many of these conditions could be ameliorated by actually consuming 
at least five servings for fruits and vegetables per day.
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The carotenoids are remarkable pigments. They color our foods and provide 
pleasure to our eating experience. They contribute to our vitamin A requirement 
and the reduction of oxidative stress. They may even contribute to seeing those 
pigmented foods more clearly, even if it is no longer in the bush but rather in the 
supermarket.
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The Flavonoid Biosynthetic Pathway

Anthocyanins are a subclass of flavonoid pigments originating from a specific 
branch of the phenylpropanoid pathway, frequently responsible for most diverse 
colors in flowers, fruits, seeds, and leaves of angiosperms. They are water-soluble 
molecules present in the vacuoles of epidermal cells. In flowers and fruits, these pig-
ments play an important ecological role in pollination and seed dispersal through at-
tracted animals [1–3]. In vegetative organs, they are produced in response to abiotic 
and biotic stresses related to ultraviolet (UV) radiation, temperature and drought, 
or/and in defense against antimicrobial agents [4,5]. Anthocyanin biosynthesis is 
the most characterized secondary metabolic pathway in species with divergent 
floral morphology, pigmentation pattern, and pollination systems, such as Petunia 
hybrida, Matthiola, Dianthus, Eustoma, Gerbera hybrida, Antirrhinum majus, and 
Ipomoea [6–14]. A representation of a general phenylpropanoid pathway, leading to 
the biosynthesis of anthocyanins and other flavonoids, is shown in Fig. 4.1.

All flavonoids are derived from phenylalanine via the phenylpropanoid path-
way, providing precursors for several branches of the pathway and producing 
different secondary metabolites such as isoflavones, flavonols, phlobaphenes, 
proanthocyanidins, and anthocyanins depending on plant species, tissues, develop-
mental stages, and environmental signals [2, 3]. Anthocyanin biosynthesis begins 
with the condensation of three molecules of acetate residues from malonlyl-coen-
zyme A (CoA) with one molecule of 4-coumaroyl-CoA by chalcone synthase (CHS) 
to form tetrahydroxychalcone, which is immediately isomerized to the colorless 
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Fig. 4.1   Schematic representation of the phenylpropanoid biosynthetic pathway comprising 
anthocyanins and other flavonoids. Enzymes are indicated in capital letter and classes of com-
pounds are circled. Anthocyanidin is further modified with glycosyl, acyl, or methyl groups, 
resulting in the “decorated” anthocyanin. In this case, UFGT is responsible for the glycosylation 
of anthocyanidins. Early and late biosynthetic genes (EBGs and ELGs) of flavonoid biosynthetic 
pathway in Arabidopsis are highlighted by dotted rectangles. PAL phenylalanine ammonia lyase, 
C4H cinnamic acid 4-hydroxylase, 4CL 4 coumarate CoA ligase, CHS chalcone syntase, CHI 
chalcone isomerase, F3 H flavanone 3-hydroxylase, F3ʹH flavanone 3ʹ-hydroxylase, F3ʹ5ʹH fla-
vanone 3ʹ5ʹ-hydroxylase, FLS flavonol synthase, DFR dihydroflavonol 4-reductase, LDOX/ANS 
leucoanthocyanidin dioxygenase/anthocyanidin synthase, MTase methyltransferase, UFGT UDP-
glucose: flavonoid 3-O-glucosyltransferase, LAR leucoanthocyanidin reductase, ANR anthocy-
anidin reductase
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naringenin by chalcone isomerase (CHI). Subsequently, naringenin is converted to 
dihydroflavonol by flavanone 3-hydroxylase (F3H). Dihydroflavonol 4-reductase 
(DFR) is an important enzyme in the next step of anthocyanidin synthesis and can 
use any of the dihydroflavonols as substrates to produce anthocyanidin precursors. 
The anthocyanin biosynthetic pathway has three major branches. Each branch cor-
responds to the use of one, two, or three hydroxyl groups in the B-ring of the di-
hydrokaempferol. Flavonoid 3ʹhydroxylase (F3ʹH) and flavonoid 3ʹ5ʹhydroxylase 
(F3ʹ5ʹH) are the key enzymes responsible for these different hydroxylation pat-
terns [15–17]. Then, these colorless molecules are converted in anthocyanidins: 
pelargonidin, cyanidin, or delphinidin by leucoanthocyanidin oxidase (LDOX, also 
known as anthocyanidin synthase, ANS). Methyltransferase (MTase) is responsible 
for addition of a methyl group to cyanidin, resulting in peonidin, whereas petuni-
din and malvidin correspond to the 3ʹ O-methyl delphinidin and 3ʹ5 ʹ O-dimethyl 
delphinidin, respectively [18]. Uridine diphosphate (UDP)-glucose: flavonoid 3-O-
glucosyltransferases (UFGT) are essential enzymes for the glycosylation of antho-
cyanidins, resulting in different “decorated anthocyanins” [2].

Still, anthocyanins share the same upstream pathway with proanthocyanidins, 
also called condensed tannins, where anthocyanidin reductase (ANR) and leucoan-
thocyanidin reductase (LAR) enzymes are first committed steps to their biosynthesis 
(Fig. 4.1). These flavonoids accumulate mainly in seed coat and grains, providing 
defense against insects, herbivores, and microbial pathogens in many plants [19].

At least two clusters of genes are required for flavonoid biosynthesis in all 
plant species studied. The first cluster is represented by structural genes encoding 
enzymes for the production of flavonoid precursors, including those involved in 
the synthesis of particular (“decorated”) anthocyanin molecules. In dicotyledon-
ous plants, this first cluster of genes can still be divided into early biosynthetic 
genes (EBGs; which are involved in the production of flavones, flavonols, or pho-
baphenes) and late biosynthetic genes (LBGs; which are essential for anthocyanin 
and proanthocyanidin biosynthesis). For most species, what separates the “early” 
and “late” stages of the process is the action of the F3 H enzyme [12, 20], whereas 
in monocots such as maize, the whole process appears to be coordinately regulated 
as a single set, without division of EBGs and LBGs [21] as shown in Fig. 4.1.

The second cluster of genes includes R2R3-MYB and basic helix-loop-helix 
(bHLH) transcription factors together with WD40 proteins that directly control the 
transcription of the structural genes of the first cluster [2, 4, 20, 22–27]. It has been 
demonstrated that the combinatorial interactions among these different transcrip-
tion factors, also known as the ternary MBW complex, can differentially regulate 
the expression of specific genes controlling multiple steps of the flavonoid/antho-
cyanin biosynthetic pathway among different species [22, 25].

Most of the structural genes encoding enzymes and several transcription fac-
tors regulating flavonoid biosynthetic pathway have been identified by mutational 
analysis, cloned and characterized in petals of Petunia and Antirrhinum, seeds of 
Arabidopsis thaliana, kernels of Zea mays, and in fruits of plants such as grapevine 
( Vitis vinifera) and apple ( Malus domestica) [6, 11, 28–39].
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This chapter provides an overview of recent advances in understanding the fla-
vonoid biosynthetic pathway in plants, especially focusing on the transcription fac-
tors controlling flavonoid accumulation, with particular attention devoted to an-
thocyanin biosynthesis during the pigmentation of flowers and fruits in different 
plant species. These important findings could help us to improve desirable flower 
pigmentation in ornamental plants and to enhance production of anthocyanins-en-
riched foods.

Transcriptional Regulation of the Flavonoid Biosynthetic 
Pathway

The transcriptional regulation of gene expression is largely mediated by specific 
recognition of cis-acting promoter elements by trans-acting, sequence-specific, 
DNA-binding transcription factors. In general, the control of gene expression is 
mediated by complexes of multiple transcription factors and many of these interac-
tions can function as either repressors or activators, increasing or decreasing tran-
script levels of target genes, depending on the cellular context and the promoters 
they bind [27, 40].

Recent progress has been made related to the transcriptional regulation of fla-
vonoid biosynthetic pathway, especially in the identification of a remarkable net-
work comprising MYB, bHLH, and WD40 regulatory proteins. MYB transcription 
factors are characterized by the MYB domain in the N-terminal with one to three 
imperfect repeats of almost 52 amino acids (R1, R2, and R3). In the case of plants, 
those MYB proteins associated to the spatial and temporal patterning of anthocy-
anin biosynthesis are characterized by a conserved DNA-binding domain consisting 
of two imperfect repeats called R2R3, which are expected to bind to promoters of 
the structural biosynthetic genes directly [12, 22]. Besides providing pigmentation 
in flowers and fruits, these MYB proteins are also involved in a myriad of physi-
ological and biochemical processes [41–43].

Basic helix-loop-helix proteins represent a superfamily of transcription factors 
conserved from yeast to mammals [44]. Family members show a conserved domain 
with 50–60 amino acids composed of two functionally distinct regions, a basic do-
main located at the N-terminal end, and the hydrophobic helix-loop-helix (HLH) 
domain at the C-terminal end. These domains are involved in DNA binding and 
protein dimerization, respectively. In plants, the bHLH proteins are another group 
of regulatory elements linked to the regulation of flavonoid metabolism, hormonal 
response, cell proliferation, and, finally, cell differentiation processes such as those 
involved in the production of trichomes, root hair, and stomata [45–48].

MYB and bHLH proteins represent two of the largest groups of transcription fac-
tors found throughout eukaryotic organisms. In plants, proteins belonging to these 
two families generally interact with each other, and can be considered part of one of 
the best described examples of elaborate gene regulatory networks in higher plants 
[49, 50]. A multiple protein sequence alignment of the R2R3 domains of known 
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MYB proteins involved in the anthocyanin biosynthesis among different eudicot 
species revealed four conserved amino acids (ANDV) and conserved residues (ar-
ginine, valine, and alanine) in the R3 repeat [51, 52]. These motifs are important for 
the interaction between MYB and bHLH proteins in Arabidopsis, and another motif 
has recently been identified in the C-terminal region of the MYB proteins regulat-
ing anthocyanin production that is also important for protein–protein interactions 
[51, 52].

Likewise, WD40 proteins are highly conserved and can be found in organisms 
that do not biosynthesize anthocyanin pigments as algae, fungi, and animals [28, 
29]. In spite of the absence of a DNA-binding domain, these proteins have con-
served regions constituted of nearly 40–60 amino acids and characterized by the 
presence of repetitive segments in tandem of a glycine–histidine (GH) dipeptide 
and a tryptophan–aspartate (WD) dipeptide [25]. In plants, functional data have 
indicated that these proteins are involved in a wide array of developmental and bio-
chemical processes, including facilitating protein–protein interactions, particularly 
between MYB and bHLH transcription factors [23, 25, 28, 29, 53].

Differential Molecular Mechanisms of the Flavonoid 
Biosynthetic Pathway in Monocot and Dicot Plants

Despite the reported conserved role for the MYB, bHLH, and WD40 proteins as 
regulators of the flavonoids’ biosynthesis in several species of monocot and dicot 
plants, these transcription factors contribute differentially in activating different 
sets of target genes, resulting in distinct regulatory mechanisms in the anthocyanin 
pathway (Fig. 4.2).

In maize ( Z. mays), it is known that flavonoid biosynthesis is transcriptionally 
regulated by an interaction between colorless1 ( ZmC1) or purple leaf1 ( ZmPL1), 
which encode MYB proteins, and red1 ( ZmR1) or booster1 ( ZmB1), which encode 
bHLH proteins [32, 33, 54–57]. Since these members of each family are function-
ally redundant, typically only one of the genes of each family is necessary and 
sufficient to activate anthocyanin/proanthocyanin production in a given tissue. For 
instance, the expression of the ZmB1 gene and ZmPL1 is sufficient to activate pig-
mentation [57].

Interestingly, these multiple protein–protein combinations between MYB and 
bHLH are possible due to direct physical interactions described to occur in the C-
terminal domain of the R2R3-MYB protein ZmC1 and in the N-terminal domain of 
the bHLH protein ZmR1. Specific amino acids in the R3 repeat of the ZmC1 protein 
have also been shown to be functionally essential for the specificity of the interac-
tion with ZmR1 protein in the control of anthocyanin accumulation in the aleurone 
layer of the kernel [58, 59].

In addition, pale aleurone color1 (ZmPAC1), a WD40 protein also participates 
in the activation of multiple anthocyanin biosynthetic complex, responsible for the 
accumulation of pigments in seeds, since pac1 mutants have a reduced level of 
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anthocyanin production in the kernel pericarp [21, 60]. Thus, although ZmPL1 may 
activate the expression of the genes of the phlobaphene pathway in kernels without 
bHLH partners [58], the ternary MBW complex regulates the entire set of flavonoid 
biosynthesis genes in tissues such as leaves, seedlings, anthers, and seeds [59].

On the other hand, numerous studies have revealed that the flavonoid pathway 
in Arabidopsis requires complex combinatorial interactions between distinct MYB–
bHLH–WD40 regulatory genes [61–63]. The induction of the expression of several 
flavonoid structural genes present in early steps of the pathway, such as CHS, CHI, 
and F3 H is performed by AtMYB11, AtMYB12, and AtMYB111, which are R2R3-
MYB transcription factors. These seem to act redundantly and independently of 
bHLH proteins, since triple mutants showed downregulation of early flavonoid bio-
synthetic genes, affecting the formation of flavonols, but no effects were observed 
in anthocyanin production and accumulation [61, 62].

The production of anthocyanins in vegetative tissues and proanthocyanidins in 
seed coat is controlled by the interaction between MYB–bHLH–WD40 proteins 
during the “late” steps of the anthocyanin pathway [63–65]. Dihydroflavonols serve 
as common precursors for flavonol production, by the activity of flavonol synthase 
(FLS) enzyme, or for the formation of anthocyanidin and/or proanthocyanidin by 
the action of the DFR enzyme [62–65], as represented in Fig. 4.1.

Three regulators, transparent testA2 (AtTT2), a R2R3-MYB protein,transparent 
testA8 (AtTT8), a bHLH factor, and transparent testA glabra1 (AtTTG1), a WD40 
protein, are specifically responsible for the production of proanthocyanidins in de-
veloping seeds by activating the expression of the banylus gene, which encodes an 
anthocyanidin reductase enzyme [65, 66]. Additionally, these proteins activate the 
transcription of some “late” biosynthetic genes of the flavonoid biosynthetic path-
way [66, 67].

Similarly, AtTTG1 forms another ternary complex with the bHLH proteins 
AtTT8, glabra3 (AtGL3), andenhancer of glabra3 (AtEGL3), modulating the syn-
thesis of anthocyanin in seedlings [68]. Furthermore, this complex was shown to 
participate in an additional regulatory network involved in the determination of 
epidermal cell fates such as the formation of root hair, trichomes, and seed coat 
mucilage [66, 67].

Production of anthocyanin pigment1 (AtPAP1) and AtPAP2, AtMYB113 and 
AtMYB114 are redundant R2R3-MYB transcription factors that also control an-
thocyanin biosynthesis in Arabidopsis seedlings by upregulating the expression of 
LBGs such as DFR, LDOX, and UFGT [61, 63]. Constitutive overexpression of all 
these genes in Arabidopsis and in tobacco showed elevated pigmentation levels in 
vegetative organs and petals, respectively [63]. Moreover, it has been proposed that 
orthologs for these four genes are missing in monocots, indicating a recent diver-
gence of these MYBs [52]. Vanderauwera et al. demonstrated that both AtPAP1 and 
AtPAP2 genes regulate anthocyanin biosynthesis in response to high-light stress 
[69]. Also, yeast two-hybrid assay indicated that the action of these four MYB pro-
teins is dependent on the presence of the AtTTG1 WD40, as well as the AtTT8, 
AtGL3, and AtEGL3 bHLH transcription factors, confirming the formation of mul-
tiple MBW complexes [63, 68].
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How do MBW Complexes Modulate the Transcriptional 
Regulation of the Anthocyanin Biosynthetic Pathway  
in Flowers?

The different color patterns observed in many ornamental plants, especially in their 
petals, are one of the adaptive traits associated to the attraction of pollinators [24, 
26, 70, 71]. These color patterns result from the combination of two factors: one is 
the identity(ies) of the particular molecule(s) that is(are) synthesized; the other one 
is their relative proportion present in the vacuole of the epidermal cells. In addition, 
an interesting property of anthocyanins is to present different colors (due to their 
absorption spectrum) which depend largely on acidity or alkalinity (pH value) of 
the milieu, which results in the structural changes of anthocyanin molecules and 
consequently the final flower color [20, 72]. Nevertheless, the production and ac-
cumulation of these pigments, as already mentioned, require a complex array of 
transcription factors that participate differently in each set of the anthocyanin bio-
synthetic pathway among species [2, 20–25].

In Petunia, WD40 PhAN11 proteins interact with bHLH PhAN1 and R2R3-
MYB PhAN2 or PhAN4 proteins for activation of anthocyanin production in the 
limbs of the petals and in the anthers, respectively [6, 30, 50]. The PhJAF13 protein, 
an additional bHLH regulator in Petunia, also interacts with PhAN2 for the activa-
tion of anthocyanin biosynthetic genes. However, by reciprocal complementation 
experiments, it was shown that PhJAF13 is not functionally similar to PhAN1 [6, 
50]. In addition, PhAN11 is also expressed in nonpigmented tissues, indicating it 
has broader functions besides the control of anthocyanin biosynthesis. PhAN1 and 
PhAN11 are required for the acidification of the vacuolar pH in petal cells, interact-
ing with a second R2R3-MYB transcription factor, PhPH4. Molecular analysis of 
mutations in the MBW complex revealed an increase of vacuolar pH and conse-
quently, a more “bluish” Petunia flower [73].

The corolla of Antirrhinum majus flowers exhibits a venation pattern, consisting 
of colored stripes associated to veins that affect color intensity and perception by 
particular pollinators, providing specific signals within the flower and functioning 
as a visual guide [31]. Like in other species, the biosynthesis of anthocyanins in A. 
majus is under spatial and temporal control, coordinated by transcriptional regula-
tion of several genes encoding the enzymes involved in the anthocyanin biosyn-
thetic pathway. Three genes encoding R2R3-MYBs transcription factors, rosea1 
( AmROS1), rosea2 ( AmROS2), and venosa ( AmVEN) in combination with two 
bHLH proteins, mutabilis (AmMUT) and delila (AmDEL) [11, 31] are responsible 
for the floral pigmentation pattern. delila is required for corolla tube pigmentation, 
while both delila and mutabilis contribute to the pigmentation of the corolla lobes. 
Both delila and mutabilis act redundantly in the activation of the expression of a 
subset of LBGs, among them F3 H, DFR, LDOX, and UFGT [12]. rosea1/2 regu-
lates the pattern and intensity of pigmentation in both corolla lobes and tubes. On 
the other hand, venosa is associated with the venation patterning of the corolla, how-
ever only when rosea1 is inactive [11]. The expression of F3 H, FLS, F3ʹH, DFR, 
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LDOX, and UFGT genes is highly dependent of rosea1. On the other hand, rosea2 
controls only CHI and F3’H genes, while venosa induces CHI, F3 H, FLS, F3ʹH, 
LDOX, and UFGT genes, but not DFR. In fact, each R2R3-MYB regulatory protein 
activates the transcription of distinct target promoters of both early and late genes of 
the pathway, controlling differentially the pattern and the intensity of pigmentation 
in flowers of the genus. Based on these observations, it has been proposed that this 
specificity conferred by MYB transcription factors can be responsible for natural 
variation in anthocyanin pigmentation observed among Antirrhinum and Petunia 
flowers [11, 30]. Furthermore, the venation pigmentation present in the Antirrhinum 
corolla is likely to be attributable to partial overlapping of the spatial regulation of 
these MYB and bHLH proteins [11].

In morning glory ( Ipomoea purpurea), IpMYB1, IpbHLH1, IpbHLH2, and Ip-
WDR1 proteins form a MBW complex which regulates not only the anthocyanin 
pathway in flowers but also proanthocyanidin accumulation and trichome differen-
tiation in seed coats [13]. The lack of IpMYB1, IpbHLH2, and IpWDR1 expression 
leads to a partial reduction in the expression of all anthocyanin biosynthesis genes 
in flowers, complete loss of the expression of LBGs for proanthocyanidin produc-
tion in seed coats, whereas the transcription of EBGs was unaffected. One probable 
explanation is that IpMYB1 activates the expression of all structural genes, while 
IpbHLH2 has partial control of flavonoid pathway and EBGs genes are controlled 
by additional regulatory genes independently of MYB transcription factors and 
WD40 proteins. Like TTG1 from Arabidopsis and AN11 from Petunia, IpWDR1 is 
also essential in this complex for the biosynthesis of anthocyanin and proanthocy-
anidin, as well as for seed pigmentation and for trichome formation [13].

In Ipomoea nil, another species of morning glory, three R2R3-MYB (InMYB1, 
InMYB2, InMYB3) transcriptional regulators in combination with three bHLH 
proteins (InbHLH1, InbHLH2, InbHLH3) and two WD40 proteins (InWDR1 and 
InWDR2) represent the MYB regulatory complex involved in the regulation of an-
thocyanin biosynthesis in flowers [74]. Different from all other eudicots, in the two 
Ipomoea species studied, the whole flavonoid pathway appears to be controlled 
coordinately as a single set, as it was observed for maize [74].

G. hybrida is a common ornamental flower that also accumulates anthocyanin 
pigments mainly by coordinated transcriptional activation of the structural genes 
by R2R3-MYB (GhMYB10) and bHLH (GhMYC1) transcription factors [75, 76].

Lilium spp. flowers (Asiatic hybrid lily) are recognized because of their orna-
mental qualities, exhibiting a large variation in the color of their sepals, generally 
presenting dark red spots on their adaxial surface. Anthocyanins are responsible 
for that color variability, in which biosynthesis is transcriptionally regulated by a 
combination of two R2R3-MYB transcriptions factors, LhMYB6 and LhMYB12 
(homologs of PhAN2) [77] and two bHLH proteins, LhbHLH1 and LhbHLH2 [78]. 
For example, LhMYB6, a light-induced anthocyanin-biosynthesis protein, regulates 
the presence of the dark red spots on the adaxial surface of sepals and pigmenta-
tion in leaves of juvenile shoots, while LhMYB12 controls anthocyanin production 
in tepals, stamens, and styles. In addition, LhbHLH1 and LhbHLH2 are the Lilium 
homologs of the Petunia JAF13 and AN1, respectively [78].
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Flavonoids and Anthocyanin Biosynthesis in Fruits  
and Vegetables

The transcriptional regulation of flavonoid biosynthesis has also been demonstrated 
to occur during the development and maturation of fleshy fruits, especially in im-
portant food crop plants such as grapevine and apple. The composition and concen-
tration of flavonols, anthocyanins, or proanthocyanidins are important factors that 
influence organoleptic properties, flesh colors, and consequently their marketabil-
ity and consumption. Particularly in the case of the anthocyanins, recent findings 
pointed out these pigments as potentially beneficial to human health due to their 
high antioxidant activities and therapeutic properties. Foods rich in anthocyanins 
may reduce risk of cancers, cardiovascular diseases, and other age-related diseases 
[79, 80].

Red grape ( V. vinifera) represents an important source of several flavonoid com-
pounds that are ultimately responsible for the astringency and final colors of red 
wines. Among them, proanthocyanidins are synthesized predominantly in seeds at 
the green berry stage [81], whereas anthocyanins are accumulated in skins during 
berry ripening [82]. The induction of structural genes, required for the biosynthesis 
of these two flavonoid compounds in developing seeds and skins of grape berries, is 
also triggered by a combinatorial control of the activity of MYB, bHLH, and WD40 
proteins [36–38].

Initially, two R2R3-MYB genes, VvMYBA1 and VvMYBA2 have been identified 
controlling the expression of the UFGT gene that encodes an enzyme required for 
the conversion of anthocyanidins into anthocyanins, corresponding to the last step 
of the anthocyanin pathway [83]. Ectopic constitutive expression of both genes was 
sufficient to cause the synthesis and accumulation of pigments in all vegetative 
organs of transgenic plants, demonstrating that they play a crucial role in the induc-
tion of anthocyanin pathway [82–83]. Nevertheless, the absence of anthocyanins in 
a white grape cultivar has been related to a retrotransposon insertion in the promoter 
region of the VvMYBA1 gene, as well as to two mutations in the coding region of 
the VvMYBA2 gene [84–85].

On the other hand, VvMYBPAP1 and VvMYBPAP2 encode R2R3-MYB tran-
scription factors specifically controlling proanthocyanidin synthesis in seeds by 
directly regulating the expression of genes encoding for the ANR and the LAR 
enzymes [86, 87].

Two additional R2R3-MYB genes: VvMYB5a and VvMYB5b were also identi-
fied as regulators of the production of anthocyanins and other flavonoid compounds 
in skin, mesocarp, and seeds, during the early phase of berry development and berry 
ripening, respectively [34, 35]. It has been suggested that VvMYB5a is specifically 
involved in the regulation of proanthocyanidin production in skin and seed tissues, 
whereas VvMYB5b promotes both proanthocyanidin and anthocyanin synthesis dur-
ing berry development [34, 35]. Differential effects of the grapevine VvYB5a and 
VvMYB5b overexpression were observed in tobacco ( Nicotiana tabacum) and to-
mato ( Solanum lycopersicum), indicating that they may control different branches 
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of the phenylpraponoid pathway in plants [34, 35]. In tobacco, the high expression 
levels of all flavonoid structural genes were tightly correlated with the increase of 
flavonoid metabolism and anthocyanin accumulation in flowers [34]. In tomato, the 
overexpression of flavonoid structural genes affected vegetative and reproductive 
traits, and the synthesis of terpenoids was upregulated, interfering in organoleptic 
characteristics of the fruits [88].

Recently, two bHLH transcription factors, VvMYC1 and VvMYCA1 [26], to-
gether with two WD40 proteins, VvWDR1 and VvWDR2 were identified to be 
necessary for the formation of the MBW regulatory complex controlling proan-
thocyanidin and anthocyanin biosynthesis in red grape [36, 89]. Using transient 
promoter and yeast two-hybrid experiments, it was demonstrated that VvMYC1 
is able to interact and to form dimers with all grape MYB partners (VvMYBA1/2, 
VvMYBPA1, and VvMYB5a/5b), promoting the transcription of proanthocyanidin 
and/or anthocyanin biosynthetic genes, a function shared by its Arabidopsis ortho-
logs AtTT8, AtGL3, and AtEGL3 [89]. In addition, VvMYC1 showed to be involved 
in a positive feedback mechanism that regulates its own expression, as it was de-
scribed for its Arabidopsis ortholog, AtTT8 [89].

Both V. vinifera WD40 proteins described so far, showed high sequence simi-
larity to AN11 and TTG1 from Petunia and Arabidopsis, respectively. It has been 
demonstrated that VvWDR1 is a coactivator of anthocyanin synthesis when ectopi-
cally expressed in Arabidopsis plants; meanwhile no evidence has been presented to 
demonstrate a role for VvWDR2 gene in the flavonoid pathway [36]. Based on stud-
ies of gene expression, at least two distinct regulatory sets participate in the early 
and late steps of grape berry development, and, accordingly, different R2R3-MYBs 
regulate separately the synthesis of flavonols, anthocyanidins, and proanthocyani-
dins [34, 35, 86, 87].

In apple ( M. domestica) fruits, some transcription factors regulating the produc-
tion of anthocyanin were described and apparently regulate both early and late genes 
of the anthocyanin pathway. Previous studies have identified three R2R3-MYB 
transcription factors (MdMYB10, MdMYB1, and MdMYBA) and two bHLH pro-
teins (MdbHLH3 and MdbHLH33) as responsible for red coloration in apple fruit 
skin [36–39]. MdMYB1 is an ortholog of AtPAP1 from Arabidopsis and it is able 
to regulate anthocyanin biosynthesis in response to sunlight exposure whereby its 
expression was markedly enhanced [37]. Ban et al. demonstrated that UV-B irradia-
tion and low temperature also stimulate the expression of MdMYBA gene, leading to 
an increased anthocyanin accumulation in apple fruit skin [39]. Despite the fact that 
MdMYB10 and MdMYB1 proteins share high homology, differing in only three 
amino acids in their sequences, they showed differential expression patterns in fruit 
tissues, and were described to control the pigmentation of the cortex (MdMYB10) 
or of the skin (MdMYB1 and MdMYBA) [38]. Once again, differences in the activ-
ity of MYB transcription factors indicate that these proteins may give the spatial 
specificity of the action of MBW complexes responsible for anthocyanin accumula-
tion, as previously described for Antirrhinum and Petunia flowers [11, 30], as well 
as in the fruits of grape [34, 35] and in fruits of some Solanaceae species such as 
tomato, pepper, and eggplant [90].
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Regulatory mechanisms controlling anthocyanin accumulation associated with 
the ripening phase of fruit development have been recently described [52, 91–94]. 
In order to further characterize tissue-specific anthocyanin accumulation with their 
regulation, as well to gain new knowledge of the evolution of the MYB gene family, 
orthologs of the apple MdMYB10 gene have been analyzed in many other commer-
cially important species from Rosaceae family such as plum, pear, peach, raspberry, 
cherry, and strawberry [52]. Moreover, GmMYB10, PhMYB10, and MrMYB1 are 
also MYBs transcriptional regulators that influence fruit pigmentation in mango-
steen, pear, and Myrica rubra (Chinese bayberry), respectively [92–94]. In all spe-
cies analyzed, it was observed that levels of expression of these R2R3-MYBs were 
spatially and temporally linked to anthocyanin accumulation during fruit ripening, 
providing strong evidence of the importance of R2R3-MYBs in the control of an-
thocyanin biosynthesis in these crops [52, 91–94].

VmTDR4, a squamosa A-class mads-box transcription factor was also identi-
fied and characterized in bilberry ( Vaccinium myrtillus) and related to the control 
of anthocyanin accumulation during fruit ripening [91]. VmTDR4 is orthologous 
to TDR4 from tomato and to the fruitfull gene from Arabidopsis. The inhibition of 
VmTDR4 expression by virus induced gene silencing (VIGS) caused a significant 
reduction of anthocyanin accumulation during the ripening of the fruits due to the 
suppression of several flavonoid biosynthesis genes, such as CHS, DFR, and LDOX, 
as well as of the expression of VmMYB2, a R2R3-MYB orthologous to the AtPAP1 
from Arabidopsis. In contrast, the expression of VmMYB1 and ANR genes were 
significantly enhanced in early developmental stages of VmTDR4-silencied fruits 
[91]. The first gene shares high homology with FaMYB1, a known suppressor of 
anthocyanin biosynthesis in strawberry fruits [95], while the second one is essential 
for the production of proanthocyanidin, which is abundantly found in green fruits 
before the accumulation of anthocyanins. Taken together, these observations sug-
gest a central role for VmTDR4 in the regulation of anthocyanin in bilberry fruits, 
by the direct or indirect mediation of the expression of a R2R3-MYB transcription 
factor [91].

Nevertheless, several members of the MYB gene family have been reported to 
act as repressors of the flavonoid pathway, specifically of anthocyanins, in different 
plant species [95–101]. Two proteins with a single MYB domain (R3), AtMYBL2 
and caprice ( CPC) have been described to be transcriptional repressors that nega-
tively regulate the production and accumulation of anthocyanin in Arabidopsis by 
interacting with AtTT8 [96–98]. The FaMYB1 gene downregulates both anthocy-
anin and flavonol biosynthesis in strawberry ( Fragaria x ananassa) and in tobacco 
[95]. Besides, it has been shown by ectopic expression that the FaMYB1 gene can 
act also as a repressor of proanthocyanidin production in the leaves of Lotus cor-
niculatus [99]. Recently, the PhMYB27 and MdMYB17 genes were suggested as pu-
tative repressors of anthocyanin synthesis in Petunia and apple fruits, respectively 
[100, 101]. A possible explanation for the inactivation of the MBW complex in the 
anthocyanin pathway is due to the competition for binding sites on common target 
promoters or between the single R3-MYB protein and other R2R3-MYB proteins 
for interaction with bHLH transcription factors [95–98].
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Molecular mechanisms underlying pigmentation in red cabbage and purple cau-
liflower have also been reported [102, 103]. The coloration exhibited by red cab-
bage ( Brassica oleracea L. var. capitata) is due to high levels of anthocyanins, 
cyanidin 3-diglucoside, 5-glucose [104, 105]. In B. oleracea, the concerted action 
of BoMYB2, a R2R3-MYB protein and BoTT8, a bHLH transcription factor medi-
ates anthocyanin biosynthesis [102]. In cauliflower ( B. oleracea var. botrytis), a 
mutation in the purple gene, encoding a R2R3-MYB transcription factor, resulted 
in a notable anthocyanin accumulation, conferring a phenotype of intense purple 
pigmentation in curds [103].

In purple sweet potato, anthocyanins are accumulated in several aerial tissues 
such as stem, leaves, and flowers, but predominantly in their tuberous roots. Two 
sweet potato R2R3-MYBs showed differential expression patterns: The IbMYB1 
gene is highly expressed in the tuber flesh, indicating to play an important role in 
pigmentation, whereas IbMYB2 gene showed only weak expression [106]. Instead 
of the typical MBW complex, IbMADS10, a mads-box gene that belongs to the squa 
subfamily is also involved in the accumulation of anthocyanin in tuberous roots 
[106] as previously described in bilberry fruits [91].

Two related R2R3-MYB transcription regulators were characterized controlling 
the biosynthesis of anthocyanins and other flavonoids in the skin of tomato fruits 
( S. lycopersicum) [107, 108]. Activation tagging experiments identified a transcrip-
tional regulator of anthocyanin synthesis, LeANT1 (a R2R3-MYB gene) showing 
high homology with PeAN2 from Petunia [107]. Vegetative tissues of leant1 mu-
tant exhibited intense purple coloration, whereas fruits showed purple spots on the 
epidermis and subepidermal cells. Moreover, when it was overexpressed, it resulted 
in the upregulation of structural genes involved in both early and late steps of the 
anthocyanin pathway, as well as of a gene that encodes a glutathione S-transferase 
(GST) enzyme, responsible for anthocyanin transport [107]. On the other hand, 
LeMYB12 plays a central role in regulating the production of flavonol in tomato 
fruit, since it provides the activation of the early structural genes of the pathway, 
such as CHS, CHI, F3 H, F3ʹH, and FLS [108]. Furthermore, the tomato pink fruit 
phenotype is likely caused by a mutation affecting the LeMYB12 gene [108].

Cultivated tomatoes do not contain anthocyanins in their fruits. The final red 
color displayed in the skin of tomato fruits is due mainly to the accumulation of 
carotenoids and naringenin chalcone, a yellow flavonol, during fruit ripening [108]. 
However, the introgression of genes such as dominant allele anthocyanin fruit ( Aft) 
[109] and aubergine ( Abg) [110] from the wild species Solanum chilense and Sola-
num lycopersicoides into cultivated tomato resulted in a purple skin pigmentation 
in tomato fruits. Moreover, both genes require high-light intensity to activate antho-
cyanin biosynthesis [111]. Other recessive gene, atroviolaceum ( Atv) from wild So-
lanum cheesmaniae, also causes purple color in vegetative tissues and fruits [112]. 
Different combinations of these alleles produced fruits with phenotypic variation of 
anthocyanin pigments and, in general, the association of Atv activity with either Aft 
or Abg increased anthocyanin production in the epidermis of tomato fruits [111].

Similarly to Aft and Abg in tomato, other genes are also dependent of different 
environmental conditions to activate or to enhance flavonoid biosynthetic pathway. 
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Among them, light is one of the abiotic factors that stimulate anthocyanin produc-
tion by upregulating the expression of some genes of the flavonoid pathway, as 
reported in apple, pear, and Chinese bayberry [37, 93, 94].

Recently, two R2R3-MYB members from Petunia, deep purple ( DPL) and pur-
ple haze ( PHZ) were identified and characterized as additional genes in combina-
tion with PhAN2 and PhAN11 to form a MBW complex involved in the regulation 
of anthocyanin metabolic pathway [100]. According to Albert et al., this new MBW 
complex requires high light induction of anthocyanin synthesis in vegetative tis-
sues, indicating an increase of transcription levels for PHZ and AN1 genes. These 
findings indicate that the R2R3-MYB subfamily is the primary determinant respon-
sible for spatial localization of anthocyanins both in flowers and in fruits, resulting 
in different pigmentation patterns as previously reported for Antirrhinum and Petu-
nia [11, 30]. Moreover, R2R3-MYB transcription factors are key regulators of the 
anthocyanin accumulation in response to light stimulus [37, 93, 94].

Metabolic Engineering of Flavonoids in Flowers and Fruits

Flavonoids comprise a wide range of roles, from flower and fruit pigmentation 
to human dietary nutrition. Understanding the molecular basis of the regulatory 
networks comprised by different families of transcription factors, undoubtedly of-
fers a powerful gene technology for modulating flavonoid and anthocyanin content 
as well as the temporal and spatial accumulation of these secondary metabolites 
in plants. For this purpose, metabolic engineering via transgenic plants has been 
used as a research and breeding tool to alter flavonoid biosynthetic pathway via the 
manipulation of expression patterns of regulatory genes in heterologous systems 
and/or downregulation of endogenous genes in species of agronomic interest [24, 
34–39, 102, 103, 107, 108].

For many years, anthocyanin research has been focused on flower color modifi-
cation. The best known example is the generation of blue flowers, such as roses and 
carnations [113, 114]. In general, natural blue coloration exhibited by some flowers 
is due to delphinidin accumulation associated to the number of hydroxyl groups on 
the anthocyanin B-ring and/or linked to aromatic acyl groups present in the antho-
cyanin structure [115]. Both roses and carnations do not have blue varieties due to 
the absence of a cytochrome P450 gene that encodes F3ʹ5ʹH, a key enzyme to syn-
thesize delphinidin-class of anthocyanins [16, 115, 116]. In the case of many rose 
cultivars, the downregulation of endogenous DFR gene and the overexpression of a 
viola F3ʹ5 ́ H gene were sufficient to modify the anthocyanin structure by additional 
hydroxyl groups on the B-ring and, consequently, the alteration of the anthocyanin 
pathway [113].

The wide diversity of flower pigmentation found among angiosperms may have 
two main explanations. First, the inactivation of one or more enzymes involved in 
the anthocyanin biosynthesis, with more or less hydroxyl groups linked to antho-
cyanin molecules and, consequently, a shift from red to blue as mentioned above, 
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or the production of red flowers in plant that does not produced pelargonidin-type 
anthocyanin (orange–red pigments) due to an inefficiency of the DFR enzyme due 
to the reduction of the dihydrokaempferol (DHK, Fig.  4.1) [117]. For example, 
the suppression of two endogenous F3ʹH and FLS genes by RNAi technology to-
gether with the expression of a Gerbera DFR gene has successfully generated red 
tobacco flowers [117]. Secondly, mutations (“loss of function”) in the coding se-
quence of either structural genes or MBW transcription factor complexes involved 
in the anthocyanin biosynthesis may change flower color or, most notably, the tran-
sition between pigmented and white flowers [11, 14, 22–24, 30, 31]. One example 
is GtMYB3, a R2R3-MYB transcription factor identified in gentian flowers with 
remarkable homology to PhAN2, AtPAP1, AtTT2, and ZmC1, genes known to be 
recruited for anthocyanin and proanthocyanidin biosynthesis in other species [118]. 
Several mutations in the GtMYB3 gene resulted in white gentian flowers, strength-
ening the central role of this gene in the regulation and accumulation of gentio-
delphin, a specific polyacylated anthocyanin found in the gentian flowers [118]. 
Likewise, mutants by T-DNA insertion in InMYB1 ( c), bHLH ( Ipivs), and InWDR1 
( ca) displayed white morning glory flowers [13, 74].

Besides flowers, anthocyanins are also found in leaves, tuberous roots, bulbs, 
legumes, cereal, other flower parts, and fruits. Moreover, other flavonoids like fla-
vonol can be found in leaves, while proanthocyanidin is present in seeds and grains 
[19, 62, 119]. Several studies using similar approaches and molecular tools as men-
tioned previously for flowers have also been performed aiming the manipulation of 
flavonoid biosynthesis to improve the quality of fruits and vegetables, enhancing 
their nutritional value.

It has been previously reported, the presence of a transcriptional complex in ap-
ple fruits, where three R2R3-MYBs together with bHLH proteins, was responsible 
for the coordinated regulation of fruit red skin color in fruits [36–39]. However, it 
has been recently demonstrated that apple has only one R2R3-MYB transcription 
factor, MYB10, while MYBA and MYB1 represent alleles of this MYB10 locus 
[120]. Moreover, apple skin variegation may be explained by distinct anthocyanin 
levels and differential expression of the MYB10 gene, which apparently is associ-
ated with methylation in the promoter region of this gene [120]. A better under-
standing of this regulatory mechanism could result in new tools for improving the 
visual traits of fruits and vegetables [121].

Overexpression of two transcription factors from Antirrhinum, delila (a bHLH 
protein) and rosea1 (a R2R3-MYB protein) under the control of a tomato fruit-spe-
cific promoter resulted in a significant enhancement of anthocyanin (delphinidin) 
and flavonols accumulation in the flesh and skin of tomato fruits, leading to dark 
purple fruits, similar to blueberries and blackberries, containing high anthocyanin 
concentration [122].

The stringency showed by persimmon ( Diospyros kaki) is due to high proantho-
cyanidin accumulation in their fleshy fruits [123]. Pollination constant and nonas-
tringent ( pcna) is a mutation that causes a reduction of proanthocyanidin accumula-
tion in cells at early fruit developmental stage as a result of the downregulation of 
ANR and F3ʹ5ʹH expression. Both are structural genes responsible for the syn-
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thesis of different flavonoids that comprise the proanthocyanidin profile [123, 124]. 
DkMYB4 is a R2R3-MYB transcription factor identified as a key determinant for 
the downregulation of these genes in persimmon fruits [124], while its ectopic ex-
pression in kiwifruit ( Actinidia deliciosa) resulted in an enhanced proanthocyanidin 
accumulation, it did not induce anthocyanin biosynthesis [124].

Common rice ( Oryza sativa) has white pericarp, but other varieties can show 
grains with colored pericarp, as is the case of the cultivated “red” rice ( Oryza rufi-
pogon), which have dark red pericarp due to proanthocyanidin accumulation [119]. 
Rc, a bHLH protein, was identified as the main regulator of proanthocyanidin bio-
synthesis for red pericarp in rice. Furthermore, it was demonstrated that the domi-
nant red allele Rc contains a small deletion located in the 60th exon when compared 
to the recessive white allele, which can be responsible by the disruption of the pro-
duction of the native bHLH transcription factor [119].

The first steps to unravel the genes controlling natural variation pigmentation in 
seed coat and flowers in soybean ( Glycine max L.) have been performed [125], as 
well investigations in the correlation of flavonoid content and antioxidant properties 
were performed in Brazilian and Peruvian bean ( Phaseolus vulgaris L.) cultivars 
[126], but in both cases, no genes have yet been isolated.

Concluding Remarks

Nowadays, due to the great interest related to human health through a balanced dai-
ly diet including natural products widely found in fruits and vegetables, flavonoids 
continue to attract the attention of researchers because of their high-antioxidant 
properties, their potential of disease prevention, and therapeutic effects. In this con-
text, there has been an increasing demand in unraveling the exact molecular mecha-
nisms underlying the biosynthesis of flavonoids, particularly of anthocyanins, to 
ensure an increase of the content of these compounds in economically important 
crops. Understanding the different enzymatic steps of the flavonoid pathway and 
their regulatory elements is of utmost importance in order to generate foods with 
enhanced antioxidants and nutrients by means of genetic approaches. Based on re-
cent studies, a common regulatory network comprising MYB–bHLH–WD40 pro-
teins has been described as a potential transcriptional regulator of the flavonoid 
biosynthetic pathway. Among them, R2R3-MYB transcription factors were shown 
to activate different branches of the anthocyanin biosynthetic pathway, indicating 
their usefulness as a potential biotechnological tool for modulating the expression 
of their target genes.
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Introduction

During the past few decades, the life expectancy increased dramatically throughout 
the world as a result of improved nutrition, sanitation, and health care. However, 
this extended life expectancy is accompanied with an increase in age-related pa-
thologies that include cardiovascular and neurological diseases, obesity, and cancer, 
conditions that are inflicting an immense pressure on health care costs and quality 
of life. Thus, there has been an increased interest in recognizing and understanding 
the mechanisms of action of active nutritional compounds with health benefits, or 
nutraceuticals, for the prevention and treatment of various diseases [1]. Nutraceuti-
cals are found in dietary supplements, beverages, and constitute main components 
of our diet. The beneficial effects of dietary nutraceuticals have been recognized 
since the beginning of human civilization, but our understanding of their modes of 
action remains incomplete. A better knowledge on their molecular mechanisms of 
action, metabolism, absorption, and bioavailability will help define their biological 
activities and full potential as preventive and therapeutic alternative strategies.

Flavonoids are naturally occurring polyphenolic compounds broadly found in 
fruits and vegetables, and constitute the largest class of nutraceuticals in our diet. 
To date, more than 8000 different flavonoids have been identified [2]. Among them, 
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anthocyanins are responsible for providing colors to fruits and vegetables, and have 
dietary value as color additives with potential health benefits. So far, around 500 
anthocyanins have been described and worldwide annual consumption of anthocya-
nins from black grape alone is estimated to be 10,000 t [3]. Clinical and epidemio-
logical studies suggest potential beneficial effects of flavonoid dietary intervention 
in the prevention of several cancers [4, 5] and cardiovascular diseases [6]. These 
dietary flavonoids have also been shown remarkable promise in preventing obe-
sity and signs of metabolic syndrome that can lead to type 2 diabetes (T2D) and 
increased risk of cardiovascular diseases by lowering lipid levels [7, 8]. Recent ad-
vances in epidemiological studies using dietary interventions, the scientific charac-
terization of biological activities using animal models, and the acquisition of better 
analytical profiling methods have provided a number of new opportunities for the 
use of these nutraceuticals, while also posing some new future challenges. In this 
chapter, we discuss the recent advances on the mechanisms of action and dietary ef-
fects of flavonoids and anthocyanins and their uses in the prevention and treatment 
of inflammatory diseases including cardiovascular diseases, obesity, and cancers.

Flavonoids and Anthocyanins

Plant polyphenolic compounds constitute a group of diverse small molecules that 
can be divided into several families including phenolic acids, stilbenes, coumarins, 
tannins, and flavonoids [9]. Plant polyphenols have diverse structures ranging from 
simple compounds containing an aromatic ring with one or more hydroxyl moieties 
to highly complex polymeric substances such as tannins [10, 11]. Flavonoids are 
low molecular weight polyphenolic specialized metabolites present primarily in the 
cell vacuoles of many plants that often provide nutraceutical value to our diet [12].

Classification, Distribution, and Biosynthesis

The basic flavonoid structure consists of a 2-phenyl-benzo-γ-pyrane nucleus com-
prising two benzene rings A and B linked through a heterocyclic pyran or pyrone 
ring (C) (Fig.  5.1; [12, 13]). Flavonoids can be found hydroxylated at positions 
3, 5, 7, 2′, 3′, 4′, and/or 5′. According to the chemical substitutions, major dietary 
flavonoids can be grouped into various subclasses that include flavones [(2-phe-
nylchromen-4-one), e.g., apigenin, luteolin, and tangeretin]; flavonols [(3-hydroxy-
2-phenylchromen-4-one), e.g., quercetin, kaempferol, myricetin, and rhamnazin]; 
flavanones [(2, 3-dihydro-2-phenylchromen-4-one), e.g., hesperetin, naringenin, 
and eriodictyol]; flavanol [2-phenyl-3,4-dihydro-2H-chromen (flavan)-3-ol, flavan-
4-ol, flavan-3,4-diol, e.g., catechins and epicatechins; flavanonol [(3-hydroxy-2, 
3-dihydro-2-phenylchromen-4-one), e.g., silibinin, taxifolin, and dihydrokaempfer-
ol]; isoflavones [(3-phenylchromen-4-one), e.g., genistein, daidzein, and glycitein]; 
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and anthocyanidins [(2-phenylchromenylium), e.g., cyanidin, delphinidin, and mal-
vidin and red purple anthocyanin [9, 12].

Flavonoids are widely distributed in fruits and vegetables. The most common 
flavonoids and their distribution are listed in Table 5.1. In many fruits like grapes, 
apples, pears, cherries, and berries, levels range from 200 to 300 mg per 100 g fresh 
weight [14]. Probably, the most commonly consumed plant flavonoids with evi-
dence of having health-modulating effects are catechins, quercetin, apigenin, and 
genistein found in vegetables, fruits, and beverages such as tea, wine, etc. Isofla-
vones such as genistein are richly found in soybean highly consumed by the Asian 
population [12]. High intake of tea in Holland has been associated with an increased 
flavan-3-ol consumption [15]. Environmental factors such as temperature, rainfall, 
and altitude affect polyphenolic contents of plants. In addition, the degree of ripe-
ness considerably affects the concentrations and proportions of various polyphenols 
[16]. Flavonoid contents in foods are also affected by storage and cooking. It has 
been estimated that onions and tomatoes lose between 75 and 80 % of their initial 
quercetin content after boiling for 15 min, 65 % after cooking in a microwave oven, 
and 30 % after frying [17]. The consumption of flavonoids in the food also varies 

Fig. 5.1   Chemical structures of flavonoid subclasses. Basic flavonoid structure consists of two 
benzene rings A and B linked through a pyrone ring C. Flavonoids are classified based on the 
chemical substitutions occurring in the basic structure in different subclasses including the fla-
vones, isoflavones, flavonols, flavanones, flavanonols, flavanols, and anthocyanidins
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in different regions of the world. The Mediterranean diet, rich in parsley and cel-
ery, has a high content of the flavone apigenin, and has been associated with lower 
prevalence of hypertension, cardiovascular diseases, obesity, cancers, and diabetes 
[18]. Thus, the health effects of flavonoids and anthocyanins may depend on the 
amount consumed, the distribution, and the bioavailability.

Table 5.1   Flavonoid occurrences in foods (mg/100 g or 200 mLa)
Flavonoids Occurrence in foods Flavonoids (mg) References
Flavonols (Examples: kaemferol, 
myricetin, quercetin, rutin)

Onions 60.2 [276]
Red wine 10 [277]
Apples 4.42 [278]
Broccoli, raw 3.21 [278]
Tea green 10–16.7 [276]

Flavones (Examples: Apigenin, 
chrysin, luteolin)

Celery hearts, green 22.60   [17]
Parsley 18.6–29 or [279]
Parsley dried 13,525.7 [280]
Thyme 45.25 [281]
Melons 7.9–9.3 [279]
Red wines 13.8 [279]
Citrus 21.9–24.4 [279]

Isoflavones (Examples: daidzein, 
genistein, glycitein)

Soy beans, legumes 94.2–97.5 [279]
Peanuts 1.3 [279]

Flavanols (Examples: catechin, 
epigallocatechin)

Tea green 12–160   [16]
Tea black 10–100   [16]
Apple 8.14 [278]
Red wine 10–20 [278]
Cocoa, dark chocolate 20.13 [278]

Flavanones (Examples: eriodictyol, 
hesperitin, naringenin)

Blood orange juice 28 [282]
Grapefruit juice 14.17 [278]
Citrus Juices 96.1–99.3 [279]

Flavanonols (Examples: taxifolin) Limon 350–7000 [283]
Anthocyanidins Bilberry 300–698 [283]

Blueberries 82 [278]
Cherries 41.4–45 [279]
Red wine 140 [277]
Dark chocolate 165 [284]
Apple 147 [284]
Cranberry juice 42 [285]
Red wine 77–103 [277]
White wine 2–3 [277]

a Per 100 g (fresh weight) or 200 mL (liquids); 100 g is comparable to about 3.5 ounces; 100 mL 
is comparable to about 3.5 fluid ounces
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Anthocyanins typically produce bright to deep red, purple, and blue colors for 
many berries, black currants, purple grapes, and red wine [19, 20]. The colors may 
change in the full visible spectrum with pH value. These chemical properties of 
anthocyanin complicate their exact quantitation. Berries contain higher levels of 
anthocyanins than most other fruits and vegetables, and it has been suggested that 
anthocyanins are the major nutraceuticals in those fruits responsible for their health 
benefits. Comparative studies of the phenolic and flavonoid contents in blueber-
ries, blackberries, and strawberries suggested that blueberries posses the highest 
total phenolic content (TPC, 9.44 mg gallic acid/g dry weight), total flavonoid con-
tent (TFC, 36.08 mg rutin/g dry weight), and total anthocyanidin content (TAC, 
24.38 mg catechin/g dry weight; [21]).

The basic flavonoid biosynthesis pathway has been comprehensively studied at 
the biochemical, molecular, and genetic levels in several plants including maize, 
Arabidopsis thaliana, Petunia, snapdragon, soybean, and barley [22–30]. Chalcone 
synthase (CHS) uses malonyl-CoA and p-coumaroyl-CoA to generate naringenin 
chalcone, the precursor for all the flavonoids, including the anthocyanins. Flava-
nones such as naringenin provide a central branch point in the flavonoid pathway, 
serving as substrates for the introduction of –OH groups at the 3′ and 5′ positions 
of the B-ring (e.g., F3′H and F3′5′H), or for the hydroxylation of the C-ring by the 
soluble monooxygenase flavanone 3-hydroxylase (F3H). Dihydroflavonol 4-reduc-
tase (DFR) provides one entry step to the biosynthesis of anthocyanins. Depending 
on plant species, DFR can utilize different dihydroflavonols (e.g., dihydromyric-
etin, dihydrokaempferol or dihydroquercetin) to synthesize leucoanthocyanidins, 
which are then converted into the corresponding anthocyanidins [31]. In addition, 
naringenin can be converted by isoflavone synthase (IFS) directly to the isofla-
vone genistein or into flavones by a flavone synthase (FNS). The conversion of 
flavanones (naringenin or eriodictyol) to flavones occurs by different mechanisms, 
depending on whether the product is the flavone aglycone (apigenin or luteolin) or 
the corresponding C-glycosides [32].

The complex regulation of flavonoid biosynthesis continues to provide a para-
digm for the combinatorial control of plant gene expression, providing interesting 
insights into how other plant metabolic pathways are regulated. Many of the en-
zymes of the flavonoid pathway have been functionally manipulated in microor-
ganisms and in plants, creating multiple opportunities for metabolic engineering of 
designed flavonoids with unique nutraceutical properties [33].

Bioavailability and Metabolism

The concentration of flavonoids in circulation after consumption depends in part 
on the nature of the compounds, food sources, bioavailability, and metabolism. The 
plasma concentrations of intact flavonoids rarely exceed 1  μM [34]. Pharmaco-
kinetic studies showed that the plasma level of the flavanol quercetin increased 
to 0.289  µmol/L when given for 2 weeks at 90  mg/day [35]. The plasma level 
of naringenin (obtained from either orange or grapefruit juice) reached 0.64 and 
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5.98 µmol/L when given as a single 23 or 199 mg dose, respectively [36]. Plasma 
concentrations of epigallocatechin, derived from green tea extracts, increased to 
0.025 µmol/L when given as a single 17.5 mg dose [37]. Anthocyanins from black 
currant juice given as a single dose of 20 mg/kg body weight increased the plasma 
level to 0.155 µM/L [38]. Metabolites of flavonoids have also been shown to circu-
late in the blood bound to various proteins, in particular albumin [14]. Flavonoids, 
including anthocyanins, were found in tissue organs, especially in those in which 
they are metabolized (e.g., intestine and liver), but also in kidney, liver, brain, eyes, 
cortex, and cerebellum [39–41]. In colorectal cancer patients who received oral 
curcumin for 7 days (3.6 g daily) prior to surgery, levels of curcumin were around 
12.7 ± 5.7 nmol/g in cancer tissue [42]. In some instances, the concentrations of fla-
vonoids in plasma do not directly correlate with the levels present in target tissues. 
A clinical dietary intervention study in breast cancer patients showed high levels 
of equol (a metabolite of the isoflavone daidzein) and low levels of genistein in 
breast tissues, but an inverse correlation in plasma [43]. These results suggest that 
flavonoids and anthocyanins cross the blood–tissue barrier to potentially provide 
protection at different organ levels. These studies highlight the ability of flavonoids 
to reach organ locations and the need to determine their bioavailability not only in 
plasma but also in tissues to properly define the levels of effectiveness. However, 
few studies are available that assess the bioavailability of flavonoids in various tis-
sues of a same animal.

Flavonoids are usually stable once consumed, some reaching the small intestine 
where aglycones and glucose-conjugated flavonoids are absorbed and metabolized. 
In order to be absorbed, these compounds must be hydrolyzed by intestinal enzymes 
such as β-glucosidases and lactase-phlorizin hydrolases, or by the colonic micro-
flora to then undergo extensive modifications [44]. Catechol-O-methyl transferase 
catalyzes the transfer of a methyl group from S-adenosyl-l-methionine to poly-
phenols such as quercetin, luteolin, caffeic acid, catechins, and cyanidin [45]. The 
methylation occurs at the C3′ and C4′ positions [46, 47]. Sulfotransferases, mainly 
found in the liver, catalyze the transfer of a sulfate from 3′-phosphoadenosine-5′-
phosphosulfate to a hydroxyl group on various polyphenols, but the position of sul-
fation in flavonoids has not been clearly identified yet [48, 49]. Uridine 5′-diphospho 
(UDP)-glucuronosyltransferases, membrane-bound enzymes located in the endo-
plasmic reticulum, catalyze the transfer of glucuronic acid from UDP-glucuronic 
acid to dietary polyphenols constituents. Glucuronidation commonly occurs at the 
C3 position and takes place in the intestine and liver [50, 51]. Glucuronidation is an 
important pathway in the metabolism of flavonoids in humans and for the detoxi-
fication of xenobiotics in general. Notably, high levels of glucuronidase have been 
reported in neutrophils and increased deglucuronidation of the flavone luteolin was 
found in lipopolysaccharide (LPS)-treated rats [52]. We found increased glucuroni-
dase levels in human monocytes exposed to LPS (Doseff, unpublished), suggesting 
that the metabolism of flavonoids may be different under inflammatory conditions.

Isoflavone glucosides are hydrolyzed to the corresponding aglycones or daidzein 
metabolized to equol by microflora [53, 54]. Some flavonoids are absorbed at the 
gastric level [55, 56]. However, their rate and extent of intestinal absorption are 
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determined by the chemical structure of polyphenols. Analytical results show that 
the quantities of these polyphenols found intact in urine may vary from one phenolic 
compound to another. Phenolics also show high individual variation probably due 
to microflora diversity and metabolism [57–59]. Microbial colon populations are 
likely to modify the anthocyanins ingested promoting deglycosylation and demeth-
ylation [60]. Humans lack esterases, thus require the enzymatic activity of colonic 
microflora for the metabolism of anthocyanins conjugated to rhamnose or rutinose 
[61], or for acylated anthocyanins [62]. Anthocyanidins generate simple phenolic 
acids, or are taken up from the gastrointestinal tract lumen and subsequently me-
tabolized to glucuronides, sulfates, and methylates by phase II drug-metabolizing 
enzymes in the liver [63]. Anthocyanins have been found at nanomolar or micromo-
lar levels in serum [64–66]. They can be absorbed intact as glycosides [67], but the 
proportion of anthocyanins absorbed and excreted in the urine as a percentage of the 
intake is less than 0.1 % [45]. Extensively conjugated metabolites are more likely to 
be eliminated in the bile, whereas small conjugates, such as monosulfates, are pref-
erentially excreted in urine. The total amount of metabolites excreted in the urine 
is roughly correlated with maximum plasma concentrations [44]. Studies showed 
that the three conjugated metabolites of anthocyanins are likely to be excreted in 
urine, but alternatively a portion of them may reenter the jejunum with the bile and 
later either being absorbed by the colon entering the enterohepatic circulation [68]. 
The absorbed intact anthocyanins and anthocyanidins are largely excreted in urine 
whereas the nonabsorbed anthocyanins are excreted through feces.

Glucosides can be transported also into enterocytes by the sodium-dependent 
glucose transporter SGLT1 [69] and then hydrolyzed by a cytosolic β-glucosidase 
[70]. The polyphenols that are not absorbed in the small intestine reach the colon, 
where the glycosides are hydrolyzed into aglycones by microflora which then ex-
tensively metabolize the aglycones into various aromatic acids [63–73].

In the case of flavones, our own studies found that dietary flavones aglycones 
are more efficiently absorbed found in the serum at higher concentrations than their 
corresponding glycosides [74]. As a result of extensive chemical modifications, it is 
feasible that the biological active forms reaching the blood and tissues are different 
from those present in foods [75–77]. Thus, it will be important to better define the 
biological activities of flavonoid derivatives, their rate of absorption, their distribu-
tion and bioavailability to properly understand their role in health and establish 
nutritional recommendations for consumers.

Mechanisms of Action of Flavonoids and Anthocyanins

Antioxidant Properties

Body cells and tissues are continuously targets of the damages caused by reac-
tive oxygen species (ROS) including free radicals, which are produced during 
normal oxygen metabolism or induced by exogenous damage [78, 79]. Important 
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mechanisms by which free radicals are harmful are by lipid peroxidation increasing 
inflammatory mediators and contributing to a general inflammatory response and 
tissue damage. Cellular defense mechanisms against ROS include enzymes such as 
superoxide dismutases, catalase, and glutatione peroxidase, and also nonenzymatic 
mechanisms such as the scavenging action of free radicals by glutathione and ascor-
bic acid [80].

Flavonoids enhance powerful endogenous cellular antioxidant strategies, as 
shown in numerous cell-based studies. However, there is no clear evidence of their 
antioxidant properties in human studies. The antioxidant action of flavonoids is a 
consequence of their structure, which permits them to chelate metals, to directly 
bind to proteins, to act as direct radical scavengers, and thus to reduce lipid per-
oxidation [81–84]. The highly conjugated system and certain hydroxylation pat-
terns, such as the 3-hydroxy group in flavonols, are considered important for the 
antioxidant activities. Flavonoids are powerful inducers of endogenous antioxidant 
defense mechanisms stimulating the activity of glutathione peroxidase, catalase, 
and superoxide dismutases, and inhibit the expression of enzymes such as xan-
thine oxidase [85]. Structural–functional relationship analyses reported that luteolin 
(3′,4′,5,7-tetrahydroxyflavone) is one of the most potent inhibitors of xanthine oxi-
dase activity, which is also inhibited by quercetin and silibin [86–89]. Numerous 
studies have described the antioxidant efficacy of flavonoids in inhibiting the lipid 
peroxidation and protecting other biomolecules, such as proteins and DNA, from 
oxidation [90–92]. The flavones and catechins seem to be the most powerful flavo-
noids for protecting the body against ROS. Flavonoids display antioxidant activities 
that are relevant to the prevention of atherosclerosis. For example, the isoflavone 
genistein prevented low-density lipoprotein (LDL) oxidation and protected vascu-
lar cells against oxidized LDL particles [93]. Nobiletin, a citrus polymethoxylated 
flavone has extensive antioxidant activities suppressing the formation of oxidants 
by modulating the xanthine oxidase system, 12-O-tetradecanoylphorbol-13-acetate 
(TPA)-induced oxidative stress, and NO (nitric oxide) generation in macrophage 
cell lines [94, 95]. The flavonols myricetin and quercetin prevent lipid peroxida-
tion and may be active in the regeneration of α-tocopherol [96]. Several flavonoids, 
including quercetin, interfere with inducible nitric oxide synthase (iNOS) activity, 
resulting in reduction of ischemia–reperfusion injury [97]. Silibin, a naturally oc-
curring flavanone obtained from Silybum marianum (milk thistle) has been reported 
to inhibit NO production [98]. Flavonoids also act as metal chelators which results 
in the direct reduction in the rate of the Fenton reaction, thus preventing oxidation 
caused by highly reactive hydroxyl radicals [83, 99]. Anthocyanins are powerful 
antioxidants by virtue of their electron-donating properties [100]. In addition, they 
enhance the absorbing capacity of oxygen radical in cells, stimulating the expres-
sion of phase II detoxification enzymes, minimizing the formation of oxidative 
adducts in DNA and decreasing lipid peroxidation [101]. In general, the anthocy-
anidins (aglycons) have superior radical scavenging activity than the respective an-
thocyanins (glycosides), which decreases as the number of sugar moieties increase. 
However, at high concentrations, flavonoids and other polyphenols may also be 
cytotoxic, causing an increase in mitochondrial permeability, cytochrome c release, 
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the activation of caspases, an increase in levels of p53 and p21, the suppression of 
Bcl-2, apoptosis induction, and necrotic cell death [102–104].

Role as Signaling Molecules

The role of flavonoids as signaling molecules is not yet well characterized in plants. 
In plants, flavonoids modulate the transport of the plant hormone auxin and have 
also been shown to modulate the jasmonic acid pathway [105, 106]. Jasmoates in 
plants and prostaglandins in animals correspond to fatty acid oxidation products and 
participate in similar wound responses in both kingdoms. Conversely, expression 
of early genes of the flavonoid biosynthetic pathway induced by jasmonic acid and 
activating mitogen-activated protein kinases (MAPK) were observed after wound-
ing, suggesting their role in defense signaling pathways [107, 108]. In addition, 
flavonoids in root exudates were found to modulate expression of nodule-gene ex-
pression [109–111]. In mammalian systems, flavonoid-sensitive signaling networks 
have been described extensively [112] regulating numerous cell processes, includ-
ing growth, proliferation, and death. Flavonoids can interact selectively within 
MAPK signaling cascades [113, 114]. We have shown that the flavone apigenin, 
but not naringenin, induced the activation of protein kinase Cδ (PKCδ) leading to 
apoptosis of leukemia cells and differential phosphorylation of Hsp27, an inhibitor 
of the caspase cascade [102, 115]. Flavonoids such as apigenin and luteolin, among 
others, inhibit the NF-κB signaling pathway in response to inflammation in vivo 
[116, 117]. Epicatechin and kaempferol attenuate the activation of extracellular 
signal-related kinases (ERK1/2) and c-Jun N-terminal kinase (JNK) and protect 
against neuronal cell death [118]. Multiple flavonoids and anthocyanins modulate 
cell proliferation by affecting various kinases. Resveratrol causes the activation of 
glycogen synthase kinase 3β (GSK-3β) regarded as an important component of cell 
signaling, protein synthesis, cell proliferation, cell differentiation, cell adhesion, 
and apoptosis [119]. In addition, resveratrol induced the mitochondrial adenosine 
triphosphate (ATP)-sensitive K + channel (mKATP) and large conductance Ca2 + -ac-
tivated K + channel (BKCa) channels [120], enhanced autophagy via the mammalian 
target of rapamycin (mTOR) pathway [121], activated the transcription factor Nrf2 
[122], the expression of heme oxygenase 1 [123], and upregulated endothelial ni-
tric oxide synthase (eNOS) [124]. Anthocyanins, such as delphinidin and cyanidin, 
halt the activation of p38 MAPK and JNK, thereby preventing the expression of 
vascular endothelial growth factor (VEGF) stimulated by platelet-derived growth 
factor in vascular smooth muscle cells [125]. Using mice models, resveratrol was 
shown to counteract the increased levels of pro-inflammatory biochemical markers, 
such as tumor necrosis factor (TNF) α, interleukin (IL)-1β, and IL-6. In addition, 
resveratrol downregulates the cytokines MCP-1, cyclooxygenase (COX)-2, and 
iNOS when stimulated by the pro-inflammatory treatment [126]. Trans-resveratrol 
was demonstrated to prevent copper-catalyzed oxidation in human LDL choles-
terol by chelation [127]. In human lung epithelial cells, resveratrol inhibits IL-8, 
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granulocyte-macrophage colony-stimulating factor (GM-CSF), iNOS, and COX-2 
[128]. In human alveolar macrophages, resveratrol decreases IL-8 and GM-CSF, 
further underscoring its anti-inflammatory potential [129].

Role in Gene Expression and Epigenetic Regulation

Genome-wide changes in gene expression and epigenetic modifications have been 
linked to the etiology of cancers, cardiovascular diseases, and obesity. Numerous 
studies in cell cultures have shown that nutraceuticals influence the expression of 
genes involved in energy metabolism, cell growth, and cell differentiation [130]. 
Epicatechin, the main flavonoid found in cocoa, induced gene expression changes 
in Caco-2 cells (human colon carcinoma cells), and downregulated genes included 
several transcription factors; oncogenes, tumor suppressors, and modulators of the 
stress response; cell receptors and cell surface antigens; metabolism; apoptosis-
related proteins; DNA synthesis, recombination, and repair [130]. Epicatechin in-
duced antioxidant response element (ARE)-mediated gene expression. ARE pro-
motes the expression of genes including those required for glutathione synthesis, 
suggesting that flavonoids may be cytoprotective by increasing antioxidant gene 
expression [131]. Quercetin affected the expression of multidrug resistance gene-
1 (MDR1) in the human hepatocarcinoma cell line HepG2 [132]. Limited studies 
have shown changes in gene expression related to flavonoid consumption. Expo-
sure of mice to silymarin, which is a mixture of bioactive flavonoids isolated from 
the seeds and fruits of milk thistle, was found to modulate the differentiation and 
cell selection in the thymus via increased expression of c-myc [133]. Red wine 
polyphenolic compounds have been shown to be associated with an increase of 
endothelium-dependent relaxation and a modest induction of gene expression of 
iNOS and COX-2 within the arterial wall [134]. COX-2 is the enzyme that ca-
talyses the biosynthesis of prostaglandins at inflammatory sites. COX-2 is a very 
interesting drug target because of its role in the development and the resolution of 
the inflammatory response. Thus, the modulation of COX-2 expression may con-
stitute a novel therapeutic strategy in inflammatory diseases. In intestinal epithelial 
cells, the effectiveness of flavonoids in COX-2 activity was found to depend on 
the cellular status. All flavonols and flavones were found to induce COX-2 in the 
basal state, whereas most flavonoids, including kaempferol, quercetin, and luteolin, 
which exhibited the greatest induction effect in quiescent cells, did not increase 
COX-2 levels [135]. Endothelial cells treated with low doses of flavonoids (at lev-
els found in plasma; 0.1–1 µM) showed differences in gene expression. Resveratrol 
and quercetin increased eNOS and VEGF expression and reduced H2O2 induction 
of endothelin-1 (ET-1) [136]. Other flavonoids tested at these low concentrations 
showed no effect suggesting interesting structural relationships between flavonoids 
and specific gene expression changes.

Daily supplementation of quercetin (150  mg/day) induced extensive changes 
in human monocyte gene expression profiles in healthy individuals as shown by 
microarray analysis [137]. However, in a double-blind crossover study in subjects 
exhibiting a cardiovascular risk phenotype receiving quercetin or placebo daily 
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for 6 weeks showed no differences in the 24 verification genes tested [137]. Inter-
vention studies with healthy subjects consuming two varieties of polyphenol-rich 
fruit juices in an 8-week trial showed that juice intervention significantly reduced 
oxidative DNA damage in leukocytes modulating the expression of glutathione S-
transferase (GST) [138].

In recent years, numerous reports have shown that nutrients can influence gene 
expression and epigenetic changes [139]. Changes in epigenetic patterns in fetus 
were influenced by maternal nutrition [140]. Isoflavones, flavonols, and catechins 
have received much attention due to their ability to influence activity of chromatin-
modifying enzymes. Epigallocatechin-3-gallate, for example, was shown to inhibit 
activity of histone acetyltransferase and DNA methyltransferase (DNMT) [141]. 
Several bioactive food components, including tea polyphenols (catechin, epicat-
echin, and epigallocatechin-3-O-gallate, EGCG) and bioflavonoids (quercetin, fi-
setin, and myricetin), inhibit DNMT-1-mediated DNA methylation in a dose-de-
pendent manner [142]. Our studies have shown that apigenin-induced changes in 
histone phosphorylation leading to DNA damage and cell cycle in leukemia cells 
[143]. Several other dietary compounds alter DNA methylation in vitro, in animal 
models, or in humans [144]. Mixtures of bioactive compounds naturally present in 
foods may act synergistically and might be more active than the individual com-
pounds isolated from food [47]. Some dietary compounds, for example butyrate, 
were found to affect posttranslational modifications of histones through its action 
as an inhibitor of class 1 histone deacetylases [145–147]. In addition, several other 
dietary components have been identified, which modulate the acetylation state of 
histones or affect the activities of HDACs and/or histone acetyl transferases [148]. 
Among them, there is strong evidence for effects of organosulfur compounds from 
garlic (diallyl disulfide, allyl mercaptan, and S-allylmercaptocysteine) and of iso-
thiocyanates (sulforaphane and 6-methylsulfinylhexyl isothiocyanate) from cruci-
ferous vegetables [148]. The role of resveratrol in the activation of class III HDACs 
(sirtuins) has been much studied in recent years because of their potential role in 
lifespan and in delaying, age-related diseases including cancers [149]. Resveratrol 
activates PGC1α in a SIRT1-dependent manner [150] and improves health and sur-
vival of mice fed a high-fat diet [151].

It is expected that in the next few years the full potential of nutrigenomics will 
permit us to gain a better understanding of the changes in gene expression trig-
gered by nutraceuticals in dietary intervention studies using animal models or hu-
man studies.

Preventive Dietetics in Disease Control

Cardiovascular Diseases

Flavonoids exhibit potent cardioprotective activities in many cardiovascular dis-
eases. These effects have been ascribed to their antioxidant, antithrombotic, anti-
apoptotic, anti-arhythmic, anti-ischemic, antihypertensive, and anti-inflammatory 
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activities shown in several model systems [152–163]. Thus, flavonoids have been 
suggested as promising therapeutic and preventive compounds in cardiovascular 
diseases.

Cardioprotective effects of flavonoids have been shown in several epidemio-
logical studies. The intake of vegetables, legumes, and fruits with high flavonoid 
content was significantly associated with reduced risks of CVD mortality [164]. 
Inverse association between dietary flavonoids intake and incidence of coronary 
heart disease (CHD) has been observed [165, 166]. The incidence of myocardial 
infarction was estimated to decrease by 11 % with an increase in tea consumption 
of three cups per day [167]. In cross-sectional and prospective population studies, 
the intake of tea and intake of flavonoids found in tea have been associated with a 
reduced risk of cardiovascular disease. Isolated flavonoids found in tea have also 
been consistently shown to inhibit the development of atherosclerosis in animal 
models [168]. The major catechin in green tea, EGCG, decreases vascular inflam-
mation by increasing the synthesis of NO, which blocks endothelial exocytosis, 
the initial step in leukocyte trafficking and vascular inflammation [169]. Green tea 
catechins (mainly EGCG) selectively activate peroxisome proliferator-activated re-
ceptor β/δ (PPAR-β/δ) [170]. The chronic administration during the 3rd and 5th 
month of decaffeinated green tea extracts (catechins tablet; 455 mg/day comparable 
to four cups of green tea) in hemodialysis patients decreased atherosclerotic factors 
such as TNF-α, soluble intercellular adhesion molecule 1 (sICAM-1), monocyte 
chemoattractant protein 1 (MCP-1), and C-reactive protein (CRP) with respect to 
the control group receiving placebo [171]. Green tea EGCG (50 and 100 mg/L) in-
hibits cardiomyocyte apoptosis, a critical factor during the transition from compen-
satory hypertrophy to heart failure from oxidative stress in vitro, and the molecular 
mechanisms implicated might be related to the inhibitory effects of EGCG on p53 
induction and Bcl-2 decrease [171, 172].

The ingestion of flavanol-rich cocoa (821 mg of flavanols/day, quantitated as 
(−)-epicatechin, ( + )-catechin, and related procyanidin oligomers) by healthy hu-
man subjects induces vasodilatation via activation of the NO system, providing a 
plausible mechanism for the protection against coronary events [173]. The intake 
of dietary flavonols (quercetin + kaempferol + myricetin) was inversely related with 
fatal myocardial infarction [174]. In an extensive study involving several countries 
for 25 years, the average flavonol and flavone intake was inversely correlated with 
CHD mortality [175]. In a study of elderly subjects, dietary flavonol and flavone 
intake (12–42  mg/day) was found to reduce CHD mortality risk by 50 % [174]. 
Similarly, in a 26-year follow-up study in Finland, the dietary intake of flavonoids 
was associated with reduced risk of CHD [176–178]. These multigroup studies in-
volving several countries strongly support the preventive effects of flavonoids in 
cardiovascular diseases.

Randomized controlled trials on flavonoids and flavonoid-rich foods provided 
evidence that some subclasses of flavonoids are associated with a significant reduc-
tion in blood pressure. Short-term interventions with cocoa flavan-3-ols have shown 
reduced systolic blood pressure (SBP) and diastolic blood pressure significantly 
[179]. However, only few studies have examined the potential effects of flavonoids 
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on blood pressure systematically and there are no population-based studies that ex-
amined the relative effect of a habitual or usual intake of different subclasses of 
flavonoids on incident hypertension.

Several studies in humans have investigated the effects of flavonoid-rich foods 
and beverages on platelet function. The data for cocoa and red grape supplements 
generally suggest reduced platelet activation [180]. The flavonoids present in Gink-
go extract inhibit excessive production of platelet-activating factor (PAF) [155, 
161, 181]. In addition, the Ginkgo extracts also exhibit anti-atherosclerotic proper-
ties by regulating the transformation of cholesterol to plaque formation. Effects of 
cardiovascular protective effects of flavonoids were also demonstrated in several 
in vitro studies. Polyphenolic constituents of red wine have long been recognized 
to have cardioprotective properties [153]. Flavonoid content derived from grape 
seeds tested against ischemia/reperfusion (IR) injury showed that proanthocyani-
dins directly scavenge peroxyl and hydroxyl radicals and reduce oxidative stress 
developed during IR in perfused hearts [182]. The most studied flavonoid, resvera-
trol, may trigger a broad spectrum of cardioprotective pathways, including different 
signaling pathways (see the section, “Role as Signaling Molecules”). Red wine was 
shown to increase vasorelaxation and blood pressure reduction by enhancing NOS 
activity and NO production [183–185]. Moderate wine consumption (15.5–31  g 
alcohol/day) has been shown to improve both vascular and nonvascular diseases 
[186]. In a 12-week intervention human trial, the consumption of red wine (30 g 
of ethanol/day (~ 160 mL)) exhibited anti-inflammatory effect and the potential to 
reduce myocardial fibrosis, prevent aortic thickening, attenuate the increase of aor-
tic reactivity to norepinephrine, and prevent the decrease in acetylcholine-induced 
endothelium-dependent relaxation; and in rats, it led to the relaxation of resistant 
arteries and reduce blood pressure during NO deficiency [187–189].

Mitochondrial dysfunction and excessive production of ROS contribute to 
pathogenesis in many cardiovascular diseases. Resveratrol, quercetin, procyani-
dins, catechins, hydroxytyrosol, and pyrroloquinoline quinine (PQQ) were found 
to enhance mitochondrial function [190]. Furthermore, resveratrol and quercetin 
(doses of ~ 500–1000 mg/day) improved the levels of anti-inflammatory mediators. 
We recently showed that apigenin restores normal mitochondrial complex I activity 
in endothelial cells under inflammatory stress conditions [191]. Recently, using a 
novel genome-wide approach, phage display coupled with second-generation se-
quencing (PD-Seq), we identified the direct targets of apigenin [192]. The effect 
of apigenin in metabolic function may be mediated by the ability of apigenin to 
interact with isocitrate dehydrogenase 3 (IDH3) and other proteins involved in the 
regulation of main metabolism [192].

Studies have shown that regular ingestion of anthocyanins increased cardiac glu-
tathione concentrations in rats [193], suggesting increasing reducing power of cells. 
Hydroxytyrosol, a flavonoid constituent of olive oil, stimulates mitochondrial func-
tion, increasing production of the mitochondriogenesis protein PGC-1α, perhaps 
constituting a new mechanism by which olive oil lowers the risk of various diseases 
[194–197].
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Regular ingestion of anthocyanins increased cardiac glutathione concentrations 
in rats [193] suggesting increasing reducing power of cells. A single anthocyanin cy-
anindin-3-O-glucose chloride has been shown to has a greater efficacy in protecting 
against oxidant degradation of LDLs than vitamins C, E, and β-carotene combined 
[198]. In addition, anthocyanin extracts prepared from chokeberry, bilberry, or el-
derberry have direct vasoactive and vasoprotective properties [199]. Using various 
animal models, it was demonstrated that proanthocyanidins have a dose-dependent 
vasorelaxant effect (0.1–100 μg/mL of proanthocyanidin-rich fraction from Croton 
sp.), involving the activation of eNOS. Consumption of more than one serving of 
blueberries and strawberries per week, both considered rich sources of anthocya-
nins, was associated with a 10 % reduction in hypertension [200]. The blueberries, 
blackcurrants, or blood orange juice can contain very high amounts of anthocyanins 
(> 500 mg anthocyanins per serving; [201]). Collectively, these studies highlight 
the value of epidemiological studies helping define levels of commonly consumed 
fruits rich in flavonoids, such as blueberries, cranberries, and strawberries, which 
can be readily incorporated into the diet.

In summary, the use of flavonoids as dietary supplements may be beneficial 
in fighting cardiovascular diseases by virtue of improving mitochondrial functions 
and protecting damaging oxidative reactions in cells.

Emerging Role of Nutraceuticals in Obesity

Obesity, the major risk factor for cardiovascular disease, insulin resistance, and 
T2D, is reaching epidemic levels [202]. The lack of effectiveness of current treat-
ments to reduce obesity is prompting an increasing interest in nutraceuticals. Con-
sumption of more than five servings of blueberries, apples, or pears was associated 
with a lower risk of T2D by 23 % [203]. Grape skin or whole grapes, cherries, 
and berries were found to enhance insulin secretion as well as selectively inhibit-
ing COX-2, which might be useful for the prevention of T2D [204]. Blueberries 
have been found to increase adiponectin production, a key hormone made in white 
adipose tissue that prevents liver from developing insulin resistance [203, 205]. 
Obese mice supplemented with cranberry extract enriched in flavonoids showed 
an amelioration of insulin resistance and plasma lipid profile, and a reduction of 
visceral fat mass [206]. These effects might be mediated by the activation of the 
adiponectin-AMP-activated protein kinase (AMPK) pathway.

Flavonoids have been reported to inhibit nutrient absorption including saponins 
from different sources such as ginseng and tea [207, 208]. Similar activities were 
reported for licochalcone A from roots of Glycyrrhiza uralensis, platycodin D from 
fresh roots of Platycodon grandiflorum, dioscin from Dioscorea nipponica, seeds of 
Achyranthes aspera, and phenolic constituents from the leaves of Nelumbo nucifera 
[209–213]. Administration of grapefruit or orange juice to hypercholesterolemic 
casein-fed rabbits reduced LDL cholesterol (LDL-C) and hepatic lipid accumula-
tion suggesting components of citrus may have lipid-lowering properties [214]. 
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In vitro studies addressing the potential antiobesity action of quercetin using cells 
from adipose tissue and the 3T3-L1 cell line showed a reduction in triacylglycerol 
levels [206]. In addition, quercetin decreased the expression of genes involved in 
adipocyte differentiation, including the sterol regulatory element-binding proteins 
(SREBP)-1 and fatty acid synthase (FAS), and by increasing acetyl-CoA carboxyl-
ase (ACC) phosphorylation [206]. Various dietary bioactive flavonoids like genis-
tein, epigallocatechin gallate, quercetin, resveratrol, and ajoene affect adipocytes 
during specific stages of development, resulting in either inhibition of adipogenesis 
or induction of apoptosis.

It has been demonstrated that anthocyanins enhances adipocytokine (adiponectin 
and leptin) secretion in isolated rat adipocytes [215]. Human adipocytes treated 
with anthocyanins showed significant changes in adipocytokine gene expression 
(upregulation of adiponectin and downregulation of plasminogen activator inhibi-
tor-1 and IL-6 [216, 217]). Cyanidin-3-glucoside (C3G), a typical anthocyanin, sig-
nificantly suppressed the development of obesity in C57BL/6 mice induced by a 
high-fat diet [218]. Thus, these studies suggest that anthocyanins modulate gene 
expression of adipocytokines and may have future therapeutic advantage for the 
regulation of adipocyte function [3]. Future studies on the mechanisms of action 
will help define the value of flavonoids in obesity.

Dietary Nutraceuticals and Cancer

The antiproliferative, anti-metastatic, and anti-angiogenic effects of flavonoids 
have been extensively illustrated in cell and animal models. Nutraceuticals found in 
red wine such as catechin, epicatechin, quercetin, and resveratrol reduced the prolif-
eration of human breast and prostate cancer cells [219, 220]. Quercetin and apigen-
in inhibit melanoma growth and influence the invasive and metastatic potential in 
mice [221]. Genistein controls cell cycle progression in human breast and prostate 
cancer cell lines [222, 223]. Furthermore, genistein inhibited EGFR tyrosine kinase 
activity in human epidermoid carcinoma A431 cells [224]. Luteolin and quercetin 
also effectively suppress EGFR tyrosine kinase actively [46, 225]. We reported that 
apigenin, with an IC50 of 20 μM, induced caspase-3-dependent and ROS-indepen-
dent apoptosis in leukemia cells, yet had no effect in nonmalignant cells [102]. The 
flavonol quercetin, probably one of the best studied, induced apoptosis in HL-60 
leukemia cell line with an IC50 ~ 80 μM. Similar to our findings, quercetin induced 
apoptosis in a caspase-3-dependent fashion, but independent of its antioxidant ac-
tivity [226]. While similarities between modes of action seem to exist, the human 
cellular targets of these flavonoids remain unknown. Quercetin acted synergisti-
cally with cisplatin, possibly due to inhibition of PKC [227]. Recently, we showed 
that apigenin induces apoptosis in a PKCδ-dependent manner [102, 115, 145]. 
Quercetin also exerted antiproliferative effects in other malignant tumor cell lines 
[228–230]. In addition, using a novel genome-wide approach for the target identi-
fication of small molecules, we identified ~ 160 targets of apigenin [192]. Notably, 
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among these targets we identified the RNA-binding protein hnRNPA2 (heteroge-
neous nuclear ribonucleoprotein A2). HnRNPA2 expression is elevated in several 
cancers [231–234] and has been shown to play fundamental roles in the progression 
of tumorigenesis by regulating splicing [235]. These findings are paradigm shift-
ing as they identified new mechanisms by which dietary components can regulate 
tumorigenesis and suggest that nutraceuticals exert the biological effects by im-
pacting multiple cellular targets [192]. Anthocyanins and anthocyanin-rich extracts 
from fruits and vegetable have shown antiproliferative effect in multiple cancer cell 
types [236, 237]. Interestingly, anthocyanins selectively inhibited growth of cancer 
cells with relatively slight or no effect on the growth of normal cells [238, 239]. 
However, the selective effect of the anthocyanins on the growth of cancer cells ver-
sus normal cells is yet to be explored. Ethanol extract of black raspberries exhibited 
selective inhibition of the growth and stimulated apoptosis of a highly tumorigenic 
rat esophageal epithelial cell line (RE-149-DHD), when compared to its low tumor-
igenic precursor line, RE-149 [240]. The antiproliferative activity of anthocyanin 
was correlated with the inhibition of various cell cycles regulating proteins, such as 
p53, p21, p27, and cyclins with concomitant upregulation of the tumor suppressor 
genes WAF1/p21, KIP1/p27, INK4a/p16, and INK4c/p18. Moreover, anthocyanins 
inactivates the survival kinases AKT, the inhibitors of apoptosis (IAPs) and MAPK 
[241, 242]. Anthocyanins with an ortho-dihydroxyphenyl structure on the B-ring 
suppressed TPA-induced cell transformation and activator protein-1 transactivation, 
suggesting that the ortho-dihydroxyphenyl structure may contribute to their inhibi-
tory action. Delphinidin and peonidin are anthocyanidins, conferring blue and pur-
plish red hues to the flowers and fruits, respectively. Delphinidin but not peonidin 
has been shown to block the phosphorylation of the ERK pathway at early times and 
JNK signaling pathway at later times without affecting p38 MAPK activity [241].

Flavonoids are able to induce cell cycle arrest, disrupt mitochondrial function, 
and inhibit NF-κB [143, 243, 244]. Inflammatory mediators that include NF-κB and 
COX-2 are abnormally upregulated in various cancers and their inhibition using an-
thocyanin exhibited significant chemopreventive potential [245, 246]. We showed 
that apigenin and food diets rich in apigenin inhibit NF-κB [74, 116]. Anthocyanins 
also inhibit NF-κB and COX-2, and various ILs and causes anti-inflammatory ef-
fects in multiple cell types in vitro [237]. Mouse epidermal cells (JB6 CI41), when 
treated with an anthocyanin-rich extract from black raspberries, downregulated 
benzoapyrene diol-epoxide (BaPDE)-induced expression of NF-κB [247]. How-
ever, experimental studies have shown that the amounts of anthocyanins needed 
to elicit effects in vitro far exceed the amounts observed in human plasma in vivo. 
Future studies aimed at enhancing the absorption of anthocyanins and/or their me-
tabolites may be necessary for their optimal use in the chemoprevention of human 
cancers [101]. In vivo studies recently showed that, when mice were fed with food 
formulations enriched in apigenin aglycones, the absorption of aglycone flavones 
increases significantly, suggesting the importance of deglycosylation in preventing 
inflammatory diseases [74].

Despite the great amount of information obtained using pure flavonoids, stud-
ies with diets rich in flavonoids remain scarce. Several studies addressed the 
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association of flavonoids intake from beverages (such as tea and wine), fruits, veg-
etables, and herbals with anticarcinogenic effects [98, 219, 248, 249]. There are 
inverse correlations between dietary flavonoid intake and subsequent lung cancer 
occurrence [248]. Human epidemiological data come primarily from studies in 
which decreased cancer rates are associated with consumption of foods rich in iso-
flavones or flavones. In a study involving 9959 Finish men and women, quercetin 
intake from onions and apples was inversely associated with the risk of having lung 
cancer [250]. Epidemiological and experimental studies have suggested that a high 
intake of flavonoids may be linked to a reduced risk of cancer [251]. In addition, 
diets rich in flavones have been reported to reduce ovarian cancer risk or enhance 
the efficacy of cancer therapy in a large population-based case–control study, which 
correlated with the presence of apigenin [252]. Studies have shown the involvement 
of flavonoids with the modulation of P-glycoproteins, the proteins associated with 
multidrug resistance, inhibition of several enzymes of the CYP450 family and mod-
ulation of phase II enzymes. Because both classes of enzymes are involved in drug 
metabolism and in the process of chemical carcinogenesis, interaction of flavonoids 
with these enzyme systems hold immense therapeutic potential for detoxification, 
chemoprevention, and the suppression of drug resistance [253].

Human Clinical Studies

Epidemiological studies have provided important understanding on the possible eti-
ologic factors in several disease states. Population and case–control studies suggest 
that many of the common diseases can be significantly modify by the diet [254]. The 
increasing interest in identifying alternative preventive and therapeutic approaches 
to disease control has intensified research on flavonoids including anthocyanins. 
However, despite the robust evidence provided by in vitro and animal models, the 
effectiveness of flavonoids in human health remains controversial. Insufficient evi-
dence mostly resides in the use of whole foods where the presence of combination 
of flavonoids makes difficult to define individual compound contribution.

Probably, one of the most studied areas focused in assessing the role of dietary 
nutraceuticals is in cardiovascular diseases. Several studies in humans and animals 
have shown that a diet rich in soy, that has high levels of isoflavones, reduces plasma 
total cholesterol and LDL cholesterol. Daily soy intake showed a reduction of total 
cholesterol and LDL-C as well as of ischemic and cerebrovascular events in different 
populations [255, 256]. Studies conducted in human subjects with or without diabe-
tes showed that soy consumption is beneficial in obesity and diabetes by lowering hy-
perglycemia and reducing body weight, hyperlipidemia, and hyperinsulinemia [257].

Ongoing human stage I and II clinical trials are evaluating the effect of cocoa 
uptake (ranging from 6.5 to 50 g/day for 18 weeks) in arterial hypertension, a major 
contributor of cardiovascular disease. Levels of inflammatory mediators including 
LDL, TNF, and platelet and monocyte function will be some of the outcomes stud-
ied (NCT01276951). Similar studies are testing the effects of dark chocolate and 
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green tea (NCT0055963). Studies in coronary artery disease (CAD) investigated the 
effect of almond flavonoids or grape seed extract as well as vitamin C and grape ex-
tract (NCT0103862 and NCT00554242, respectively). A phase I study investigated 
the effect of oligonol (lychee fruit extract) on endothelial function (NCT1162174). 
Risk of incidence of CVD was associated with food sources in an extensive study 
involving more than 39,000 subjects (NCT00006504) finished in 2005, but no re-
sults have been reported yet. Related to obesity, the FLAVO trial (NCT00677599) 
evaluated the effect of chocolate and soybean enriched with epicatechin versus non-
enriched in type 2 postmenopausal women is ongoing. A phase IV trial study tested 
the effect of oligomeric proanthocyanidins derived from red wine, citrus, among 
others (OPC-3 by NutraMetrix) in fasting state and after a high-fat meal in lipid 
and inflammatory markers, but results have not been released. A recently funded 
study (NCT01622309) investigated the effect in cardiovascular and obesity mark-
ers in relationship with the consumption of Solanum melongena, known as eggplant 
fruit in Brazil in a 120-days diet eggplant–flour intervention study including 180 
subjects. The effects of tea consumption were studied in a group of 1000 individu-
als between ages 35 and 60 years where a strong inverse relationship between tea 
drinking and stroke was reported [258, 259]. A study of tea consumption in Japan 
on a group of 203 patients who had undergone coronary angioplasty and the other 
94 without coronary stenosis showed an inverse relationship between tea intake and 
incidence of CAD [260]. EGCG has received particular attention with regard to 
its anti-sclerotic effects. Catechin reduces the CVD risk through antioxidant, anti-
inflammatory, and endothelial function-enhancing properties [260]. In an another 
randomized crossover trial in Japan, the initial and final values of some blood pa-
rameters were compared in a group of 22 CAD patients who drank either 100 mL/
day mixture of green and black tea or water for 1 month. Their results showed a 
significantly increased plasma adiponectin level in the tea intake group compared 
to the subjects who drank water [261]. The effects of dietary supplementation of 
flavonoid-rich food on SBP in an 8-year trial of 2200 individuals concluded that 
the population who received flavonoid-rich foods had a lower risk of CVD [262]. 
Human studies using 150–300  mg of quercetin-4′-O-β-d-glucoside supplement 
found to inhibit platelet signaling and aggregation (thrombus formation) [263]. An 
extensive review of the therapeutic potential of probably the four most widely in-
vestigated flavonoids: flavopiridol (a novel semisynthetic flavone analogue of rohi-
tukine), catechins, genistein, and quercetin have been conducted [264]. In crossover 
trial studies, consumption of double-strength cranberry juice (54 % juice, 835 mg 
total polyphenols, and 94 mg anthocyanins) for 4 weeks with a 2-week rest pe-
riod, followed by a matched placebo beverage (480  mL/day) showed a reduced 
carotid femoral pulse wave velocity, a clinically relevant measure of arterial stiff-
ness in patients with CAD [265]. Some flavonoids including isoflavones present 
at high concentrations in soy are considered phytoestrogens, behaving as estrogen 
mimics [266]. Epidemiologic data in humans and animals suggest that dietary phy-
toestrogens have protective effects against menopausal symptoms and a variety 
of disorders, including cardiovascular disease, cancer, hyperlipidemia, osteoporo-
sis, and various forms of chronic renal disease [267]. A multicenter, randomized, 
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double-blind, placebo-controlled 24-month trial showed that the daily supplemen-
tation with 120 mg soy hypocotyl isoflavones reduced whole-body bone loss [268, 
269]. Flavopiridol is one of the most successful examples of the use of flavonoids 
for health. Flavopiridol’s anticancer activities are based on the inhibition of cyclin-
dependent kinases (CDKs) and displays unique anticancer properties in human clin-
ical trials conducted by Aventis Pharma (formerly Hoechst Marion Roussel) and the 
National Cancer Institute (NCI). By July 1999, the compound had entered phase 
II trials for gastric cancer and leukemia (CLL), and phase I/II trials for esophageal 
tumor and nonsmall cell lung cancer (NSCLC) [270]. Recently, in a randomized 
controlled double-blind crossover trial, the effectiveness of two dietary flavonoids, 
quercetin, and genistein in prostate cancer was conducted (NCT01538316). In ad-
dition, flavonoid-treated patients showed no colon cancer recurrence against 20 % 
recurrence found in controls [271].

As the results of these trails become available, a clearer picture of the effects of 
flavonoids in health is expected to emerge.

Next Generation Nutraceuticals: Functional Foods as a Novel 
Preventive and Therapeutic Approach for Disease Control

In traditional medicine, whether part of the cultural folklore or historical knowl-
edge, consumption of plant-derived foods has been associated with health benefits. 
In the past decade, prolonged life expectancy accompanied with the increased costs 
of health insurance has triggered great interest in the use of plant nutraceuticals as 
therapeutic or preventive alternatives. In addition, adverse effects and lack of ef-
ficacy related to current therapies together with growing interest in the use of more 
natural interventions helped sustain significantly increased consumption of plant 
supplements and nutritional foods. However, a paramount concern is whether the 
levels of flavonoids found in diets, metabolized, and ultimately absorbed reach the 
required concentration needed for disease control. Moreover, and most likely, the 
beneficial effect of nutraceuticals will be a result of a combination of specific flavo-
noids (and other phytochemicals) at optimal concentrations.

In this regard, the formulation of “functional foods” or “smart diets” with de-
fined flavonoid content may be a part of future strategies in flavonoid health in-
tervention. Functional foods can be tailored to increase flavonoids absorption and 
availability. Few examples of functional foods effectiveness are available so far. 
Soy isoflavone bioavailability was increased in a bread-based diet versus juice di-
ets, suggesting a relevant role in the mode of administration to increase flavonoid 
concentrations in vivo [272]. In a randomized crossover design study, different food 
matrix showed significantly increased soy isoflavone metabolism in hypercholes-
terolemia individuals [273]. Daily consumption of soy bread for a month was shown 
to favorably influence prostate-specific antigen (PSA) levels in men diagnosed with 
prostate cancer [274]. Isoflavone-rich functional foods such as breakfast cereals, 
energy and snack bars, frozen desserts to soy-germ-fortified tomato juice have also 
been developed [275]. We showed that food formulations designed to increased the 
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aglycone apigenin level increased bioavailability in vivo and reduced inflammatory 
mediators, consistent with a higher absorption of aglycones compared with glyco-
sides [74]. Future efforts in this area are expected as novel “functional foods” may 
provide new opportunities to reach the demand and the localization required for 
maximum effectiveness of nutraceutical flavonoids.

Concluding Remarks

The value of flavonoids and anthocyanins in health is well established. However, 
the limited information from human studies, including the identification of hun-
dreds of compounds that are likely to provide the greatest protection in the context 
of preventive nutrition in a diet, furnishes one of the main future challenges. In ad-
dition, understanding the molecular mechanisms of action, the metabolism, and the 
distribution of flavonoids are the key to defining ideal flavonoid-containing diets. 
Technological advances in the selection and bioengineering of plants with highest 
nutraceutical levels combined with improvements in flavonoid content through the 
design of better food formulations are likely to have a major impact. All these fac-
tors will open the door to future epidemiologic studies targeted to better define the 
relationships between the intake of nutraceuticals and the role in the treatment and 
prevention of disease.
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Introduction

Beets are red because of an evolutionary left turn. Virtually, all extant flowering 
plants produce the red/violet, phenylalanine-based, secondary metabolic anthocy-
anin pigments, with the exception of a handful of families in a single order, the 
Caryophyllales. These families produce unrelated red/violet/yellow betalain or beet 
pigments. While the families of almost all the major crops produce anthocyanins, 
the betalain families contain crop species that are widely grown and form important 
staples in many agricultural economic systems including beets, Swiss chard, spin-
ach, Amaranthus, Chenopodium-quinoa, and prickly pear.

The betalain pigments are mutually exclusive with anthocyanins; no known taxa 
produce both pigments [1]. And, where they are produced, betalains physically and 
functionally replace the anthocyanins in all biological contexts. Betacyanins, the red 
betalains, have a visible absorption spectrum very similar to anthocyanins. Betalain 
biosynthesis is developmentally regulated in flowers and fruits to produce diverse 
colors to attract pollinators and seed dispersal animals. The betalain pathway re-
sponds in the same way to the same biotic and abiotic signals that regulate anthocy-
anins. These signals include light, temperature, pathogens, and other environmental 
signaling events. Like the phenylpropanoids such as the anthocyanins, betalains 
are free oxygen radical scavengers and are nutritionally beneficial in ways similar 
to the phenylpropanoids. Betalain pigments were originally referred to as “nitrog-
enous anthocyanins” in recognition that these nitrogen-containing compounds have 
replaced the biological functions of anthocyanins in the plants where they occur.

While the betalain pathway is considered agriculturally and nutritionally im-
portant, and fascinating from an evolutionary perspective, relatively little is known 
at the molecular level about the enzymatic steps in the betalain pathway, about 
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how steps in the network are regulated, or about how this new metabolic pathway 
evolved. A complete set of structural and regulatory network genes has not yet been 
identified, our understanding of the regulation, both environmental and develop-
mental, is at its infancy, and the evolution of the pathway is still largely a black box.

The phytochemical literature is full of papers identifying the structures of spe-
cific betalain compounds (reviewed in [2]), measuring their antioxidant properties 
[3], measuring their stability (reviewed in [4]), and other chemical properties. These 
will not be reviewed here.

Phylogenetic Restriction

As noted, within plants, betalain pigments are restricted to the Caryophyllales or-
der and within this order to the monophyletic core families as defined by Cuenoud 
et al. [5]. A recent analysis overlaid the occurrence of betalains, anthocyanins, or 
the absence of pigments within this monophyletic group on a molecular phylogeny 
[6]. The analysis led to the conclusion that betalains may have arisen either one time 
or two times within this single restricted group, with equal probability for either 
scenario. Betalains and anthocyanins can occur in sister families within the larger 
group and over time one or both pigment pathways have been lost multiple times 
independently. It should be noted that the molecular phylogenies for this group were 
constructed with markers that had no relationship to the betalain pathway. It will be 
interesting, and will soon be possible, to produce phylogenies based on the actual 
betalain biosynthetic and regulatory genes.

Betalain pigments are also produced in basidiomycete fungi, notably the red, 
orange, or yellow capped Amanita muscaria, or fly agaric. Molecular evidence in-
dicates that this occurrence is the result of an independent evolutionary origin unre-
lated to the plant pigments ([7], and discussed below).

What are the Betalains

The chemical precursors, intermediates, and products of the betalain ring structure 
biosynthetic pathway have been determined. Unlike the unrelated phenylalanine-
based anthocyanins, betalains derive from tyrosine. The betalains are water-soluble, 
vacuole-localized pigments that range from red/violet betacyanins, to yellow be-
taxanthins. The synthesis of the betalain ring structure is proposed to require three 
enzyme-mediated steps (Fig. 6.1). A molecule of l-3,4-dihydroxyphenylalanine (l-
DOPA) is the substrate in step 2, the first ring biosynthetic gene reported, where a 
ring-opening extradiol cleavage enzyme, DOPA-4,5-dioxygenase (DODA) produc-
es 4,5-seco-DOPA which spontaneously cyclizes to betalamic acid [7]. The gene/
enzyme responsible for step 3 in Fig. 6.1 has been recently identified [8] as a cyto-
chrome P450 enzyme, CYP76AD1. This enzyme also uses l-DOPA as a substrate 
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Fig. 6.1   The proposed betalain pathway. Tyrosine is converted by an unknown enzyme to 
l-DOPA. l-DOPA is the substrate in two enzyme-mediated steps to produce cyclo-DOPA and 
betalamic acid by CYP76AD1 and DODA, respectively. Betalamic acid then spontaneously con-
denses with either an amine to produce the yellow pigment betaxanthin or with cyclo-DOPA to 
produce the red pigment betacyanin
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molecule to produce cyclo-DOPA via a DOPAquinone intermediate. The gene(s) 
or enzyme(s) responsible for step 1, the conversion of tyrosine to l-DOPA (tyrosi-
nase), has not been positively identified.

Betalamic acid is itself a yellow and fluorescent compound that is required to pro-
duce both the yellow and red betalains. Betalamic acid condenses with the product 
of step 3, cyclo-DOPA, to form the red betanidin pigment, or condenses with amino 
acids or other amine groups to form the yellow fluorescent betaxanthin pigments 
[9]. The ring structure is often glycosylated or acylated on the cyclo-DOPA moiety 
(see 5-O and 6-O arrows in Fig. 6.1) and genes encoding UDP glycosyltransferases 
(UGT) with in vitro activity on betanidin are known from Dorotheanthus [10] and 
beet [11] though their specificity is not high. In vitro studies have also shown that 
the cyclo-DOPA structure can be glycosylated [12] and that the glycosylated-cyclo-
DOPA can participate in the spontaneous condensation with betalamic acid. The 
order of modification and condensation does not appear to be fixed.

Steps 1 and 3 were earlier proposed to be performed by the same enzyme, a 
polyphenol oxidase (PPO), because a single PPO-type enzyme, tyrosinase, per-
forms both reactions during melanogenesis in animals [13], and PPO enzymes will 
perform steps 1 and 3 in vitro [14]. But, it has not been demonstrated, genetically 
or otherwise, that these steps are performed by a PPO in the plant [15]. Arguments 
against a PPO enzyme performing steps 1 and 3 are: all plant PPO enzymes are 
reported to be plastid localized [16] while the betalain pathway is cytoplasmic, and 
it is relatively common to obtain mutants that only make yellow betaxanthin pig-
ments (Fig. 6.2), i.e., they are missing step 3, but step 1 is intact. Yellow mutants are 

Fig. 6.2   Betalain genetic phenotypes. Top row, 4 o’clocks, left to right: RR CC, rr CC, rr cc. Bot-
tom row, table beets, RR YY, rr YY, RR yy
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known from many betalain species, perhaps all that have been in cultivation for any 
length of time, including beet, Celosia, 4 o’clock, Bougainvillea, cactus, Portulaca, 
and others. Yellow should be a rare or nonexistent mutant type if a single enzyme 
were responsible for both steps.

Genetics of Betalains-Beets, 4 o’clocks, and Portulaca

Wesley Keller performed a genetic analysis of beets ( Beta vulgaris) in the 1930s 
and identified two loci, R and Y, involved in the production of betalains [17]. R al-
leles are responsible for the red versus yellow shift (Fig. 6.2) corresponding to step 
3 in Fig. 6.1. The R locus is now identified as encoding CYP76AD1 ([8]; discussed 
in detail below). Red table beets contain a dominant R allele while yellow beets are 
homozygous for the recessive r allele.

Y alleles direct whether pigment or no pigment is produced in the interior of 
the beetroot, regardless of whether the pigment is red or yellow (Fig. 6.2). White 
beets, which include virtually all sugar beets, are homozygous for the recessive y 
allele; however, it should be noted that “white” beets are still competent to produce 
betalains and that the pigment is largely restricted to the epidermal layers. The big 
Y allele responsible for red table beets appears to be a dominant gain-of-function 
allele that was discovered during cultivation.

Similarly, in 4 o’clock ( Mirabilis jalapa), there was classic work from Correns 
(published in German in the early 1900s and reviewed by Rheinberger [18]) and 
more recent, but still old work [19–21] demonstrating two main betalain loci, also 
called R and Y. Again, the R alleles dictate red versus yellow (Fig. 6.2), and the 
yellow (rr) mutant has been shown to be complemented to red by expression of the 
beet R gene [8]. Dominant Y versus recessive y 4 o’clock alleles are responsible for 
the presence (either red or yellow) or complete absence of pigment, respectively 
(white flowers and absence of betalains in leaves and stems (Fig. 6.2)), not tissue 
placement. Thus, for both beets and 4 o’clock, the R locus is consistent with step 3 
in the betalain biosynthetic scheme (Fig. 6.1). The 4 o’clock Y locus is consistent 
with step 2, the DODA gene, because 4 o’clock yy mutants do not make any beta-
lain pigments; while the beet Y locus is more consistent with some type of upstream 
regulator because yy beets are fully capable of producing epidermally restricted red 
betalain pigments. The beet recessive y allele can be considered to direct the “nor-
mal” pigment state that mimics the epidermal placement of anthocyanins in the vast 
majority of flowering plants.

In beets, Keller [17] reported that the Y and R loci were linked at about 7 cM and 
this distance has more recently been verified [22]. The work of Engels et al. [21] 
appears to show that the 4 o’clock Y and R loci are not linked.

In Portulaca, three loci direct flower color, C, R, and I. Dominant C is required 
to make any pigment, red/violet or yellow, dominant R is required to make red/
violet (rr flowers are yellow), while dominant I inhibits the formation of yellow 
pigments [23]. The white or cc mutant is complemented by expression of DOPA di-
oxygenases from either Amanita mushrooms [24] or Portulaca [7]. So, the C locus 
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undoubtedly encodes the DODA gene, though the Portulaca DODA gene has not 
yet been shown to be genetically linked to the C locus and mutations giving rise to 
any c alleles have not yet been reported. The Portulaca R locus probably encodes 
a paralog of the beet and 4 o’clock R loci, encoding a cytochrome P450 protein, 
as the r mutation has the same yellow phenotype in all three species. However, no 
molecular analysis has been reported. Nothing is presently known about the identity 
of the Portulaca I gene.

External Signals are Transduced to Output of Betalain 
Pigment Phenotypes

The regulation of betalain biosynthesis by environmental signals and applied bioac-
tive compounds has been investigated by several groups. A commonly used system 
for these studies is hairy root cultures of beets and other species. Most of these stud-
ies were conducted with an eye towards maximizing pigment production in culture 
for potential commercial use. Blue plus far red light [25], cytokinin, nitric oxide 
[26], methyl jasmonate [27], Ca2 + [28], and phosphate [29] have all been shown 
to strongly influence betalain pigment accumulation in cultures. There are fewer 
studies using whole seedlings or plants, but those generally agree with the in vitro 
studies. For example, high white or UV-A light induced betalain biosynthesis in 
ice plant [30]. There is a single gene expression paper showing that a DODA gene 
homolog in calli of the betalain producer, Suaeda salsa, is upregulated by light [31].

Cloning the Betalamic Acid Biosynthetic Gene, 
4,5-DOPA-dioxygenase

The first betalain ring structure biosynthetic gene to be cloned was DODA from the 
mushroom, A. muscaria [32]. To clone this gene, Zrÿd and coworkers purified the 
protein from mushroom caps, raised antibodies against it, and used the anti-DODA 
antibodies to screen an Amanita cDNA expression library in Escherichia coli. They 
went on to show that expression of this mushroom gene complemented white Por-
tulaca tissue (cc genotype), allowing it to produce pigment, either red or yellow 
depending on the genotype at the R/r locus [24].

This same group was successful in cloning the first plant betalain 4,5-DOPA-
dioxygenase (DODA; [7]). Unfortunately, the mushroom gene and protein were 
not similar enough to the plant versions to allow the use of the antibody or the 
mushroom gene sequence as probes. They produced subtractive libraries to isolate 
differentially expressed cDNAs and identified genes highly expressed in red Por-
tulaca flowers. Through sequencing of clones, they identified a putative transla-
tion product with high similarity to the LigB ring cleavage domain of prokaryotic 
proteins with potential extradiol 4,5-dioxygenase activity, the same activity that a 
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betalain 4,5-DOPA-dioxygenase was predicted to have. They went on to show that 
expression of this gene in white Portulaca petal tissue resulted in red or yellow 
pigmentation, depending on the genetic background, showing that they had the right 
gene. Sequence analysis of this gene indicated that it has a different phylogenetic 
origin than the mushroom gene. They also point out that all plants have homologs 
of this gene and that there are a common set of amino acid changes near the puta-
tive active site that separates the betalain and nonbetalain-producing plant DODA 
genes. It remains to be conclusively shown whether these amino acid changes are 
responsible for a change in substrate specificity or are the result of the common 
ancestry of these caryophyllaceous plants.

Cloning the Cyclo-DOPA Biosynthetic Gene, CYP76AD1

The enzymatic steps 1 and 3 (Fig. 6.1) were proposed to be performed by a single 
enzyme, a PPO. This prediction was supported by the fact that a single PPO-like 
enzyme, tyrosinase, performs both of these reactions during the formation of dark 
melanin pigments in animals, and the fact that plant PPO enzymes will also perform 
these reactions in vitro [14]. Arguments against a PPO are that all known plant PPO 
enzymes are chloroplast localized while the betalain pathway is cytoplasmic, and 
that it is commonplace to obtain mutants that only make yellow betaxanthin pig-
ments (in beets, cockscomb, 4 o’clocks, Portulaca, cactus, and others), suggesting 
that these mutants have an intact step 1 but cannot supply the cyclo-DOPA ring 
structure required for red pigment in the proposed step 3.

Recently, a cytochrome P450 enzyme (CYP76AD1) was identified that is re-
quired for the conversion of l-DOPA to the cyclo-DOPA moiety in beet (step 3; 
[8]). CYP76AD1 was identified through analysis of next generation sequencing of 
red beet transcripts, highlighting the value of high-throughput next-generation se-
quencing in studies on nonmodel organisms. cDNA from red table beet seedling hy-
pocotyl sections was sequenced using Roche 454 pyrosequencing. These stem sec-
tions produce high concentrations of betalain pigments from the outer epidermis to 
the inner core and eventually give rise to the swollen red beet. It was hypothesized 
that betalain pathway genes would be highly represented among these transcripts. 
This was proven to be true as the previously identified betalain biosynthesic gene, 
DODA, was the 14th most expressed contig in the data set of nearly 10,000 contigs.

The 454 database was queried for other highly expressed genes that could be 
candidates for enzymatic steps 1 and/ or 3. PPO- and laccase-encoding cDNAs were 
found but they were not expressed at the high levels expected for betalain biosyn-
thetic genes. The contig database was also searched for cytochrome P450-encoding 
sequences because step 1 resembles the canonical cytochrome P450 reaction and it 
was possible that step 3 could be performed by an unusual cytochrome P450 activ-
ity [33]. A cytochrome P450 cDNA, CYP76AD1, was identified as the 33rd most 
highly expressed contig.
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After similar transcript profiling was performed in several other betalain-produc-
ing Caryophyllales, CYP76AD1 became the founding member of a new subfamily 
of cytochrome P450 enzymes that are most similar to CYP76T and CYP76C. It is 
predicted that CYP76AD2 and CYP76AD3 are responsible for the same step in 
Amaranthus and 4 o’clocks, respectively.

CYP76AD1’s role in the betalain pathway was verified through a series of genet-
ic and biochemical experiments. Its expression is correlated with the red phenotype, 
CYP76AD1 is expressed at high levels in red beets but low levels in yellow and 
white beets. Mutant analysis using virus-induced gene silencing (VIGS) to suppress 
gene expression in very red beets resulted in the loss of the red pigment and ap-
pearance of yellow pigment. The change from betanin (red) to betaxanthin (yellow) 
pigments was verified using mass spectrometry.

As already stated there are many yellow mutants and CYP76AD1 was able to 
complement yellow mutants in beets, cockscomb, and 4 o’clocks. In each species, 
overexpression of CYP76AD1 resulted in the loss of the yellow phenotype and the 
production of red betalain pigments.

These data showed that CYP76AD1 is responsible for the enzymatic step 3 in the 
pathway, biosynthesis of cyclo-DOPA from l-DOPA. Loss of step 3 should result 
in the inability to synthesize red pigments but should not affect the ability to syn-
thesize yellow pigments consistent with the function of the beet R gene. This led to 
the hypothesis that CYP76AD1 was the beet R gene genetically defined by Keller 
in 1936 (discussed above, [17]).

The CYP76AD1 alleles were sequenced in a sugar beet variety, C869 [34], 
which segregates red and yellow hypocotyls (segregating for R/r) [17, 22]. A 5-bp 
insertion was identified, 325 bp before the stop codon in the yellow (rr) segregants 
(TAAAT), that shows complete linkage to the R phenotype. This insertion and the 
resulting frameshift introduced an early stop codon, which causes the deletion of the 
heme-ring-binding site and results in an inactive protein. On the basis of this genetic 
data and the above described functional data, CYP76AD1 has been identified as the 
R locus described more than 70 years ago [8].

Modification Enzymes

Betalain pigments, like Anthocyanins, are usually highly decorated. In different spe-
cies, there is a vast array of different combinations of modifications that produce pig-
ment end products (reviewed in [2]). These modifications are most easily observed on 
the stable final products; however, there is some debate about when these decorations 
are added. Two groups have identified enzymes from betalain-producing species that 
are 5-O-glucosyltransferases [10, 12]. One is predicted to modify the unglycosylated 
betacyanin, betanidin, and the other is predicted to modify cyclo-DOPA, an unstable 
intermediate (see Fig. 6.1). It is likely that both scenarios are occurring simultaneously.

Enzymes that modify the final product betanidin consist of two types so far, 5-O-
glucosyltransferase (betanidin 5-GT) and 6-O-glucosyltransferase (betanidin 6-GT; 
arrows in Fig. 6.1 point to the 5-O and 6-O positions). Betanidin 5-GT transfers 
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glucose from UDP-glucose to the 5-hydroxyl group of betanidin. Betanidin 6-GT 
performs the glucose transfer to the 6-hydroxyl group. However, both betanidin 
5-GT and 6-GT are not very specific and can transfer glucose to several flavonols 
and anthocyanidins, and, based on activities and protein sequence, it has been hy-
pothesized that these enzymes evolved from flavonoid GTs [10, 35].

There is one enzyme/cDNA identified in 4 o’clock and cockscomb that is able 
to glycosylate cyclo-DOPA in vitro, UDP-glucose:cyclo-DOPA 5-O-glucosyltrans-
ferase, cDOPA5GT [12], and it has been proposed to perform this same function in 
vivo. Again, this activity was not highly specific for cyclo-DOPA and it was specu-
lated that these types of GTs evolved from flavonoid GTs.

The added glucose molecules can be further decorated at multiple positions with 
a variety of groups including acyl, malonyl, apiosyl, feruloyl, glucosyl, hydroxyl-
cinnamoyl, and other moieties. Although some biochemistry has been performed 
on some of these reactions, nothing has yet been reported on the genes or genetics 
associated with these reactions.

Expression in Heterologous Species

Evolution has restricted betalain pigments to the order Caryophyllales and a few 
fungi; however, there has been work to transfer the betalain pathway to heterolo-
gous species such as E. coli, yeast, Solanum tuberosum (potato), Antirrhinum majus 
(snapdragon), and Arabidopsis thaliana. Most of the work to express betalains in 
heterologous species has centered around the DODA gene. The first attempts made 
with plant betalain pathway genes in E. coli proved unsuccessful [7]. However, 
Sasaki and coworkers were finally able to produce betalamic acid using an E. coli 
expressed DODA gene from 4 o’clocks (MjDODA) and its substrate l-DOPA [36]. 
They also reported preliminary experiments expressing DODA in yeast; however, 
they did not show any data from these experiments. Gandía-Herrero and García-
Carmona recently expressed a B. vulgaris DODA gene with its codons optimized 
for E. coli and they also successfully produced betalamic acid and the yellow betax-
anthin pigments [37]. The method used by this group was to express the DODA in a 
heterologous system and then produced the pigment in vitro using protein extracts.

Betalains were first produced in vivo in heterologous systems in 2012 by two 
different groups. Harris and colleagues expressed a DODA gene from Portulaca 
grandiflora, PgDODA, in cell cultures of S. tuberosum (potato) and petals of A. 
majus (snapdragon) using biolistic introduction of the overexpression constructs 
[38]. They also created stable transgenic lines of A. thaliana expressing PgDODA 
using Agrobacterium transformation. Upon feeding the transgenic tissues with l-
DOPA, yellow, orange, and red betalain pigments were formed in vivo. It is inter-
esting that with just the addition of one gene (DODA) and one substrate (l-DOPA), 
nonbetalain-producing plants can be transformed to produce both yellow and red 
betalain pigments. This suggests that anthocyanin producing plants contain an ac-
tivity to perform step 3, the production of cyclo-DOPA from l-DOPA. At present, it 
is unknown how this is being accomplished in the anthocyanin plants.
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Hatlestad et al. [8] also had success with heterologous expression in vivo, this 
time in yeast and with both the DODA and the newly discovered step 3 enzyme, 
CYP76AD1. They expressed a beet DODA, BvDODA1, in yeast and fed l-DOPA, 
which resulted in the production of yellow betalain pigments. CYP76AD1 was also 
expressed by itself in yeast as a check of its enzymatic function. CYP76AD1 was 
shown to use l-DOPA to produce cyclo-DOPA, consistent with the proposed step 3 
activity. In addition they were able to recreate part of the betalain pathway in vivo 
in yeast by expressing the BvDODA1 and CYP76AD1 genes, simultaneously and 
feeding with l-DOPA, resulting in the production of betanidin, the undecorated red 
beet pigment [8].

Genetic and Genomic Resources for Betalain Research

Unfortunately, none of the betalain-producing species has the resources of a model 
genetic organism. However, there are resources available and the amount of these 
resources is slowly growing. The National Center for Genetic Resources Preser-
vation (NCGRP) maintains extensive germplasm collections and seeds can be re-
quested through Germplasm Resources Information Network (GRIN; http://www.
ars-grin.gov) administered by the United States Department of Agriculture. The B. 
vulgaris collection includes table beet, sugar beet, swiss chard, fodder beet, wild 
or sea beet (the undomesticated wild precursor), as well as segregating popula-
tions from controlled crosses. These five distinct plant types are all the same spe-
cies. They also maintain extensive collections of Amaranthus including cultivated 
varieties and many species, and collections of Chenopodium including C. quinoa 
(the pseudograin, quinoa) accessions as well as other Chenopodium species. GRIN 
also maintains representative collections of other betalain-producing genera like 
Opuntia, Portulaca, Boehravia, Tetragonia, and Basella. The second largest Beta 
germplasm collection is maintained at the Institute of Plant Genetics and Crop Plant 
Research (IPK), Gatersleben, Germany (http://eurisco.ecpgr.org/).

Beet recombinant inbred lines (RILs) have been produced from a sugar beet/ 
table beet cross and these are available by request. The RILs were developed from a 
cross used to produce a molecular-based genetic map [39]. In addition, many other 
RIL populations are in earlier stages of completion by this same research group.

The McGrath group has also produced a sugar beet bacterial artificial chromo-
some (BAC) library that can be screened by PCR to identify genomic clones for 
genes [40].

The Gene Index Project maintains a database of beet ESTs and beet genes that 
can be searched by basic local alignment search tool (BLAST; http://compbio.dfci.
harvard.edu/cgi-bin/tgi/gimain.pl?gudb=beet). They also maintain a database for Me-
sembryanthemum crystallinum (ice plant) a betalain producer in the Aizoaceae family.

The Genome Analysis of the Plant Biological System (GABI) is a public/private 
group with several goals regarding the sugar beet genome including a BAC-based 
physical map and a complete annotated genome (http://www.gabi.de/projekte-al-
le-projekte-neue-seite-144.php). The beet genome is approximately 758  Mb and 

http://www.ars-grin.gov
http://www.ars-grin.gov
http://eurisco.ecpgr.org/
http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb=beet
http://compbio.dfci.harvard.edu/cgi-bin/tgi/gimain.pl?gudb=beet
http://www.gabi.de/projekte-alle-projekte-neue-seite-144.php
http://www.gabi.de/projekte-alle-projekte-neue-seite-144.php
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886 cM [41]. The GABI-based group has assembled 535 chromosomally anchored 
contigs that comprise about 600 Mb [41]. These can be accessed through (http://
bvseq.molgen.mpg.de/index.shtml).

Future Needs

There is much still to be discovered about betalains. This is not limited to the mi-
nutiae of the pathway, but major elements, including biosynthetic steps and regula-
tion are still to be discovered. Currently, there is nothing known about the gene(s) 
required for the first step in the synthesis of betalains, the tyrosine hydroxylase or l-
DOPA synthesis step, or the genes involved in the regulation of the pathway. There 
is very little known about the genes involved in the modification of the pigments, 
and nothing known about the transport of these pigments into the vacuole, nor any 
possible degradation pathways.

The step 1 enzyme that catalyzes the conversion of tyrosine to l-DOPA is un-
known and is a glaring hole in our knowledge of how betalains are made. There 
are reports of biochemical isolation of this activity from betalain plants [14], but 
no reports on gene or protein identity. This step has long been hypothesized to be a 
tyrosinase-like or PPO enzyme, as in vitro experiments and analysis of animal sys-
tems have shown that these types of enzymes can produce l-DOPA from tyrosine; 
however, it was also long thought that steps 1 and 3 would be performed by the 
same enzyme. This last theory was challenged when CYP76AD1 (the beet R locus) 
was discovered to be required for step 3 but not for step 1. While it has not been 
demonstrated that CYP76AD1 cannot do step 1 (if it does, it is redundant with other 
genes), the genetic and heterologous expression data are clear that it is only the R 
locus that is required for step 3 activity, production of cyclo-DOPA from l-DOPA. 
At the present time, it is possible that step 1 is performed by another cytochrome 
P450, or another type of enzyme or enzymes, including PPO-like enzymes. It is 
interesting and perhaps revealing to note that there are no reported step 1 mutants 
among the many betalain mutants in several cultivated species. Unless, the step 1 
enzyme(s) is somehow required for life, this mutant-deficit implies that there is 
genetic redundancy for this activity.

There are a few studies about how betalain pigments are produced in response 
to different stimuli (discussed briefly above) but there is nothing known about the 
genes responsible for this environmental regulation or the developmental regulation 
needed to place betalains in specific tissues. Identifying the regulatory genes will 
provide insight into the evolution of the pathway and understanding of develop-
mental placement and environmental regulation. It will be important for possible 
improvements to betalain-producing fruits and decorative plants by genetic or mo-
lecular means. Because betalains are expressed in the same patterns (temporally/
spatially) and respond similarly to the same stresses as anthocyanins, it has been 
speculated that the betalain pathway may be regulated by the anthocyanin regula-
tory network [42], implying the co-option of regulatory genes. If true, this would be 
a fascinating evolutionary phenomenon where a regulatory network has switched 

http://bvseq.molgen.mpg.de/index.shtml
http://bvseq.molgen.mpg.de/index.shtml
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to regulate new genes and end products, but the new pathway is still responsible 
for the same functions overall, in this case red pigmentation and all the biological 
functions that it serves.

Betalain pigments do not consist of a single final compound, but instead include 
many possible chemical modifications that decorate the standard backbone. These 
modifications may be a contributing factor causing the countless shades and hues of 
red/violet/pink or yellow/orange that are seen across the betalain-producing fami-
lies. So far, there are only a few modification genes/enzymes identified and these 
are limited to the addition of glucose at two positions on cyclo-DOPA moiety, either 
before or after condensation with betalamic acid. More work is needed in this arena 
to identify the genes/enzymes responsible for other types of modifications.

It is not completely understood where exactly in the cell the synthesis of beta-
lains takes place. The DODA appears to be soluble while the identification of the 
step 3 enzyme as a cytochrome P450 implies membrane localization in the ER. 
However, the locations of these enzymes have not been reported.

There is no information on how the final products end up in the vacuole. With 
anthocyanin producing plants there are several transporters that are involved in the 
movement of pigments. It is expected that betalain pigments will have similar require-
ments for transport into the vacuole. Thus far, there are no such transporters known.

DODA-like genes are found in nearly all life, but this protein type has evolved 
a novel function in betalain-producing plants. The biochemical functions of DODA 
gene homologs in other plant species have a yet to be determine. Sequence analysis 
of betalain pathway and nonpathway DODAs has identified two divergent motifs 
at the predicted catalytic site, one conserved in betalain species and the other in 
nonbetalain species. It has been proposed that this motif change at the catalytic site 
is responsible for the specific biosynthetic ability of DODAs that produce betalains. 
However, there has been no experimentation to test this theory [7]. It is possible that 
the conserved motifs are conserved based on phylogeny and not function. Given the 
current state of sequencing and transgenic technologies, it should be easy to test this.

Above we have outlined some of the obvious holes in our knowledge of the genes in-
volved in the production of betalains. With the introduction of modern sequencing and 
analysis techniques, and the generation of more genetic tools and resources it should be 
much easier to find the undiscovered genes and test their functions. The strange occur-
rence and isolation of the betalains to a single order remain the most fascinating aspect 
of this pathway. Once found, discovery of these genes will allow an informed look at 
how the betalain pigment pathway functions and how it came into being.
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Introduction

In the recent 25 years, enormous progresses have been made in understanding the 
redox biology of cells and tissues. Epidemiological observations have revealed that 
fruit and vegetable diets have health benefits and protective functions against oxi-
dative stress-based chronic disorders, such as cardiovascular disease and cancer, 
which lead to broad research on redox-active phytochemicals [1–3]. At first, these 
compounds were believed to act mostly by providing direct antioxidant protection 
by trapping radicals and/or chelating redox-active metals. A significant body of evi-
dence, however, now supports the participation of these molecules in the regulation 
of a complex web of cell signaling as the means by which they affect cell activities 
and functions [4–6]. The physicochemical characteristics of phytochemicals can 
play important roles in cell signaling, including the regulation of the cell redox state 
by interfering with oxidant production and/or antioxidant defenses, interactions 
with signaling proteins, and the regulation of membrane-associated cell signaling. 
As a final target of these activities, the epigenetic modulation of gene expression 
has recently emerged as a finely tuned means to explain the effects of these com-
pounds.

A so-called xenohormesis theory [7] has been put forward to explain why the 
plant kingdom is such a rich source of redox-active beneficial compounds (Fig. 7.1).
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Indicaxanthin

Chemical and Physicochemical Characteristics

Indicaxanthin is a yellow pigment in the betalain class [15]. These nitrogenous 
compounds are restricted to 13 plant families of the Cariophyllales order and a few 
superior fungi in the genus Amanita of the Basidiomycetes [16], in which anthocya-
nins are absent and replaced [17]. Yellow and red beet ( Beta vulgaris) and cactus 
pear ( Opuntia genus) are the main food sources of these phytochemicals [18]. The 
edible berries of Rivina humilis L. were recently identified to be new sources [19]. 
The main common structure of all betalains is the dihydropyridine moiety from be-
talamic acid (Fig. 7.2a). This is conjugated with amino acids or the corresponding 
amines (including dopamine) to generate the yellow betaxanthins ( λm = 480 nm). 
Indicaxanthin, in particular, is the immonium derivative of proline with betalamic 
acid (Fig. 7.2b) [20]. The violet-red pigmented betacyanins ( λm = 535 nm) are de-
rivatives of betanidin, the conjugate of betalamic acid with cyclo-DOPA (Fig. 7.2a). 
The fruit of Opuntia ficus indica (yellow variety) is by far the best source of indi-
caxanthin, with an amount from 8.5 mg/100 g fresh fruit pulp (Sicilian cultivated 
fruit) [21] to 15 mg/100 g fresh fruit pulp (Sicilian wild fruit, unpublished data from 
the authors’ laboratory). It also contains betanin, around one tenth of indicaxanthin 
[21]. As a comparison, the Rivina humilis fresh berries reportedly contain a minor 

Fig. 7.1   Redox-regulated cell functions in the context of hormesis and xenohormesis. In response 
to adverse environmental conditions such as dryness, light, heat, or exogenous stressors including 
wounding and oxidative stress [8–10] plants synthesize their own molecular defense, i.e., phyto-
chemicals, that in turn modulate redox-regulated cellular adaptative responses, a process known 
as hormesis [11, 12]. Xenohormesis postulates that heterotrophs (animals and fungi) have evolved 
the ability to sense/interact with these compounds and use them as chemical cues finally inducing 
cell responses [13, 14]
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amount of indicaxanthin, but up to 180 mg/100 g eight betaxanthins [19]. In ac-
cordance with the hormetic theory [11], it is not surprising that wild Sicilian cactus 
pear fruits possess higher amounts of betalains than cultivated fruits.

Betacyanins have been known for many years as additives in the food industry, 
due to their colorant properties, high solubility in water, pH stability in the range 3–7 
[22], and the absence of toxicity [22, 23]. Renewed interest in betalains has come 
in the recent decade to characterize the redox chemistry and radical-scavenging and 

Fig. 7.2   Structure of betalains (a), and indicaxanthin and its absorbance spectrum (b)
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antioxidant activities of these molecules [21, 24–26], which has then stimulated a 
number of studies on their potential activities in biological environments and cell 
contexts.

The redox potential of indicaxanthin has been measured by cyclic voltammetry 
[21]. The differential pulse voltammogram showed two anodic waves, with cal-
culated peak potentials of 611 and 895  mV indicating that indicaxanthin is able 
to donate its electrons to organic radicals commonly formed in cell environments, 
including alkyl-peroxyl and lipoperoxyl radicals [27], which has been shown [28].

Indicaxanthin is a cationized molecule, with a positive charge localized in prox-
imity of the N1 nitrogen (Fig. 7.2b) and possesses a number of ionizable carboxyl 
groups. A recent computational analysis predicted the solubility parameters and the 
polar and nonpolar surface area (NPSA) of indicaxanthin, as well as the dissociation 
constants of the carboxyl groups [29]. According to these calculations, indicaxan-
thin mainly exists as a bis-anion within a large range of pH, including physiological 
pH, and the pH gradient relevant to the intestinal environment during digestion (pH 
6.0–7.4) [30, 31], a condition used to investigate the mechanisms of the intestinal 
absorption [29]. According to the octanol/water partition coefficients ClogP and 
ClogD (pH 6.0), indicaxanthin has a moderately nonpolar character [29]. However, 
the calculated NPSA suggested that it has a quite large nonpolar surface, accounting 
for more than 50 % of the surface area, which appears to substantiate observations 
on its ability to interact with membranes [25, 32–34] and low-density lipoproteins 
(LDLs) [28, 35, 36]. Table 7.1 summarizes the chemical and physicochemical prop-
erties of indicaxanthin.

Interactions of Indicaxanthin with Membranes

Because it possesses ionizable groups (the charged portions) and lipophilic moi-
eties, indicaxanthin may act as an amphiphilic-like compound at a physiological 
pH. These chemical properties are critical to drive interaction with cell surface, 

AQ1

Table 7.1   Chemical and physicochemical properties of indicaxanthin. (Adapted from [21, 29])
MW Partition coefficients MSAa

(Ǻ2)
Peak 

potential
mV

pKa

– log Pb log Dc PSA NPSA Ep(a) COOHd

309 0.362 −7.25 126.92 161.11 611; 895 5.0(2); 
3.7(11); 
2.6(13)

a The molecular surface area (MSA) is described by the polar surface area (PSA) and the nonpolar 
surface area (NPSA)
b Octanol/water partition coefficient
c Octanol/buffer pH 6.0 partition coefficient
d Carbon atom numbers in bracket

AQ2



7  Indicaxanthin Dietetics: Past, Present, and Future 145

where bioactive compounds binds or interacts with lipids or/and membrane effec-
tors to initiate cell signaling transduction or transports through the cell membrane 
to reach inner sites, including nuclear ones, possibly affecting regulation of gene 
expression.

The location of the pigment in vesicles of either L-R-dipalmitoyl-phosphati-
dylcholine (DPPC), or l-R-dimyristoyl-phosphatidylcholine (DMPC) has recently 
been investigated by monitoring the characteristic absorbance spectrum of indicax-
anthin in the visible light (Fig. 7.2b) and its variation as a function of temperature 
and phospholipid concentration [33]. While ruling out that the pigment partitioned 
at the hydrophobic interior, that study did not unequivocally conclude on the loca-
tion of indicaxanthin in these vesicles. The partition of indicaxanthin between water 
and vesicular pseudo phases was investigated with a Gepasi modeling approach 
[34]. The rate constants of the reaction of indicaxanthin with the water-soluble azo-
initiator 2,2′-azobis [2-methylpropionamidine] dihydrochloride (AAPH) in aqueous 
solution were calculated and compared with the constants from analogous reaction 
in the presence of DPPC or DMPC bilayers, at varying phospholipid concentration 
and temperature. Analysis of the data established that indicaxanthin can solubilize 
in the bilayer between the polar head groups and hydrophobic region, the so-called 
palisade domain. This location may allow indicaxanthin to scavenge radicals from 
the water phase, as well as propagating lipoperoxyl radicals floating to the bilayer 
polar interface ([37]; Fig. 7.3). All this appears consistent with the antioxidant activ-
ity observed in simple chemical systems such as soybean phosphatidylcholine (PC) 
bilayers [28]. In addition, interactions of indicaxanthin with membrane lipids and 
possibly other components, could elicit cell responses, and account for cell effects 
of indicaxanthin, including anti-inflammatory and anti-apoptotic effects [38–40].

AQ3

Fig. 7.3   Proposed model 
for the biophysical 
properties of Indicaxanthin 
in which the phytochemical 
can partition in the interface 
between hydrophobic 
core and hydrophilic head 
groups of lipid bilayers. At 
this level Indicaxanthin can 
react with radicals from the 
water phase as well as chain 
propagating lipoperoxyl 
radicals floating to the 
bilayer polar interface. Only 
one leaflet of the bilayer is 
represented
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Bioavailability

Bioavailability is considered a critical factor for dietary compounds treatment. Bio-
activity and potential effects of dietary phytochemicals on human health can be as-
sessed only on absorbed active molecules and transformed digests. Bioavailability 
is affected by a number of exogenous and endogenous variables and factors, such 
as structure of food matrix, processing of food, chemistry and stability of ingested 
compounds, dietary amount, interactions with other food components, bacterial me-
tabolism, and individual differences. All of these could affect intestinal absorption 
and/or circulation in plasma and excretion, and ultimately the actual concentration 
of phytochemicals available to target cells.

Betacyanins appeared to be absorbed, which were detected in the urine of sub-
jects who consumed red beet juice [25, 30], beetroot [41], or cactus pear fruit [36]. 
Early human studies in the authors’ laboratory [36], provided evidence that bio-
availability of dietary indicaxanthin was higher than a majority of dietary polyphe-
nol phytochemicals [42], and even than other betalain pigments such as betanin 
[25, 30, 36]. Data from plasma kinetics and urinary excretion indeed showed that 
indicaxanthin reached a maximum plasma concentration of 7 μmol/L, 3 h after a 
cactus pear fruit meal with 28 mg of the pigment, and disappeared from plasma 
12  h after the ingestion. The urinary excretion over 12  h represented more than 
70 % of the amount ingested [36]. Two major points emerged from these studies 
are: indicaxanthin is absorbed in a quite high amount, and enters circulation in its 
native form. The evidence that dietary indicaxanthin did not undergo metabolism 
in enterocytes or hepatocytes allowed a number of studies to investigate effects 
and mechanistic aspects of indicaxanthin activity in cell models, utilizing the phy-
tochemical concentrations reflecting dietary conditions and post-intestinal blood 
levels [32, 40, 43]. Data from these studies suggest that dietary indicaxanthin is a 
potential nutraceutical.

In vitro studies under simulated gastrointestinal conditions shed light on factors 
that would account for the pigment bioavailability observed in humans. Digestive 
stability and bioaccessibility of indicaxanthin, that is, the amount of the compound 
soluble in a post-intestinal digest [44] have been evaluated after a simulated oral, 
gastric and small intestinal digestion of cactus pear fruit preparations and compared 
with the stability and bioaccessibility of purified pigment [45]. A minor loss of indi-
caxanthin was observed at the gastric-like environment only, which was not affect-
ed by food matrix, whereas the molecule appeared wholly soluble in the aqueous 
fraction of post-intestinal digest. Interestingly, the bioaccessibility of indicaxanthin, 
expressed as percent of the food content, was 77 % of the amount in the cactus pear 
fruit, a finding quite in accordance with the bioavailability in humans [36]. That in-
dicaxanthin bioavailability is mainly determined by stability of the molecule to the 
digestive environment has also been confirmed by studies on the intestinal trans-
epithelial transport of the pigment [29].

Like for xenobiotics, the intestinal absorption of phytochemicals may occur pas-
sively, through trans-cellular permeation or paracellular route in accordance with 
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molecular mass and physicochemical characteristics, and could involve either in-
flux or efflux membrane transporters. Generally, unless utilizing transporters in 
the epithelial membrane, charged solutes of a suitable molecular mass should dif-
fuse through the paracellular route and be transported passively by solvent drag 
[46–49]. The intestinal permeation of indicaxanthin was investigated using Caco-2 
cell monolayers grown on Transwell® insert, an established model of the intestinal 
barrier. Originating from a human colorectal carcinoma, these cells spontaneously 
differentiate into polarized monolayers that exhibit morphological and functional 
characteristics of the intestinal absorptive epithelium [50, 51]. The trans-epithelial 
transport of dietary-consistent amounts of indicaxanthin was measured in apical-
to-basolateral and basolateral-to-apical direction under an inwardly directed pH 
gradient (pH 6.0–7.4), mimicking luminal and serosal sides of human intestinal 
cells [29]. According to the apparent bidirectional permeability coefficient ( Papp), 
transport kinetics as a function of time and concentration, absence of interference 
by inhibitors of membrane transporters, and remarkable increase of permeation 
after ethylene diamine tetra-acetic acid (EDTA) treatment, it was concluded that, 
quite consistent with its physicochemical features, indicaxanthin crosses the intes-
tinal barrier through paracellular junctions reaching unaltered the basolateral com-
partment. Moreover, the magnitude of Papp ((4.4 ± 0.4) × 10−6 cm s−1), either pure or 
food-derived compound, suggests that the trans-epithelial gradient of dietary indi-
caxanthin at the intestinal lumen, with the continuous removal by the bloodstream 
at the serosal side, would allow a significant intestinal transport and absorption in 
vivo. According to these findings, the bioavailability of dietary indicaxanthin in 
humans [36] appears as a result of (i) relatively high stability of the molecule to the 
digestive process [45], (ii) favorable intestinal absorption through paracellular route 
by solvent drag, and (iii) easy release from food [29]. It is peculiar that indicaxan-
thin does not undergo metabolic transformations such as glucuronidation, sulfation, 
or methylation to be released in plasma and circulates as unconjugated molecule. 
This may be advantageous for the interaction of this amphypathic molecule with 
membranes and/or membrane effectors leading to cell signaling and response.

Radical-Scavenging and Antioxidant Activity  
of Indicaxanthin

Structural Implications in the Free Radical-Scavenging 
Activity of Betalains

Several studies in the latest decade investigated the antiradical activity of beta-
lains [21, 24–26, 52–54]. The cyclic amine of betalamic acid, the building block of 
the betalain pigments, may be envisaged as the reactive group acting similarly to 
the amine group of ethoxyquin, a potent antioxidant in lipid systems [55, 56] and 
in vivo [57]. A recent systematic analysis [52, 53] explored the relations between 
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structures, spectroscopic properties and antiradical activity of various betalains, 
measured by the assay of decolorization of the 2,2′-azino-bis[3-ethylbenzthiazo-
line-6-sulfonic acid (ABTS) radical cation [58]. The studies considering both natu-
ral and synthetic compounds, with or without hydroxyl groups or aromaticity in the 
pigment structure, ascertained that in betaxanthins there is an “intrinsic activity” not 
linked to the presence of hydroxyl groups or aromaticity, which might be associated 
with the common electronic resonance system supported between the two nitrogen 
atoms, and be general to all betalains that contain a similar resonance system. The 
presence of phenolic hydroxy group, however, enhances significantly the radical-
scavenging activity of betaxanthins [52]. In this context, the proline-derivative of 
betalamic acid (indicaxanthin) should act as a radical scavenger less effective than 
betacyanins, e.g., betanin, which has indeed been shown [21].

Chemical Models

The decolorization of the ABTS radical cation is an accurate assay universally used 
for screening radical-scavenging activity of either food extracts or natural pure 
compounds, as compared with the hydrophilic vitamin E-analogue Trolox [58]. The 
reducing activity of indicaxanthin has been evaluated by the reaction with the ABTS 
radical cation, generated by reacting ABTS with potassium persulfate [21]. When 
expressed as Trolox equivalents, the radical-scavenging activity of indicaxanthin 
was one order of magnitude lower than the betacyanin betanin [21], which was in 
accordance with the structural features [52, 53] and the redox potential of these two 
betalains [21]. The higher scavenging capacity of betanin can be explained by the 
ease with which it is possible to withdraw an electron from its phenolic hydroxyl 
group, and by the stability of the resulting delocalized radical [24]. In contrast, the 
electron abstracted from the betaxanthins could only be from the π-orbitals, this loss 
being hindered by the positive charge of the N-atom.

Lipoperoxyl radical-scavenging activity of indicaxanthin has been evaluated 
by the reaction with radicals generated in methyl linoleate methanol solution by 
2,2′-azobis[2,4-dimethylvaleronitrile] (AMVN), and in aqueous soybean PC unila-
mellar liposomes by AAPH [28]. Indicaxanthin acts as a classical chain-terminating 
lipoperoxyl radical scavenger in solution, with calculated inhibition constant and 
stoichiometric factor quite comparable with those reported for the most effective 
natural lipoperoxyl radical scavenger, α-tocopherol [59], under comparable condi-
tions. According to the data, after H-atom donation, the polyene system of indicax-
anthin may allow the formation of a resonance-stabilised aminyl radical, whose 
reactivity will be affected by the environment. In methanol solution of peroxidizing 
methyl linoleate, the observed stoichiometry suggests reaction with a second lipo-
peroxyl radical (n = 1.98) [28].

The radical-scavenging capacity is not the only requisite for a compound to act 
as an antioxidant in a biological context. Kind and site of radicals generated and 
location of the compound (membrane or solution) may finally decide about the 
potential of a molecular antioxidant [59–61]. Though effective in preventing lipid 
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oxidation, when incorporated in soybean PC liposomes submitted to aqueous radi-
cals from AAPH, indicaxanthin did not exhibit an antioxidant activity consistent 
with the activity in solution [28]. The data suggested a mechanism more complex 
than a classical chain-breaking antioxidant, involving indicaxanthin regeneration 
and recycling. After reaction of indicaxanthin with a lipid peroxyl radical, reduction 
of a short-lived indicaxanthin radical intermediate would occur at the expenses of 
unsaturated lipids, that is a potentially prooxidant insult. Since a clear antioxidant 
effect is evident, however, the rate at which the indicaxanthin radical starts oxida-
tion events must be lower than that of the lipid peroxyl radical (Fig. 7.4). In this 
context, the ratio indicaxanthin/unsaturated lipid should be critical in determining 
the recycling effectiveness, as well as the actual equilibrium between antioxidant 
and potential prooxidant activity of the molecule.

Indicaxanthin and α-tocopherol, simultaneously incorporated in liposomes, ex-
hibited cooperative antioxidant effects and reciprocal protection [28]. In accordance 
with the potential “prooxidant” character of indicaxanthin in this system, the extent 
of synergism decreased at the increase of the ratio (indicaxanthin)/(α -tocopherol).

Biological Models

Ex vivo spiking of human plasma with indicaxanthin, followed by isolation of LDL 
has provided evidence that the betalain can bind to LDL in a saturable fashion, with 

Fig. 7.4   Proposed scheme of inhibition of peroxyl-induced lipid oxidation in aqueous soybean PC 
liposomes by Indicaxanthin and phytochemical regeneration. Reaction of indicaxanthin (Ind) with 
lipoperoxyl or aqueous peroxyl radicals (ROO●) generates a resonance stabilized intermediate 
cation radical (Ind●) and hydroperoxide (ROOH) (reaction 1). It is proposed that Ind● is reduced 
by reaction with polyunsatured fatty acid (LH) to regenerate Ind and a carbon centered radical (L●) 
(reaction 2) that in turn reacts with oxygen (O2) to form LOO● capable of initiating a new oxidation 
chain (reaction 3). Phytochemical regeneration does not result in a prooxidant event as the rate at 
which Ind starts oxidation events is much lower than that of the lipid peroxyl radical ( k2«k3). This 
process competes with termination reactions, which results in consumption of the phytochemical 
(reaction 4)
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a maximum binding of 0.5 nmol/mg LDL protein. The indicaxanthin-enriched LDL 
appeared more resistant than the homologous native particles to the copper-induced 
oxidation, as assessed by the elongation of the period required to start lipoperoxide 
production [35]. Mechanistic aspects of the antioxidant activity of indicaxanthin 
in LDL appeared comparable with the observations in liposomes [28], including 
synergistic interactions with the LDL vitamin E and recycling of indicaxanthin at 
the expenses of unsaturated LDL lipids, with no evidence of prooxidant effects [35].

The oxidation status of the heme iron in proteins such as hemoglobin (Hb), myo-
globin (Mb), or myeloperoxidase (MPO) must strictly be controlled in order that 
the proteins accomplish appropriately their functional roles, and do not become 
powerful oxidizing agents. Indeed, due to their peroxidase or peroxidase-like activ-
ity, in the presence of hydrogen peroxide or organic hydroperoxides these proteins 
undergo a two-electron oxidation, giving rise to high-valent iron radical species 
(X•[FeIV = O]) [62–64]. Unless rapidly reduced, the latter can oxidize cell compo-
nents and damage the protein itself thus impairing its function.

The Hb heme-iron is extensively oxidized under pathological conditions, e.g., 
β-thalassemia [65], while continuous slow autoxidation of Hb also occurs in healthy 
individuals resulting in red cell oxidative stress [66, 67]. Kinetic studies of the re-
action of indicaxanthin with perferryl-Hb, the two-electron oxidized intermediate 
in the oxidative degradation of Hb [62], showed that indicaxanthin reduces the hy-
pervalent heme-iron at a rate one order of magnitude higher than that of reductants 
such as ascorbate and Trolox, on a molar basis [43].

Dietary phytochemicals may act in the gastrointestinal tract [68–71]. Scaveng-
ing of highly oxidizing hypervalent-iron myoglobin (perferryl-Mb) formed during 
meat digestion [68] may preserve oxidable lipids and avoid formation of potentially 
toxic lipid hydroperoxides. In this context, unpublished observations in the authors’ 
laboratory provided evidence that indicaxanthin concentrations consistent with a 
dietary intake reduced perferryl-Mb and prevented the lipid oxidation of heated red 
meat under a simulated gastric digestion.

Despite MPO plays key roles in the defense against invading pathogens by oxy-
gen-dependent antimicrobial action [72, 73], the enzyme has an enormous potential 
to inflict damage to host tissues, through its ability to catalyze the production of a 
complex array of reactive oxidants including its product hypochlorous acid (HOCl), 
and nitrogen dioxide, organic-free radicals and drug metabolites [74–77]. In addi-
tion, the harmful potential of MPO in the onset and progression of atherogenetic 
processes is to be considered because the demonstrated capacity of the enzyme to 
oxidize LDL [78–81]. According to its halogenation and peroxidase cycles [82], 
MPO can catalyze both two- and one-electron oxidation reactions, leading to pro-
duction of the cytotoxic HOCl and generating the hypervalent iron redox intermedi-
ates compound I (CI) and compound II (CII). Indicaxanthin has been shown to be a 
good electron donor for both CI and CII, at very low μmolar concentrations [83]. In 
addition, it has been reported that the betalain can scavenge HOCl [83].

Table 7.2 reports quantitative parameters of the reaction of indicaxanthin with 
various oxidants/radicals.
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Effects of Indicaxanthin in Cell, Tissue,  
and Animal Models

The redox chemistry, physicochemical properties, bioactivity in solution and high 
bioavailability of indicaxanthin were a promising approach to investigate on the 
activity and eventual mechanism of action in the cells. A number of experimental 
setups with various either human or mouse cell cultures showed positive effects 
of indicaxanthin on the cell response to toxic stimuli modeling pathophysiological 
conditions, from serious oxidative stress to inflammation and apoptosis. In other 
studies, evidence has been provided that indicaxanthin can modulate the differen-
tiation of T cells toward an immune-modulatory phenotype, and affect mouse ileal 
contractility. Anti-inflammatory activity of indicaxanthin was tested in a murine 
model.

Ex vivo spiking of blood from healthy human subjects with varied indicaxan-
thin concentrations resulted in a saturable incorporation of the betalain in the RBC, 
to the extent of approximately 1 nmol/mL packed cell, an amount very close to 
that measured in human RBCs after consumption of dietary indicaxanthin [32, 36]. 
Indicaxanthin-enriched erythrocytes resulted more resistant to the cumene hydro-
peroxide-indicaxanthin-induced oxidative haemolysis than the homologous nonen-
riched cells, with a significant correlation between the increase of resistance and 
the amount of the incorporated indicaxanthin [32]. High oxygen tension and large 
amounts of iron, a transition metal promoting formation of oxygen free radicals 
[84], make red blood cells (RBCs) highly susceptible to oxidation, leading to im-
pairment of the cell function and premature aging [67]. In addition, the oxidative 
alterations of the RBC membrane can even cause injury to the endothelial cells [67]. 
Protective effects in blood of dietary indicaxanthin may be suggested.

An increased generation of reactive oxygen species, first caused by Hb auto-
oxidation and precipitation, characterizes genetic hemolytic disorder such as 
β-thalassemia. The pathology is associated to depletion of the RBC antioxidant 
defense resulting in damage to cell components, impairment of morphology and 
function of cell membrane, and accelerated RBC destruction [65, 85–88]. Pro-
tective dose-dependent effects of indicaxanthin have been shown in RBC from 

Table 7.2   Scavenging activity of indicaxanthin versus reactive oxidants
ABTS● + a  LOO● b MPOc compound I MPOc compound II HOCld Perferryl-Hbe

Trolox 
equivalents

– Reduction constants (pH 7.0) 
(M−1s−1)

– Reduction 
rate (nMs−1)

1.76 [21] 3.6 × 105 [28] 1.1 × 106 [83] 2.9 × 105 [83] 7.7 × 104 [83] 660 [43]
a ABTS, [2,2′-azinobis(3-ethylbenzothiazoline- 6-sulfonic acid)] diammonium salt cation radical
b LOO● , methylinoleate peroxyl radical
c MPO, myeloperoxidase
d HOCl, hypochlorous acid
e Perferryl-Hb, perferryl-hemoglobin

AQ4
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β-thalassemia patients submitted to an in vitro oxidation by cumene hydroperoxide 
[43]. The betalain, that entered red blood cells, enhanced the resistance of thalas-
semia RBC to hemolysis, prevented lipid and Hb oxidation, and retarded vitamin E 
and GSH depletion. In the same work, spiking of blood from thalassemia patients 
with indicaxanthin resulted in its incorporation in the RBCs, indicating that the 
pathological alterations to the membrane do not affect a trans-bilayer movement 
of this phytochemical. Antioxidant vitamins and phytochemicals may be helpful 
to treat β-thalassemia [89–91]. The finding that indicaxanthin can be incorporated 
in the redox machinery of β -thalassemia RBCs, may offer novel opportunities of 
therapeutic interest in this pathology.

Atherosclerosis is a chronic inflammatory condition of the arterial intima. This 
complex process progresses slowly during a lifetime, with initial dysfunction of 
the vascular endothelium to a great extent mediated by oxidized LDL, immuno-
competent cells, cytokines, growth factors, adhesion molecules, and compounds 
involved in redox-sensitive regulatory mechanisms underlying inflammatory pro-
cesses [92–96]. Since atherosclerosis and related cardiovascular problems are a 
leading cause of death in the western world [97], research on dietary compounds 
capable of preventing or controlling pathological events is now very active. In this 
context, the activity of indicaxanthin has been explored in various model systems.

Vascular endothelial cells are a direct target of proinflammatory stimuli that re-
markably affect a number of redox-mediated signaling pathways, leading to produc-
tion of chemotactic factors, lipid mediators, and cytokines [98], as well as adhesion 
molecules such as the adhesion molecule-1 (ICAM-1) [99, 100]. With an in vitro 
model of inflammation consisting of umbilical vein endothelial cells (HUVEC) 
stimulated with the proinflammatory cytokine tumor necrosis factor-α (TNF-α), it 
has been shown that μmolar indicaxanthin concentrations can modulate the expres-
sion of ICAM-1 [38].

Apoptosis of macrophages triggered by oxidized cholesterol derivatives, espe-
cially 7-ketocholesterol (7-KC), is considered a key event in the development of 
human atheromas [101, 102]. A recent in vitro study showed that dietary consistent 
amounts of indicaxanthin exert protective effects and prevent the 7-KC-induced 
pro-apoptotic events in human monocyte/macrophage THP-1 cells. The effects of 
indicaxanthin have been related to inhibition of the basal activity and overexpres-
sion of NADPH oxidase-4 (NOX-4), prevention of the redox-sensitive nuclear fac-
tor-kB activation, maintaining of cell redox balance and inhibition of the increase of 
cytosolic calcium, which prevented mitochondrial damage and consequently apop-
tosis. About the molecular mechanism, though other explanations cannot be ruled 
out, interactions of indicaxanthin with 7-KC at the level of the THP-1 cell mem-
brane could bring about some stabilizing effect leading to modulate NOX-4 enzyme 
activity and possibly prevent opening of calcium channels [102].

Immunomodulatory effects of indicaxanthin have been revealed in vitro with 
mouse splenocytes allowed to differentiate in Th1 and Th17 skewing conditions, 
either in the presence or in the absence of indicaxanthin [103]. Indicaxanthin in-
hibited both IFN-γ and IL-17 production in the Th17 conditions, accompanied by 
a marked increase of IL-6 and a significant reduction of IL-10 levels, indicating a 
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modulation of T regulatory differentiation and/or function. The data also showed a 
reduction of percentage of IL-17- and a parallel increase of IFN-γ- producing cells 
in indicaxanthin-treated compared to control cells. Consistent with this, indicax-
anthin almost doubled the number of IFN-γ + T cells in splenocytes differentiated 
in Th1 skewing conditions. The data suggest potential activity of indicaxanthin in 
Th1-mediated protective immunity against pathogens. In addition, positive effects 
could be hypothesized on Th17-driven autoimmune disorders, e.g., multiple sclero-
sis or rheumatoid arthritis.

An experimental organ bath technique to record the mechanical activity of the 
isolated mouse ileum longitudinal muscle was used to investigate the effects of 
indicaxanthin on the spontaneous and evoked contractility [104], and mechanism of 
action underlying [105]. Indicaxanthin showed a remarkable spasmolytic effect on 
the intestinal contractility, with its action ascribable to phosphodiesterase inhibition 
and elevation of cAMP levels. In view of the capacity of indicaxanthin to interact 
with and cross cell membranes [32–34, 43], these findings open interesting ques-
tions on how this action may be accomplished at a molecular level.

To date, there is only one in vivo report on pharmacological activity of indicax-
anthin. Remarkable anti-inflammatory effects have been observed in a carrageenin-
induced rat pleurisy model [39]. Orally given to the extent of 8 µmol/kg, which is 
consistent with a human dietary assumption from cactus pear fruits [36], prior to 
carrageenin injection in the pleural cavity, indicaxanthin caused a 72 % reduction of 
the inflammatory exudate volume, and 95 % reduction of total leukocyte number. 
Table 7.3 reports on biological actions of indicaxanthin in various systems.

Epigenetics

Occurrence and frequencies of epigenetic changes throughout the life are now ac-
knowledged crucial for gene activation or silencing [106]. This finally affects the 
entire cell behavior allowing normal cell functions or, conversely, leading to patho-
physiological states, including inflammation, cancer, and aging [107–109]. Differ-
ently from definite aberrations in the DNA sequences, epigenetic alterations are 
potentially reversible [106]. Numerous data pointing out to the influence of food 
components, especially redox-active phytochemicals, on epigenetic mechanisms 
emphasize the role of diet as an important environmental factor for maintaining a 
healthy status, and offer promising evidence for their eventual chemopreventive ef-
ficacy [110]. It may be worth noting that steady-state oxidation of cell proteins has 
been reported to be responsive to diet [111].

Longevity and lower incidence of chronic degenerative disorders and cardiovas-
cular disease among Mediterranean populations have been associated with a pecu-
liar dietary model rich of fruits and vegetables and low of animal fat. As a part of the 
Mediterranean dietary habit, the cactus pear fruit and its betalain phytochemicals, 
i.e., indicaxanthin and betanin, may have contributed to these beneficial effects, 
especially in the past when food was less globalized [112, 113]. Repetitive long-life 
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exposure to physiological concentrations of betalains could play a role in maintain-
ing cell functions through epigenetic machinery. The highly bioavailable and bioac-
tive indicaxanthin may represent an important factor in this context, so our current 
research is going in this direction. Epigenetic activity of indicaxanthin has recently 
been shown [114]. Hypermethylation of onco-suppressor gene promoters is a well-
established epigenetic modification [115]. Among others, the hypermethylation of 
the p16 gene, an onco-suppressor controlling the cell cycle through cycline inhibi-
tion, is associated with tumor development [116–118]. A number of data with a 
human intestinal cancer (Caco-2) cell line provided evidence that the amount of in-
dicaxanthin consistent with that in the intestinal digests after a dietary consumption 
of cactus pear fruit pulp [36] could induce demethylation of the p16 gene promoter, 
reactivation of the p16 synthesis and finally cell apoptosis. Exploring indicaxanthin 

Table 7.3   Indicaxanthin bioactivity
Model Effect Mechanism Ref
Cells
RBCs ↑Resistance to oxidative 

haemolysis
Radical-scavenging 
activity

[32]

Thalassemia RBCs ↑Resistance to oxidative 
haemolysis

Perferryl-Hb reduction [43]

– ↓Vitamin E and GSH 
depletion

– –

– ↓Lipid and Hb oxidation – –
HUVECa ↓TNF-α–induced 

ICAM-1expression
Redox-modulation of cell 
signaling

[38]

THP-1b cells ↓7-ketocholesterol-
induced apoptosis

↓NF-kB activation [40]

– – ↓NOX-4 expression –
– – ↓intracellular [Ca2 + ] –
Mouse splenocytes ↑Th1 differentiation – [103]
Differentiated in Th1/17 
skewing conditions

↓Th17 differentiation – –

Tissues
Mouse ileum muscle Spasmolytic Phosphodiesterase 

inhibition
[105]

– – ↑cAMP –
Animals
Carrageenin-induced rat 
pleurisy

Anti-inflammatory ↓NF-kB activation [39]

– ↓Inflammatory exudates ↓COX-2;iNOS expression –
– ↓Leukocyte recruitment ↓TNF-α;IL-1β;PGE2;NO.

release
–

a Human umbilical vein endothelial cells
b Human monocyte/macrophage cells
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activity on other onco-suppressor genes in the same as well as other human cancer 
cell lines and, understanding pathways by which indicaxanthin can modulate epi-
genetic mechanisms is the near future challenge.

Molecular Toxicology and Biosafety

Betalains, especially red betacyanins, have long been considered important natural 
pigments for industry, from food to cosmetics and pharma products, then safety of 
these molecules has been checked long time ago [24, 119, 120]. Studies carried out 
to determine decomposition and stability [121, 122], mutagenicity [120, 123], and 
toxicological and toxicokinetic effects [124], showed that these pigments are not 
harmful. Some in vivo studies in rats indicated that a betalain extract from Garam-
bullo, a cactacea fruit ( Myrtillocactus geometrizans) did not have toxic effects at 
any of the doses tested, up to 5 g/kg body weight [124]. Nevertheless, in spite of the 
acute or subacute safety assessment in animals, current and emerging knowledge on 
(i) the redox regulation of signaling pathways involved in cell survival and death, (ii) 
the activity of phytochemicals as redox modulators with potential dual behavior of 
acting (antioxidant vs. prooxidant), and (iii) the cell epigenetic response to changes 
of its redox milieu, require that actions of redox active phytochemicals of our diet 
should be checked at a molecular level. In addition, their eventual involvement in 
the epigenome regulation should at least been established in cellular models under 
normal and pathophysiological states. Since these substances may have the potential 
to behave as nutraceutical/ pharmaceutical agents, it should be assured that they do 
not cause harmful variations of the cell redox homeostasis at recurring dietary-con-
sistent amounts, or eventually at amounts of pharmacological interest. It should be 
kept in mind that a potential chemoprevention, through modulation of the cell redox 
state in turn controlling various signaling transduction mechanisms, may require 
very minute amounts of phytochemicals. Then, in normal cells, eventual prooxidant 
activity and dangerous effects by high concentrations may occur. Conversely, in 
tumor cells, where the redox milieu is disturbed [125], prooxidant activity of a given 
phytochemical could be required [126, 127], to restore homeostatic patterns and 
cause apoptosis (chemotherapy), which may be toxic for normal cells [14].

So far, with respect to the above mentioned tasks, potential adverse effects of 
high concentrations of indicaxanthin have been searched in a few experimental con-
ditions in the authors’ laboratory, in contexts where low indicaxanthin concentra-
tions exhibited antioxidant, or radical-scavenging effects [28, 35]. Prooxidant activ-
ity was not observed neither in the model of copper-stimulated oxidation of human 
LDL [35], nor in liposomal membranes under the prooxidant action of the azo-initi-
ator AAPH [28], rather indicaxanthin dose-dependently inhibited lipid peroxidation 
in both systems, even when tested at very high micromolar concentrations (up to 
1 mM) [35]. Similarly, no prooxidant activity was evident in human RBC [32]. With 
its peculiar location in lipid bilayers [33, 34], antioxidant activity of indicaxanthin 
at the cell membrane could be relevant not only to the integrity of membrane but 
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also to maintain cell homeostasis. Redox-driven signaling pathways may be started 
by oxidized membrane lipid components, and their soluble derivatives such as reac-
tive aldehydes, being the latter capable of starting oxidation pathways inside the cell 
[128], damaging proteins, DNA, and also affecting epigenetic mechanisms [129].

The membrane enzymes of the NADPH oxidase (NOX) family are involved in 
the production of reactive oxygen species (ROS) in all animal cells and their prima-
ry role in the control of cell redox homeostasis is widely acknowledged [130–132]. 
In this context, investigating the activity of phytochemicals at the level of these 
enzymes may be a strategy to investigate about potentially harmful mechanisms 
underlying their biological actions in various cells and under different conditions. 
A surprising pro-senescent activity of resveratrol in human endothelial cells, for 
instance, has been reported to be mediated by NOX-1 and NOX-4 [133]. Research 
with monocyte/macrophage THP-1 cells [40] showed that indicaxanthin, at nutri-
tionally relevant amounts, can prevent the NOX-4 dependent ROS formation in-
duced by the toxic 7-keto-cholesterol, however, does not modify the basal activity 
of the enzyme in the absence of the oxysterol, even at ten-times higher amounts. 
Then, while protecting THP-1 cells from an oxidant agent, indicaxanthin itself did 
not modify the basal redox environment of these cells under normal conditions.

Indicaxanthin toxicity has been checked on Caco-2 cells grown at confluence for 
15 days, to reach characteristics of normal human colon epithelial cells [50, 51]. The 
assays were carried out by measuring LDH activity released from the cells exposed 
to high micromolar concentrations of the phytochemical, in the range 25–100 µM. 
No significant release of LDH activity was detected after a 24-h incubation, show-
ing that cell integrity had been preserved.

Other studies with a panel of animal cells are necessary to provide a much more 
complete picture on potentially harmful actions of indicaxanthin and to test influ-
ence on epigenome targets. However, to date, adverse effects of the phytochemical 
have not been observed in any either solution or cell system, even in a range of 
concentrations widely exceeding the physiological blood levels obtained with food 
intake [36].

Conclusive Remarks and Perspectives

Dietary redox active phytochemicals are currently studied intensely for basic science 
and applied research. Understanding how these compounds exert physiological ef-
fects when ingested with food and exploiting their nutraceutical/ pharmacological 
potential are the key goals in the study of molecular nutrition [134]. This hard task 
requires interdisciplinary collaborations and clinical studies.

There is now a consensus that redox-active phytochemicals are utilized in animal 
cells as bio-signals to start pathways regulating protective and/or defense activities. 
How a cell interprets these signals depends on the cell type, the response machinery 
of that cell, and its history in terms of what signals that cell previously responded 
to and the proteomic setup the cell had at the time of the arrival of the new signal. 
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In this picture, environment- induced epigenetic modifications, reversibly silencing 
or activating certain genes may play an important role in the great variability of cell 
responses to dietary phytochemicals (which is the field of nutrigenetics), but at the 
same time may represent molecular targets on which a phytochemical can intervene 
(which is the field of nutrigenomics). While signal transduction mechanisms evoked 
by phytochemicals are mostly unknown, the modulation of epigenetic mechanisms 
in nonmalignant cells has been associated with the positive effects of such com-
pounds (chemoprevention). Once molecular targets for selected dietary compounds 
are found, dietary strategies could be designed to maintain cell functions and pos-
sibly prevent or reduce risk of developing chronic/degenerative diseases.

Almost all fruits and vegetables on our table are now extensively cultivated, so 
they do not cope with, or receive much less, environmental stress. When consider-
ing hormetic production of defensive phytochemicals, this “easy and cozy” condi-
tion may possibly decrease the protective value of green food, which deserves to be 
tested. In this context, cactus, pear, and its betalains, may be an interesting excep-
tion. Even cultivated, the plant is not subjected to continuous reproductive cycles; 
fruits cannot long be stored and are available for some months in a year. In addition, 
many plants are still growing wild in Mediterranean areas, facing such tough envi-
ronmental conditions as intense sunlight, dryness, heat.

Since dietary betalains are only a very limited number as compared with thou-
sands phenol/polyphenol phytochemicals, their biological and health-promoting 
properties have been the object of less, but recently growing, interest and research 
[135]. However, among so many compounds indicaxanthin, a yellow betalain pig-
ment, holds a special place and appears to be a promising dietary factor to maintain 
cell functions and positively affect human health. As a result of relatively high sta-
bility during the digestive process [45], favorable intestinal absorption through para-
cellular route without metabolic transformation, and easy release from food [29], 
dietary indicaxanthin possesses high bioavailability in humans [36]. Moreover, its 
redox chemistry and physicochemical characteristics [21, 29] allow the molecule to 
interact with membranes [34], penetrate cells [32] and scavenge both lipid radicals 
and water-soluble oxidants [28, 35]. So far, evidence of anti-apoptotic [40] and 
immune-modulator [103] activity has been provided, and capacity of indicaxanthin 
of reverting epigenetic changes associated with cancer development [111] shown in 
in vitro models, whereas only one study reported on anti-inflammatory effects in rat 
[39]. Future investigations in animal models, and characterization of indicaxanthin 
from a “nutri-epigenomic perspective,” will provide important information on the 
potential to act as a chemopreventive agent.

The edible fruits of the cactus Opuntia ficus indica, L., a plant spread in the South 
of Italy, are the only abundant source of indicaxanthin, which may somewhat ac-
count for why nutritional studies and basic science investigations, including biologi-
cal actions, on this molecule have been carried out almost exclusively in the authors’ 
laboratory in Sicily. While feeling this as a great commitment, we are challenged 
to find out as many information as possible on the potentiality of this pigment and 
provide scientific and sound evidence of eventual beneficial effects from its chronic 
use as a nutraceutical agent. The road ahead is still very long, but really exciting.
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Introduction

Citrus fruits are rich with carotenoid and flavonoid pigments, vitamin C, sugars, ac-
ids, volatiles, microelements, and other nutrients [1–6]. The characteristic aromatic 
flavors and healthy nutraceutical compounds in various citrus fruits promote regular 
consumption of fresh fruits or juice, and special use in beverage blending, culi-
nary seasoning, or herb medication as well [4, 7–12]. As one of the highest-valued 
fruit crops, usually evergreen citrus trees have small white fragrant five-petaled 
flowers and are grown commercially in around 140 countries. The Citrus genus 
belongs to the Rutaceae family and its taxonomy has been very controversial [13, 
14]. Domesticated Citrus cultivars have evolved into diverse edible fruit types with 
distinct characteristics and origins (Fig. 8.1), including sweet orange ( Citrus sinen-
sis), mandarin ( Citrus reticulata), pummelo ( Citrus maxima), grapefruit ( Citrus 
paradisi), sour (bitter) orange ( Citrus aurantium), lime ( Citrus aurantifolia), lemon 
( Citrus limon), and citron ( Citrus medica), to name a few. Most of them are well-
domesticated and widely planted, and all classified into one subgenus, also called 
Citrus, which is distinguished from Papeda, the other less noticed wild subgenus 
in the Citrus genus. Additionally, citrus as a general term also includes species in 
Fortunella (kumquat, a small fruit whose peel is sweet and edible), Poncirus (trifo-
liate orange, a widely used citrus rootstock), and other relatively distant genera in 
the family. Sweet oranges account for about 60–70 % of the total citrus production 
worldwide and are mostly used for juice processing [13]. From both taxonomic 
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and genetic perspectives, it was widely believed that only one or a few ancestors 
each from mandarin, pummelo, and citron might be the true biological species of 
these cultivated Citrus. The others were evidently natural ancient hybrids or intro-
gressions, according to morphological traits and molecular markers [14–16]. For 
example, sweet orange is believed to be a natural ancient backcross introgression 
of mandarin and pummelo, grapefruit as a natural F1 hybrid of pummelo and sweet 
orange, and varied lemons/limes as natural offspring of citron and other accessions. 
Each citrus type includes many cultivars. Except for a few conventional hybrids, 
most cultivars are spontaneous bud sports (mutants), chance seedlings, or induced 
mutants with at least one distinctly improved fruit trait, such as red flesh color, late 
(or early) maturity, seedlessness, and so on. Such improvements of certain traits via 
the latter three routes are demonstrated in the selection of grapefruit cultivars [17], 
for example, from pale white to dark red flesh color, and from many to zero seeds 
(Fig. 8.1b). Deepening orange to red colors, particularly the red of accumulated ly-
copene or anthocyanins, are one of most important quality attributes of citrus fruits 
and juice, generally representing better market appeal and value, more potential 
health benefits, and greater research interests as well.

Other categorizations of citrus and citrus fruits are also used, according to com-
monly shared characteristics and/or origin within a fruit type. For example, navel 
oranges (a second fruit grown inside at the apex, like a navel), red oranges (lyco-
pene accumulated), blood oranges (anthocyanins accumulated), acidless oranges 
(extremely low acidity), and Valencia oranges (aka. summer oranges, ripening dur-
ing spring and summer) are the mutant types of common sweet oranges; blond 
oranges is a term sometimes used as a counterpart to blood oranges to refer to all 
oranges not containing lycopene or anthocyanin. Clementine, satsuma, and other 

Fig. 8.1   Mature citrus fruits of various types, sizes, colors, and seediness, using selected cultivars 
as examples and displayed in full (a) and crosscut (b) in the same order. Top: “Siamese” pummelo 
( C. maxima); “Duncan” grapefruit ( C. paradisi); “Flame” grapefruit; middle: “Eureka” lemon ( C. 
limon); “Tahiti” lime ( C. aurantifolia); “Sunburst” tangerine ( C. reticulata); bottom: “Cara Cara” 
navel orange ( C. sinensis); “Glen” navel orange; “Valencia” (common) orange; “Sanguinelli” 
blood orange. All the colors depend on the concentration of various carotenoids. High levels of 
lycopene yield deep red flesh color in “Flame” and “Cara Cara”, whereas the red color in “Sangui-
nelli” is from anthocyanins, which in Florida are barely induced and accumulated to the “blood” 
levels commonly seen in other climatically suitable regions such as Sicily, Italy. (Courtesy of 
Chunxian Chen)
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mandarins may be derived from distinct parentages and/or domestications. These 
diverse mandarins are relatively easy to peel and primarily for fresh consumption, 
and therefore also called “loose-skin citrus.” The other types of citrus fruits, includ-
ing sweet oranges, grapefruits, pummelos, lemons, limes, and so on, are gener-
ally difficult to peel (together called “tight-skin citrus”) and may be eaten fresh, 
squeezed to juice, added to beverages, or used for culinary purposes. Due to the acid 
content, limes and lemons and the like are called “acid citrus,” which are primarily 
used for beverage flavoring and culinary seasoning.

Unlike most well-domesticated and widely planted Citrus spp., Papeda spp. and 
their hybrids are at more wild status, and their fruits are barely edible due to un-
pleasant off-flavors (bitter, sour, etc.). They are mostly used as localized culinary 
flavoring and herbal medicine [4]. Kumquat fruits are small, attractive, and edible, 
for fresh consumption or culinary use, and very popular in certain Asian countries. 
Interestingly, the rind of kumquat fruits is the primary tissue to eat (the whole fruit 
can be eaten) because sugar is predominantly accumulated there, different from 
oranges and mandarins in which sugar accumulates primarily in the juice vesicles. 
Poncirus fruits are inedible but the seedlings from the species and its hybrid selec-
tions have been among the most popular rootstocks upon which citrus scions are 
grafted, because they possess many unique resistance or tolerance genes not found 
in Citrus [13, 14]. Such rootstocks not only can help protect more vulnerable Citrus 
scions from many biotic and abiotic stresses, including citrus tristeza virus (CTV), 
Phytophthora root rot, citrus nematode, and cold hardiness but also can impact the 
yield and quality of fruits produced. These genes and traits are also the targets for 
genetic characterization and manipulation, albeit difficult, to improve citrus variet-
ies through conventional introgression and/or genetic engineering.

Carotenoids and flavonoids are the two rich pigment families in citrus fruits [2, 
5, 18–22]. In citrus fruits, many carotenoids are characteristically colorful while 
most flavonoids are colorless except anthocyanins [6, 20, 23, 24]. Therefore, ca-
rotenoids are the primary pigments to produce a wide spectrum of characteristic 
colors, from pale yellow, orange, pink to deep red in different varieties, except in 
blood oranges where anthocyanins are cold induced and synthesized for additional 
“blood” color [18, 25, 26]. The actual colors of mature citrus fruits vary greatly 
among fruit types and depend on the composition and concentration of various 
colorful carotenoids (Figs.  8.1 and 8.2). In general, phytoene is colorless, while 
α-carotene, β-cryptoxanthin, and zeaxanthin may contribute more toward yellow, 
β-carotene, lutein, and violaxanthin toward orange, and lycopene toward red in a 
range of light pink to dark red depending on its accumulated concentrations [2, 5, 
24, 27–31].

Pigments, particularly lycopene and anthocyanins that are able to deepen citrus 
fruit color into red, are most widely studied from phytochemical, biosynthetic, ge-
netic, genomic, and dietetic perspectives. A great deal of progress has been made 
over the past decades to characterize the diverse pigment profiles among different 
citrus types and mutants, to uncover the genes and mechanisms involved in the ac-
cumulation of different colored pigments via biosynthesis pathways, and to validate 
the health benefits or medicinal functions of these pigments in the human diet.
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Carotenoids in Citrus Fruits

The Basics of Carotenoids

Carotenoids in plants, algae, and some bacteria are water-insoluble pigments pri-
marily working with chlorophylls in photosynthesis [32–35], but in humans, ma-
rines, birds, and other animals they are food-derived functional secondary me-
tabolites [36–38]. As a family of more than 600 chemicals, most carotenoids are 
structurally tetraterpenoids (containing four terpene units) that can be categorized 

Fig. 8.2   The chemical structures of some representative carotenoids in the carotene (molecular 
formula, C40H56) and xanthophyll (C40H56O2) subgroups (a), in which the six chemical diagrams 
are adapted from a review of Melendez-Martinez et al. [136], and the concentration range of main 
carotenoids in orange juice from selected cultivars (b), in which the data are based from a table 
of Pupin et al. [2] and re-presented in the current form. The color used for each type of carotenoid 
is only symbolic and may not be relevant to their respective color in a purified state. (a: Adapted 
from Melendez-Martinez AJ, Vicario IM, Heredia FJ 2007. With permission from Elsevier)
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into two subgroups: carotenes (C40H56) and their oxygenated derivatives, xantho-
phylls (C40H56O2) [34, 37]. They generally share very similar polyene hydrocar-
bon chain structures but differ in the terminal rings and oxygen atoms (Fig. 8.2a). 
The most common carotenes responsible for fruit and flower colors are α-carotene, 
β-carotene, and lycopene; and common xanthophylls are lutein, zeaxanthin, and 
violaxanthin [2, 6, 24, 27, 28]. In plants, carotenoids also serve as potent antioxi-
dants against photooxidation, as essential precursors for biosynthesis of certain hor-
mones, as attractive colorants for flower pollination and fruit/seed dispersal, and/
or as responsive substances for environmental adaptation [32–34]. In humans and 
animals, some dietary carotenoids are essential precursors of vitamin A, and others 
may function as most potent antioxidants and nutraceuticals to enhance cell im-
mune response, inhibit induced mutagenesis, and reduce various neoplastic events 
[36–42].

Carotenoids have been quantified within many citrus fruit types in various loca-
tions and conditions. The quantity and composition of different carotenoids, i.e., the 
characteristic colors of each citrus fruit type, are primarily determined by genotype 
and fruit maturity, although they are also affected to some extent by other environ-
mental factors, such as physical injury, insect damage, temperature, horticultural 
practices, storage, and so on. More than 115 carotenoids were found in citrus, and 
their content and composition vary greatly among citrus varieties and mutants, re-
sulting in diverse mature fruit colors [2, 5, 19, 21, 24, 27, 29, 43–46].

Carotenoid Biosynthesis Genomics in Citrus Fruits

Most carotenoid biosynthesis genes have been identified and the pathway well-char-
acterized in model plants and major crops [32, 35], and in citrus as well [28, 43, 47]. 
All the genes encoding catalytic enzymes in plants are from nuclear genomes, while 
the biosynthesis process takes place in plastids, as shown in a schematic diagram 
of the main steps in the carotenoid biosynthesis pathway (Fig. 8.3; [28, 48–50]). 
The messenger RNA (mRNA) levels of phytoene synthase (PSY), phytoene desatu-
rase (PDS), ζ-carotene desaturase (ZDS), β-ring hydroxylase (CHYB) increased in 
flavedo and juice sacs during the massive accumulation of chromoplast-specific 
carotenoids [43, 48]. The copy numbers and allele polymorphisms of carotenoid 
biosynthesis genes appear to be related to the variability of carotenoid content and 
composition among citrus cultivars and species [46, 48, 50–52]. Moreover, citrus 
apparently possesses more and diverse carotenoid biosynthesis gene members, 
ranging from 2 to 14, compared to other plants [50], which might be relevant to the 
fact that citrus contain much more diverse types of carotenoids than any other fruits 
[53]. Such large expansions of gene families with roles in the carotenoid biosyn-
thesis might occur and result from its long domestication and cultivation history, 
during which selection driven by fruit visual attractiveness and internal flavor/color 
quality has never ceased [13, 17]. Intriguingly, most upstream genes (e.g., PSY, 
PDS) have fewer expressed copies than downstream genes (e.g, lycopene β-cyclase 
(LCYB); CHYB; capsorubin–capsanthin synthase (CCS)) in citrus [50], suggesting 
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Fig. 8.3   The carotenoid biosynthesis pathway. The abbreviated genes/enzymes are: PSY phytoene 
synthase, PDS phytoene desaturase, ZDS ζ-carotene desaturase, CRTISO carotenoid isomerase, 
LCYE lycopene ε-cyclase, LCYB (CYC-B) lycopene β-cyclase, CHYE ε-ring hydroxylase, CHYB 
β-ring hydroxylase, ZEP zeaxanthin epoxidase, VDE violaxanthin de-epoxidase, CCS capsorubin-
capsanthin synthase, NXS neoxanthin synthase, VNCED 9-cis-epoxycarotenoid dioxygenase, AO 
aldehyde oxidase. The other abbreviations are MEP methylerythritol 4-phosphate, GGDP geranyl-
geranyl diphosphate, ABA abscisic acid
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that downstream loci tend to duplicate and evolve more quickly (nucleotide changes 
at higher rates) because they are under more relaxed constraints and less pleiotropic 
consequences [54].

Comparative Genomics in Lycopene-Enriched  
(Red-Fleshed) Fruits

Many citrus cultivars are selected as a consequence of spontaneous mutations lead-
ing to altered carotenoid profiles. Some of these cultivars have unusually high ly-
copene accumulation that results in deep red flesh, and these have been top choices 
to study the molecular mechanisms of the flux of the relevant pigments, including 
“Cara Cara” navel orange [30, 31, 55–57], “Hong Anliu” sweet orange [58–62], 
and “Flame” and other red grapefruits [19, 63, 64]. They are also widely cultivated 
in certain regions primarily for fresh consumption because of visual appeal and the 
presumed health benefits of lycopene and sweeter taste in red grapefruits [65, 66]. 
“Cara Cara” accumulates higher amounts of lycopene and substantial phytoene, 
phytofluene, and β-carotene in the pulp, which are likely associated with higher 
expression of some upstream isoprenoid genes in the methyl erythritol phosphate 
(MEP) pathway and downstream phytoene desaturase (PDS) in the carotenoid path-
way. Increased levels of isoprenoid precursors in the mutant likely are relevant to 
lycopene accumulation [30]. A newly isolated gene of LCYB, CsLCYB2, showed 
an allele-differential, chromoplast-specific expression, and a marked induction in 
both peel and pulp of oranges and grapefruits in parallel with the accumulation of 
β,β-xanthophylls. It was different from CsLCYB1 that was expressed at low levels 
and remained relatively constant during fruit ripening [67]. One allele of CsLCYB2, 
expressed only in normally pigmented fruits, has normal LCYB activity, while 
the other, preferentially expressed in red-fleshed grapefruit, loses that activity and 
likely leads to the lycopene accumulation [63, 67]. “Hong Anliu” has a 1000-fold 
higher lycopene accumulation in the albedo, segment membranes, and juice sacs 
than its wild type, but no change of carotenoid composition in leaves. Lycopene ac-
cumulation in juice sacs is regulated by coordinate expression of carotenoid biosyn-
thetic genes, and likely provides induced feedback to synthesize in and/or transport 
to albedo and segment membranes [58].

Recently, different gene expression patterns were observed in “Cara Cara” 
and “Hong Anliu” fruits, indicating different metabolic mechanisms involved in 
their respective carotenoid pathways [60]. Further global transcriptional and small 
RNA comparisons suggest that enhanced photosynthesis and partial impairment 
of lycopene downstream flux are critical for the lycopene accumulation trait in 
the mutant, and nine microRNAs (miRNAs) are differentially expressed between 
the mutant and wild types [61, 62]. Differences in genomic, transcriptional, post-
transcriptional, and proteomic levels have been found between these red and their 
normal types in many reports, suggesting lycopene accumulation may be controlled 
and regulated in more complex manners and mechanisms; further investigations 
may provide a more decisive final conclusion [30, 31, 56, 57, 59–63, 66, 67].
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Flavonoids and Anthocyanins in Citrus Fruits

The Basics of Flavonoids and Anthocyanins

Flavonoids are a much more functionally and structurally diverse family of more 
than 9000 water-soluble polyphenolic derivatives [23, 68]. Flavonoids share a ba-
sic 15-carbon benzo-γ-pyrone (C6–C3–C6) flavonoid skeleton structure, i.e., one 
heterocyclic benzopyran ring (ring C), one fused aromatic ring (A), and one phenyl 
constituent (B), as illustrated in Fig. 8.4 [69]. Hydroxyl, methoxyl, O-glycoside, or 
other substitutional groups added in various positions and combinations result in at 
least nine major subgroups: colorless chalcones, aurones, isoflavonoids, flavones, 
flavonols, and flavandiols, and colored anthocyanins (anthocyanidins), condensed 
tannins (proanthocyanidins), and phlobaphenes [23, 68]. Along with their natural 
ubiquity and structural diversity, flavonoids have various biological functions in 
plants, humans, and other organisms [23, 70]. In plants, for examples, colorful fla-
vonoids in flowers/fruits attract insects and other animals to pollinate flowers and 
eventually to disperse seeds. Flavonoids with antioxidant potency play an essential 
role in protection against oxidation and ultraviolet (UV) damage [23]. Flavonoids 
with antimicrobial or defensive functions help plants to defend against or adapt to 
biotic and abiotic stresses such as UV light damage, cold, and pathogen attacks 
[71–73]. Flavonoids secreted by the host help to signal the plant–pathogen interac-
tion, such as to establish symbiotic relationship between Rhizobia and legumes at 
the infection stage to initiate the nitrogen fixation [72]. Flavonoids, rich in many 
plant foods and beverages, are also among the most beneficial dietary compounds 
with their primary function as potent antioxidants in humans and animals, from 
which great benefits have been demonstrated in many studies [74–82].

Anthocyanins are glycosylated or acylglycosylated anthocyanidins differing in 
hydroxyl or methoxyl substitutions in the basic C6–C3–C6 structure [83, 84]. Both 
the hue and color stability are directly affected by the hydroxylation and methyla-
tion pattern of the B ring. Blueness is enhanced with the increasing of free hydroxyl 
groups, whereas redness intensifies with the methylation of the hydroxyl groups. In 

Fig. 8.4   Structure of 3,5,7,4′-tetrahydroxylflavilium ion and of the six basic anthocyanins. 
(Reprinted with permission from Dugo et al. [69]. Copyright 2003, American Chemical Society)
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most plants, O-glycosylation of anthocyanidins occurs to produce anthocyanins in 
which the sugar moiety is typically glucose, or occasionally other sugars such as 
galactose, rhamnose, arabinose, or xylose.

Structural Diversity of Anthocyanins in Blood Oranges

Four subgroups of flavonoids (flavanones, flavones, flavonols, and anthocyanins) 
are found in citrus fruits [85]. Anthocyanins are cold induced and only present in 
several blood orange cultivars, which are mutants derived from blond common 
sweet oranges independently occurring in China, Italy, and other Mediterranean 
regions at least several hundred years ago [86]. For example, “Doppio Sanguigno” 
was reportedly the first mutant found in Sicily, Italy, and produced several relatively 
modern varieties, such as “Tarocco” and “Moro,” which generally contain higher 
levels of anthocyanins. Anthocyanins, primarily present in juice sac vesicles and/
or rind, vary in the amount and composition due to genotype, maturity, growing 
regions, and other environmental factors [69, 87–89]. All blood orange varieties re-
quire a broad day–night thermal range for deep red pigmentation in fruit flesh [86], 
which geographically limits reliable quality commercial production to only a few 
countries/regions, such as around Mount Etna in Sicily [87, 89].

Blood orange juices contain structurally diverse anthocyanins with seasonal con-
centration variations among varieties ([26, 69]; Fig. 8.5). The two major anthocya-
nins in blood oranges (ca. 90 %) were identified as cyanidin 3-glucoside [90–93] 
and cyanidin 3-(6′-malonylglucoside) [93], and confirmed in later studies as well 
[18, 26, 69]. Several minor anthocyanin components were also identified by Macca-
rone and coworkers’ pioneering work [91, 93], and later other contributors [26, 69]. 
Interestingly, cyanidin 3-(6′-dioxalylglucoside) and four other anthocyanin-derived 
pigments are formed through a direct reaction between anthocyanins and hydroxy-
cinnamic acids only during prolonged storage of blood orange juice; these are novel 
pyranoanthocyanins with an additional pyran ring between the C4 and the hydroxyl 
group attached to C5 [26].

Biosynthesis of Anthocyanins in Blood Oranges

Anthocyanins are synthesized via the ubiquitous and well-described flavonoid path-
way in plants [23, 94]. Both enzymatic and regulatory genes are required for antho-
cyanin biosynthesis, most of which have been cloned and characterized in various 
species [23]. The former encode enzymes directly catalyzing metabolic reactions, 
and the latter are transcription factors controlling the expression of enzymatic 
genes [95–97]. In grape, upstream enzymes, involved in diverse metabolic func-
tions in the flavonoid pathway, are usually encoded by larger gene families whereas 
downstream enzymes are encoded by single genes [98]. This seems to be appli-
cable to blood orange, according to relevant studies on these genes involved in the 
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flavonoid and anthocyanin biosynthesis in blood oranges and other citrus cultivars  
[87, 99–103].

Anthocyanins are synthesized by an extremely complex network in the path-
way, in which a multienzyme complex is formed and regulated by transcriptional 
factors to carry out the biosynthesis, as demonstrated in some model plants [104]. 
Phenylalanine is a direct precursor for the synthesis of anthocyanidins. The conver-
sion of phenylalanine to anthocyanins requires a series of reactions, as illustrated 
in Fig. 8.6. First, transformation of phenylalanine to trans-cinnamic acid through 
the elimination of ammonia is catalyzed by phenylalanine ammonia lyase (PAL) 
that has been extensively studied for its involvement in the responses to various 
plant stresses [87, 100]. Hydroxylation of cinnamic acid by cinnamate 4-hydroxy-
lase (C4H) then generates p-coumaric acid, which is activated by 4-coumarate:CoA 
ligase (4CL) to the respective CoA ester. Chalcone synthase (CHS) condenses three 
malonyl-CoA molecules and one p-coumaroyl-CoA to produce the naringenin chal-
cone for the eventual biosynthesis of anthocyanin and other phenolic compounds 
[105]. As a consequence, different CHS genes may act in different pathways pro-
ducing distinct secondary metabolites [106].

Fig. 8.5   The structures of anthocyanins from blood orange juice: cyanidin 3,5-diglucoside ( 1), 
delphinidin 3-glucoside ( 2), cyanidin 3-sophoroside ( 3), cyanidin 3-glucoside ( 4), delphinidin 
3-(6″-malonylglucoside) ( 5), cyanidin 3-(6″-malonylglucoside) ( 6), cyanidin 3-(6″-dioxalylglu-
coside) ( 7), and peonidin 3-(6″-malonylglucoside) ( 8). (Reprinted with permission from Hille-
brand et al. [26]. Copyright 2004, American Chemical Society)
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Naringenin chalcone is isomerized by chalcone isomerase (CHI) to flavanone 
naringenin, which is subsequently converted to dihydrokaempferol by flavanone 
3′-hydroxylase (F3H) [99, 107]. The crucial role of both CHS and F3H in the an-
thocyanin pigmentation was confirmed by proteomic profiling of ripening “Moro” 
(blood orange) and “Cadenera” (blond or common orange), which are differentially 
expressed and could be used to distinguish blood and common oranges [108].

Dihydroquercetin and dihydromyricetin, two dihydroflavonols, are synthe-
sized from dihydrokaempferol by hydroxylation reactions catalyzed by flavonoid 

Fig. 8.6   Outline of the biosynthetic pathway leading to the synthesis of anthocyanins. Enzyme 
names are abbreviated as follows: CHS chalcone synthase, CHI chalcone isomerise, F3H fla-
vanone 3′ hydroxylase, F3′H flavanoid 3′ hydroxylase, F3′5′H flavanoid 3′,5′ hydroxylase, FLS 
flavonol synthase, DFR dihydroflavonol 4-reductase, ANS anthocyanidin synthase, UFGT UDP-
glucose-flavonoid 3-O-glucosyltransferase. (Reprinted from Cotroneo et al. [113]. With permis-
sion American Society for Horticultural Science)
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3′-hydroxylase (F3′H) and flavonoid 3′,5′-hydroxylase, respectively [109]. Dihy-
droflavonol 4-reductase (DFR) can reduce the dihydroflavonols to their correspond-
ing leucoanthocyanidins. The gene encoding DFR was isolated from both cDNA 
library (accession no. AY519363) and genomic DNA (DQ084722). The successful 
in vitro expression of the DFR complementary DNA (cDNA), along with relevant 
motifs found in its promoter region, confirmed its involvement in the biosynthesis 
of anthocyanins [102]. One of the motifs is a putative unit I, the homologous bind-
ing site for the G box factor and the downstream Myb homologous binding site 
involved in the transcriptional activation of DFR [110]. There are no differences in 
the dfr gene coding and promoter sequences between blood and blond oranges, but 
DFR transcripts are normally detected only in blood oranges. Therefore, its expres-
sion should be under strict control of transcriptional regulators [102].

Anthocyanidin synthase (ANS), an oxoglutarate-dependent Fe2+/Fe3+dioxygenase, 
converts colorless leucoanthocyanidins into colored anthocyanidins that, once 
formed, must be immediately modified as they are inherently unstable under physi-
ological conditions (Fig.  8.6). Therefore, the uridine diphosphate (UDP)-glucose 
flavonoid glucosyl-transferase (UFGT) catalyzes the addition of one glucose moi-
ety in the 3-OH positions of anthocyanidins increasing their hydrophilicity and sta-
bility. ANS and UFGT genes in Tarocco blood orange have been cloned by Lo Piero 
and coworkers (accession no. ANS, AY581048; UFGT, AY519364). The presence 
of di-glycosylated anthocyanins in blood orange juice [91, 93] indicates that other 
glucosylating enzymes might be involved in anthocyanin modification as it occurs 
in grape [111], although homologous genes have not yet identified in Citrus. Ac-
ylation is one of the most common modifications of blood orange anthocyanins, 
resulting in greatly increased structural diversity of anthocyanins from the addition 
of aromatic and/or aliphatic constituents linked to the C6″ positions of the glucosyl 
groups [93]. Anthocyanins, without the protection of acylation can be easily and 
quickly decolorized in neutral or weakly acidic aqueous solutions. The acylation 
of anthocyanins in plants is catalyzed by the action of anthocyanin acyltransferases 
(ACTs, also known as AATs), which have high substrate specificity for both the an-
thocyanin acceptors and the acyl group donors. In plants, there are mainly two types 
of ACTs that are classified based on the acyl group donors: the BAHD family using 
acyl-CoA and the serine carboxypeptidase-like (SCPL) group using acyl-activated 
sugars [112]. Although acylated anthocyanins can account for more than 40 % of the 
total anthocyanin content in some blood oranges, until now there has been no report 
about the exact genes required in blood orange anthocyanin acylation.

Regulation of Anthocyanin Biosynthesis in Blood Oranges

Anthocyanins are synthesized and accumulated only in blood orange flesh and rind, 
not in blond ones. Comparison of six anthocyanin biosynthetic genes (CHS, CHI, 
F3H, DFR, ANS, UFGT) revealed that CHS, CHI, and F3H, the genes involved in 
the early steps in the pathway, are expressed in juice vesicles of both oranges. On 
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the contrary, DFR, ANS, and UFGT are at much lower or no detected expression in 
blond cultivars [103, 113]. Anthocyanin content increases during fruit ripening but 
varies greatly among blood orange cultivars [88, 113] and upon other genetic fac-
tors and environmental conditions such as temperature [87, 89, 114].

Several different families of regulatory genes in plants, such as Myb, Myc (en-
coding basic helix-loop-helix proteins (bHLH)) and WD40-like transcription fac-
tors, generally control the spatial and temporal expression of enzymatic genes in the 
anthocyanin biosynthesis pathway [23, 115, 116]. They can form a ternary complex 
(MYB-bHLH-WD40, MBW complex) in a hierarchical network to regulate the ex-
pression of multiple genes, such as CHI, CHS, F3H, and DFR, and play crucial roles 
in the regulation of anthocyanins and other flavonoid products, such as flavonols 
and proanthocyanidins [111]. In blood oranges, several anthocyanin biosynthetic 
genes show increased expression compared with blond oranges [101–103, 114, 
117]. Variation in anthocyanin content and/or tissue specificity is largely governed 
by the activity of the R2R3 Myb transcription factor, named Ruby, in the com-
plex. The Ruby cDNA encodes a 262-amino acid protein containing an R2R3 Myb 
domain with a signature motif for interaction with bHLH proteins from the clade 
3f (DLX2RX3LX6LX3R) and it also has a conserved motif KPXPR(S/T)F in its 
C-terminal domain found in other R2R3 Myb regulators of anthocyanin biosyn-
thesis. The ability of Ruby to activate anthocyanin biosynthesis was verified by its 
ectopic expression under the control of the constitutive cauliflower mosaic virus 
(CaMV) 35S promoter in tobacco ( Nicotiana tabacum), where it resulted in vis-
ible purple-red pigmentation in undifferentiated callus and regenerated plant tissues 
[86]. CsMyc, the gene encoding the bHLH partner in the MWB complex [118], is 
expressed at detectable levels in both blond and blood oranges, supporting the hy-
pothesis that Ruby regulates anthocyanin biosynthesis [86]. Ruby is only expressed 
in blood orange fruits, primarily flesh and rind at high levels, but not in blond or-
anges. Sequence analysis of the Ruby genes cloned from three blood (“Sanguinelli,” 
“Maltaise Sanguine,” and “Moro”) and three blond (“Navelina,” “Salustiana,” and 
“Cadenera”) varieties revealed 100 % nucleotide identity in the three exons and two 
introns. The results suggested that Ruby transcription is strictly regulated by another 
element, as was later confirmed as a complete copia-type retrotransposon (Tcs1) 
inserted at the site of the 551 bp upstream from the initiating ATG of Ruby [86].

Fruit ripening stages affect transcriptional levels of biosynthetic genes and hence 
the amount of anthocyanins in blood oranges. The expression of CHS, ANS, and 
UFGT increased during the entire period and the levels of all three transcripts ap-
peared to vary in a similar manner. Total anthocyanins were undetectable at the 
beginning but their levels rose at the end of November and showed a sharp increase 
between late January and middle February [113]. The anthocyanin levels also var-
ied among varieties or selections grown under the same environmental conditions 
ranging from 34 mg/100 g in OTA 9 to 0.25 mg/100 g in “Tarocco Messina” [113].

Cool temperature during blood orange ripening is the key to induction and 
accumulation of anthocyanins. Lo Piero and coworkers have shown that post-
harvest exposure to cold induces up to an eightfold increase of anthocyanins in 
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blood orange flesh depending on the storage time, which is accomplished by the 
transcriptional stimulation of the genes involved in the anthocyanin biosynthesis 
including PAL, CHS, DFR, ANS, UFGT, and glutathione S-transferase (GST) 
[87, 101, 114]. Further transcriptomic study of Tarocco Sciara blood orange af-
ter exposure at 4 °C for 77 days revealed cold-enhanced transcriptions of genes 
involved in the defense mechanisms against oxidative damage, osmoregulating 
processes, and lipid desaturation as well as those implicated in the primary and 
secondary metabolisms, particularly toward the flavonoid biosynthesis pathway 
in blood oranges. It included those reactions involved in anthocyanin biosynthesis 
(CHS and ANS), and some upstream metabolic pathways such as the shikimate 
pathway leading to the biosynthesis of phenylalanine, the flavonoid “mother” 
molecule [89]. On the basis of the metabolic reactions in which some upregulated 
genes such as citrate lyase, phosphoenolpyruvate/phosphate translocator (PEP/Pi 
translocator), and phosphoenolpyruvate carboxykinase (PEPCK) are involved, it 
seems that they may act in a coordinated manner. In the cytosol, citrate lyase gives 
rise to oxaloacetate and acetyl CoA. This latter molecule might be further utilized 
to synthesize fatty acids, sterol, and isoprenoid compounds, or becomes part of 
the flavonoid skeleton through the reaction catalyzed by CHS (Fig. 8.6). Interest-
ingly, among the genes encoding for regulatory proteins, several transcription 
factors have been identified for the first time as cold responsive genes in plants. In 
particular, a transcription factor belonging to the no apical meristem, Arabidopsis 
transcription activation factor, cup-shaped cotyledon (NAC) transcription factor 
family was found specifically induced in blood orange, but not in blond orange, 
thus proposing it as candidate gene involved in the signaling cascade leading to 
the response to cold [114]. However, the cold dependency of anthocyanin produc-
tion in blood oranges might depend upon the cold induction of retroelement tran-
scription as elevated levels of Tcs1 transcripts were observed in “Tarocco” and 
“Moro” blood varieties following storage of fruit in the cold, indicating that Tcs1 
and Tcs1-like elements are activated by cold and ultimately might be involved 
in the temperature-dependent anthocyanin accumulation in blood oranges [86]. 
Interestingly, by comparing the blood orange response to cold stress with those of 
other plant sources, such as grapefruit [119], it seems to be similar to that of the 
chilling acclimated species. Therefore, it is likely that the rise of anthocyanin lev-
els occurred in the oranges subjected to cold stress might contribute to the control 
of cell osmotic potential thus coping with the imposed stressful conditions [89].

Additional intrinsic and environmental factors have been linked to anthocyanin 
accumulation in several plant species [120, 121]. Nutrient deficiencies, especially 
of phosphorus (P) and nitrogen (N), commonly induce the accumulation of antho-
cyanins in many plant species. Also, exposure to lowered pH, methyl jasmonate, 
wounding, pathogen infection, and fungal elicitors may trigger a significant in-
crease in the anthocyanin levels [120, 121]. Both auxins and/or cytokinins have 
been shown to induce anthocyanins in cell cultures or whole plants [120]. Abscisic 
acid (ABA) and ethylene promotes biosynthesis of anthocyanin in certain fruit  
tissues [121].
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Dietetics of Citrus Fruits Pigments

Carotenoids and flavonoids, due to their antioxidant properties and nutritional ben-
efits, have been some of the most studied dietary and therapeutic components in 
the dietetics and preventive medicine areas, yielding hundreds of publications and 
reviews [36, 39, 41, 65, 66, 122–126]. Much anecdotal or scientific evidence indi-
cate that some of these components may possess potent antioxidant, anti-inflam-
matory, antiallergic, hypolipidaemic, vasoprotective, and anticarcinogenic prop-
erties [127] and protect against oxidative stress, coronary heart diseases, certain 
cancers, and other age-related diseases. Orange juice, enriched in both carotenoids 
and flavonoids, as one of the most popular drinks, has therefore been used in many 
dietetics and/or pharmaceutics studies. Results suggest it can not only improve diet 
quality and nutrient adequacy but also substantially reduce the risk of obesity and/
or cardiovascular diseases, and help prevent and suppress some cancers [122–125, 
128, 129].

Studies during 2003–2006 revealed that children of 2–18 years old who con-
sumed 100 % orange juice had a significantly higher percentage of the population 
meeting the estimated average requirement (EAR) for vitamin A, vitamin C, folate, 
and magnesium, and the healthy eating index (HEI) in 2005 was significantly higher 
in the consumers [129]. In the adult group, compared to nonconsumers, consumers 
had higher percentage of the population meeting the EAR for the abovementioned 
nutrients, and lower mean body mass index, total cholesterol level, and low-density 
lipoprotein cholesterol level. As a result, the subgroup consuming 100 % orange 
juice on a regular basis was 21 % less likely to be obese, and male consumers were 
36 % less likely to have metabolic syndrome (MetS). These improved biomarkers 
imply the risk of relevant or induced diseases is decreased accordingly [123].

Combinational use of natural carotenoids from mandarin citrus fruit juice (en-
riched with β-cryptoxanthin) with capsules of a carotenoid mixture resulted in sta-
tistically significant suppression of liver cancer during 2.5-year treatment period, 
compared to the group treated with carotenoid mixture capsules alone or the control 
group without treatment. The group treated with carotenoid mixture capsules alone 
also had lower, but not statistically significant, cumulative cancer incidences than 
the control group [126].

The evaluation of the pharmacokinetics of hesperetin and naringenin, two 
flavanones in blood orange juice, suggested that the plasma concentrations of 
these compounds in human subjects were dose dependent and the peak concen-
tration was reached in 5.1 h after juice consumption. The conjugated forms of 
these flavanones represent more than 95 % of the plasma concentration [127]. 
Some health-promoting features of these components, with chemical structures 
that appear ideal for free radical scavenging, can be attributed to their antioxidant 
properties [130]. The antioxidant properties and/or activities have been reported 
in many carotenoids and flavonoids, though they may differ in potency, strength, 
and capacity [128, 131–133].
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Conclusions and Perspectives

Carotenoids and flavonoids in citrus fruits are pigmentation agents for fruit color-
ation and organoleptic attraction, and functional nutrients in the human diet as well. 
Lycopene and anthocyanin enriched mutants, both resulting in red-fleshed fruits, 
are the two leading research targets to understand their biosynthesis genomics and 
molecular regulation mechanisms, through comparisons with their respective pro-
genitor counterparts. Most genes in the two pathways are cloned and characterized, 
and the regulatory genes and mechanisms are being gradually uncovered. Such 
knowledge will greatly facilitate continued varietal improvement for these benefi-
cial components. The available citrus genome sequences [134, 135], along with the 
advances in any new “omics” biotechnologies, will accelerate the progress in these 
pigment related areas, such as the regulation of various carotenoids and lycopene 
accumulation; the coordination of the carotenoid relevant pathways and networks; 
genes involved in anthocyanin modifications; the mechanism of anthocyanin vacu-
olar compartmentation; and the role of phytohormones and/or biotic and abiotic 
factors in inducing anthocyanin accumulation.

Another most interesting area is the dietetics of citrus fruits and juice (primarily 
orange juice), in which various carotenoids and flavonoids showed both nutritional 
and preventive medicinal benefits. Some emphasis was on lycopene and anthocya-
nins primarily due to the special red color and enhanced health benefits. The preven-
tive roles include higher quality and availability of nutrients, substantially improved 
health biomarkers for lipid profiles, lower risk of obesity and cardiovascular dis-
ease, and potential suppression of some cancers. According to hundreds of reports 
on the beneficial effects of orange juice and/or its functional components, moder-
ate regular consumption of 100 % orange juice and/or fresh citrus fruits should be 
encouraged to help children and adults meet the USDA daily recommendation for 
fruit intake and to provide them a vital component of a healthy diet [123, 129]. 
The science-based information should be more broadly broadcast to consumers via 
multiple media to increase their awareness of the potential benefits and encourage 
consumption of more fruit or juice.
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Introduction

Grapevine is the most valuable horticultural crop in the world. Significant grape 
acreage exists on all continents, save for Antarctica. Approximately 8 million ha of 
grapevine are currently planted and 60 million metric t of fruit are produced annu-
ally worldwide (Food and Agriculture Organization of the United Nations (FAO) 
production statistics). Spain, France, and Italy are the largest grape producers in 
the world, followed by many other European countries, the USA, Argentina, Chile, 
Australia, South Africa, and China. The majority of the fruit, in terms of yield and 
area, is used to produce wine, but the remaining is destined for fresh consumption, 
dried into raisins, processed into nonalcoholic juice, or distilled into spirits. The 
quality of wine and other grape products is the key to the crop’s value, so sustain-
ably maximizing quality is the primary goal of grape producers.

Most grape cultivars are used specifically in one market, but some cultivars may 
be used in several market classes. Premium wine and table grape cultivars are more 
specialized in their utilization than are raisin, juice, and concentrate varieties. For 
example, “Cabernet Sauvignon” is primarily used for wine but is not desirable as a 
table or raisin grape. “Sultanina” (known as “Thompson Seedless” in the USA) is 
the predominant raisin cultivar worldwide and also is an important table grape, wine 
grape, and concentrate cultivar. Wine grape cultivars usually have relatively small-
seeded berries. Important wine cultivars include “Cabernet Sauvignon” and “Pinot 
Noir,” used for red wine production, and “Chardonnay” and “sauvignon blanc,” used 
for white wine production. Table grapes are consumed fresh. Table grape cultivars 
have relatively large berries, and seedlessness is valued by many consumers. Most 
dried grapes, usually called raisins, are made from seedless grapes. Unfermented 
juice is manufactured from cultivars with distinctive flavors and aromas. Varieties 
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with relatively heat-stable flavors and aromas, such as “Concord” and “Niagara,” 
are used in the production of pasteurized juices. Cultivars such as “Chasselas” with 
flavors and aromas that are noticeably altered by pasteurization are processed for 
unfermented juice production using ultrafiltration for juice sterilization. Jams, jel-
lies, and other spreads are made from juice grape cultivars. Grape concentrate is 
juice with some water removed; it is used as a natural sweetener and coloring agent 
for beverages and foods. The concentrate market is an outlet for excess grapes in 
all market classes and is a target market for certain cultivars; “Rubired,” a highly 
pigmented cultivar, is used in red concentrate.

The grape is a member of the Vitaceae, commonly called the grape family. The 
genus Vitis consists of about 60 species, plus some natural interspecific hybrids 
[1]. Nearly all grapes cultivated for fruit production are of the species Vitis vinifera 
or are hybrids that include V. vinifera in their parentage. Vitis species are found 
across the temperate zones of the Northern Hemisphere. The genus has the high-
est species diversity in east Asia and in eastern and southern North America, with 
about 30 species in each region. Vitis is separated into two subgenera, Euvitis and 
Muscadinia; some authorities treat the sections as the genera Vitis and Muscadinia. 
The subgenera are separated by morphological, anatomical, and cytological charac-
teristics. Subgenus Euvitis species have 2n = 2x = 38 chromosomes, forked tendrils, 
striate bark, pyriform seeds, and nodal diaphragms. These species and their hybrids 
are called “bunch grapes.” Subgenus Muscadinia species have 2n = 2x = 40 chro-
mosomes, unforked tendrils, stellate bark, naviform seeds, and lack diaphragms 
at the nodes; they are known as muscadine grapes. Within a subgenus, species are 
maintained in nature by range and flowering time and can be considered ecospecies. 
Hybrids between species within a subgenus are typically fully fertile and many in-
terspecific hybrids between Euvitis species have been developed as scion and root-
stock cultivars. Hybrids between the subgenera are usually sterile due to the differ-
ence in chromosome number; two have been commercialized as rootstocks [2], and 
backcrossing with partially fertile intersubgeneric hybrids has led to the introduc-
tion of disease resistance from Vitis rotundifolia into bunch grape gene pools [3].

Subgenus Euvitis species (about 57 species) are the most important in viticul-
ture. Most grape cultivars belong to the species V. vinifera, which is a native of 
the Mediterranean basin, southern and central Europe, northern Africa, and south-
west and central Asia. V. vinifera cultivars are grown worldwide and account for 
the overwhelming majority of cultivated areas and grapes produced. Interspecific 
hybrid cultivars selected from crosses of V. vinifera with other species, including 
Vitis labrusca, Vitis amurensis, Vitis riparia, Vitis rupestris, and Vitis aestivalis, are 
locally important and account for a minor portion of world viticulture and enology. 
Rootstocks are used exclusively for bunch grape varieties, which are mostly inter-
specific hybrids or selections of North American Euvitis species.

The subgenus Muscadinia includes only three species. The range of the subgenus 
is limited to the southeastern USA and eastern Mexico. Muscadine grape cultivars, 
primarily V. rotundifolia and a few interspecific hybrids, are grown commercially 
only in the native region of V. rotundifolia in the southeastern USA.
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Pigments in Grapes

The primary pigments in grapes are anthocyanins. The distribution and classifica-
tion of anthocyanins within grape berries have been extensively studied. Anthocya-
nins are specific to red cultivars and localized in the berry skin of most cultivars. A 
small number of red-fleshed cultivars (also known as teinturier, Fig. 9.1) play a key 
role in producing highly pigmented juice for wine making. Anthocyanin profiles of 
many V. vinifera cultivars as well as several other Vitis species have been reported 
and previously reviewed [4–6]. Structurally, anthocyanins are glycosides and acyl-
glycosides of anthocyanidins, and the aglycones and flavyliums differ in different 
hydroxyl or methoxyl substitutions in their basic structures [4]. The proportion of 
the primary individual anthocyanins is the 3-O-monoglucosides of delphinidin, cy-
anidin, peonidin, petunidin, and malvidin, with the proportion of 3′ and 3′, 5′ forms 
showing variation among cultivars as well as the contribution of acetylated forms 
[7]. In cultivars of V. vinifera, the glucose molecules can only be linked to the antho-
cyanidin through glycosidic bonds at the C3 position to form 3-O-monoglucoside 
anthocyanins. In the other non-V. vinifera species, the 3,5-O-diglucoside anthocya-
nins can be present. Most cultivars possess acylated forms of the anthocyanins, but 
some have a much simpler profile, with the cultivar “Pinot Noir” being a notable 
example, possessing only the five basic anthocyanidin 3-glucosides. Some grape 
species, such as V. rotundifolia, are also known not to produce acylated forms of 
anthocyanins [8, 9]. It has recently been shown that the majority of anthocyanins 
within a cross section of North American grape species show a predominance of 
nonacylated forms of anthocyanins [10].

Further diversity in anthocyanin content is possible due to the presence of two 
distinct forms at vacuolar pH, the neutral quinonoidal anhydro base and the flavy-
lium cation form [11]. The wide range in possible anthocyanin forms has led to a 
large amount of diversity in fruit color among cultivated grapes (Fig. 9.2). Because 
of this high level of diversity, grape cultivars have distinct anthocyanin profiles and 
it has been proposed as a method for the authentication of grape varieties and wine 
[12–14]. V. vinifera cultivars are characterized by the presence of only the mono-
glucoside forms of anthocyanins, while several of the wild Vitis species possess di-
glucosides. A double mutation occurring in an anthocyanin 5-O-glucosyltransferase 
within V. vinifera appears to be the cause for the loss of this enzymatic activity 
within this species [15].

Fig. 9.1   Anthocyanin accumulation within berry flesh of the teinturier cultivar “Bailey Alicante” 
during berry maturation
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The production of red wine requires the maceration of the berries in order to 
extract the pigments from the berry skins. The concentration of anthocyanins begins 
to decrease after a few days of skin contact within the fermenting must [16]. During 
the course of wine ageing, polymeric pigments are known to form from reactions 
of anthocyanins with tannins [17], or from reactions with aldehydes [18]. Addition-
ally, anthocyanin reactions that do not involve tannins are known to occur [19]. The 
resulting pigments include both anthocyanin polymers [20, 21] and small molecules 
such as pyranoanthocyanins [16, 22, 23], that are derived from the addition of yeast 
metabolites to the anthocyanins as well as caftaric acid–anthocyanin adducts that 
are formed through enzymatic reactions [24].

Anthocyanins are usually represented in the red flavylium cation form, the color 
of which shifts toward higher wavelengths (from orange to purple) as the number of 
substituents on the B ring increases. However, when dissolved in water, flavylium 
cations undergo proton transfer and hydration reactions, generating blue quinonoi-
dal bases and colorless hemiketals, respectively [16]. At wine pH, grape anthocya-
nins occur mostly as the colorless, hydrated hemiketal form.

Red wine color is ensured through two stabilization processes: conversion of 
grape anthocyanins to other pigments, and association mechanism collectively 
called copigmentation. Anthocyanin-derived pigments show a wide range of colors 
from orange to blue. Tannin–anthocyanin adducts are red, like their anthocyanin 
precursors ( λmax 515–526 nm). Other reaction products include orange pyranoantho-
cyanins ( λmax 480–510 nm) [25, 26], purple ethyl-linked species (λmax 528–540 nm) 
[18, 27], and blue flavanyl-vinylpyranoanthocyanins (λmax 575  nm) [28]. These 
compounds may also change colors with the alternation of pH.

Color stabilization may also occur through copigmentation. The phenomenon 
of copigmentation is due to the molecular association between pigments and other 
nonpigmented organic molecules, leading to the exhibition of far greater color than 
would be expected by the pigment concentration [29]. Copigmentation can account 
for between 30 and 50% of the color in young wines and is vitally important for 

Fig. 9.2   Berry color diversity present within the cultivated grapevine Vitis vinifera
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determining wine color, the variation in color and pigment concentration between 
wines. Copigmentation both increases color intensity (the hyperchromic effect) and 
shifts the color toward purple (the bathochromic effect). Colored anthocyanins are 
planar structures that can interact with other planar species (copigments) to form 
molecular stacks from which water is excluded. The flavylium ion is thus trapped 
and protected from hydration. This is particularly important at wine pH, where hy-
drated forms predominate.

Genetic Control and Variability in Anthocyanin 
Accumulation

The genetic control and inheritance of fruit color or anthocyanin production in 
grapevine are not fully understood despite evidence that the primary determination 
of anthocyanin production in berries appears to be controlled by a single dominant 
locus in V. vinifera [30, 31] with white fruit being a recessive character. This obser-
vation is supported by numerous reports showing that controlled crosses between 
white-fruited vines universally result in white-fruited progeny [32–37]. Although 
fruit color in grape is frequently characterized as a qualitative trait, quantitative 
variation does exist within segregating populations for total anthocyanin and for 
anthocyanin content. Broad-sense heritability is typically high for total anthocyanin 
content, and the majority of the phenotypic variation localizes to a genetic loci con-
taining a cluster of myeloblastosis (MYB) transcription factors [38–41]. A genetic 
association analysis with candidate genes from the anthocyanin biosynthetic path-
way revealed many polymorphisms within five regulatory and ten structural genes 
to be positively associated with anthocyanin content [42].

The genetic regulation of the flavonoid biosynthetic pathways has been exten-
sively studied. Work conducted primarily in Arabidopsis and maize has shown that 
the basic flavonoid pathway upstream of anthocyanin biosynthesis is under the 
control of several different families of regulatory genes, consisting of complexes 
of MYB, basic helix-loop-helix (bHLH), and WD40. These regulatory genes are 
connected to form a network to regulate the expression of the structural genes in-
volved in flavonoid synthesis. Similarities in sequence homology have been used 
to isolate and characterize many of the flavonoid biosynthetic structural genes in 
grape [43–47].

In grapes, a series of R2R3-Myb transcription factors has been demonstrated to 
be involved in the control of different aspects of the phenylpropanoid pathway [48]. 
Despite the characterization of several MYB proteins and their role in grapevine 
anthocyanin regulation, characterization of additional members of the protein com-
plexes is not as well described. One bHLH gene, VvMYC1, was characterized as a 
component of the transcriptional complex controlling anthocyanin biosynthesis in 
grapevine [49]. The first Myb transcription factors identified in grape were isolated 
from V. labrusca hybrids [50], with subsequent orthologs identified in V. vinifera 
[51].
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White-fruited grapes are linked to the homozygous presence of Gret1 in the pro-
moter region of Vvmyba1 as well as mutations in the tightly linked gene Vvmyba2 
[52, 53]. Gret1 is inserted in the 5′ flanking region of VvmybA1, resulting in the 
loss of function of this transcription factor. In pigmented somatic mutants of white-
fruited cultivars, the full Gret1 insertion is absent from the VvymbA1 gene, but a 
solo long terminal repeat (LTR) has been shown to remain [54, 55]. Pigmented 
cultivars possess at least one allele at the VvmybA1 locus not containing this large 
insertion [56]. In pigmented cultivars, VvmybA1 is expressed only after veraison 
and has been shown to regulate anthocyanin biosynthesis by controlling the expres-
sion of anthocyanin biosynthetic genes, particularly flavonoid-3-O-glucosyltrans-
ferase (UFGT). Further evidence suggested that VvmybA1 is not expressed in the 
young leaves, tendrils, or stem of grape vines and is tissue-specific to the berry [54, 
57], while ectopic expression of Vlmyba1–2 was shown to induce the expression of 
many of the genes within the flavonoid biosynthetic pathway [58].

VvmybA1 belongs to a family of linked regulatory genes which have related 
sequence homology, VvmybA2 and VvmybA3. Sequence analysis of VvmybA2 in 
55 white cultivars of V. vinifera shows that the existence of rare mutations in two 
adjacent regulatory genes, the insertion of Gret1 in VvmybA1 and two nonconser-
vative mutations in VvmybA2 are present in many white-fruited cultivars [59]. Al-
though white-fruited somatic mutations appear to be independent developments of 
white-fruited cultivars [55], evidence shows that VvmybA1 co-segregates with the 
morphological marker for berry color [60] and that mutations in VvmybA1 are asso-
ciated with the vast majority of white-fruited V. vinifera accessions and many pink 
and red accessions as well [53, 60]. Additional polymorphisms within this clus-
ter of closely related myb genes are also significantly associated with quantitative 
variation in anthocyanin content of berries [61, 62]. Recent work, mapping gene 
expression quantitative trait loci (QTL), also shows that the majority of the phe-
notypic variation within a population derived from a cross between two pigmented 
cultivars, “Syrah” and “Grenache,” colocated with the VvmybA gene cluster, while 
an additional large eQTL co-localized with VvUFGT [63].

Cellular Transport of Anthocyanins

The distribution of anthocyanins in the different branches of a grape cluster is 
highly variable depending on many environmental and physiological factors. An-
thocyanins primarily accumulate in the hypodermal cell layers of the berry skin 
post-veraison. Anthocyanins are synthesized in the cytoplasm but accumulate in 
the vacuoles. Several glutathione S-transferase (GST) genes have been identified in 
grapes, which could function as anthocyanin transporters [64, 65]. In Arabidopsis 
and maize, GST proteins function with a glutathione S-conjugate pump and belong 
to the multidrug resistance-associated protein (MRP) family. To date, no MRP has 
been identified in grape involved with anthocyanin transport.
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Two genes that encode multidrug and toxic compound extrusion (MATE) trans-
porters have been identified in grape [66]. These genes were specifically expressed 
in fruit and showed expression patterns that correlated with anthocyanin accumula-
tion. These genes have also been shown in vivo to be involved in vesicular antho-
cyanin transport in addition to GST [67]. Additionally, putative flavonoid trans-
locators, which may be responsible for anthocyanin transport, and are similar to 
mammalian bilitranslocase, have been identified in ripening red- and white-fruited 
cultivars [68, 69].

Factors Affecting Variation in Anthocyanins

Variability in anthocyanin concentration and composition is known to be influenced 
by genotypes, berry developmental stages, environmental conditions, and cultural 
factors [7, 70].

The developmental stages of ripening have been shown to affect anthocyanin 
accumulation, with a two-stage accumulation, including a rapid increase of antho-
cyanins at early stages of development, closely correlated with sugar accumula-
tion, followed by a second stage with slower accumulation [71]. These stages of 
ripening-related anthocyanin accumulation have been shown to be associated with 
vine vegetative conditions and climatic conditions [7]. The 3′-subsituted forms of 
anthocyanins have been observed to form earlier in the berry development than the 
3′,5′ forms [72, 73].

Mineral nutrition is also known to influence variability in anthocyanin accumu-
lation [70]. Higher concentrations of malvidin-3-O-glucoside and malvidin-3-O-
coumarate glucoside in “Cabernet Sauvignon” vines that had been grafted on the 
high-vigor rootstock 1103P compared to those grafted on SO4 [74]. Heavy nitrogen 
application earlier in the season has been shown to delay ripening and to affect an-
thocyanin accumulation and composition [75].

Light and temperature also affect anthocyanin accumulation, with divergent ef-
fects depending on the ambient temperature [76–78]. Compositional changes in 
the constituent anthocyanins have also been observed in response to increases in 
solar radiation [76, 79, 80], while higher temperatures have also been reported to 
increase the proportion of acetylated to nonacetylated forms of anthocyanins [72, 
76, 80]. Water deficits have also been showed to result in changes to anthocyanin 
concentrations as well as composition [81–83]. High nighttime temperatures have 
been shown to reduce the expression of several of the structural genes within the 
flavonoid biosynthetic pathway and also result in a reduction in the accumulation 
of anthocyanins [84–86]. Conversely, low storage temperatures have been shown 
to lead to an increase in expression of some of the flavonoid biosynthetic genes as 
well as an increase in anthocyanin accumulation [87, 88].

Considering the high value of the crop, extensive research has been conducted 
on utilizing viticultural practices to enhance fruit and wine quality, including the 
production of grape pigments. Cluster thinning, either by hand or mechanically, 
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early in the season, prior to fruit set, has been shown to have many effects on fruit 
quality, including an increase in anthocyanin accumulation [89]. Conversely, cluster 
thinning at veraison has been shown to have much less of an effect on fruit quality 
[90]. Numerous additional cultural factors are known to affect berry quality, includ-
ing the accumulation of anthocyanins, such as girdling of stems, disease infection, 
or the use of partial root-zone drying [91–93].

Ultraviolet irradiation is known to increase the expression of anthocyanin bio-
synthetic genes in several plant species and also lead to an increase in the accumula-
tion of anthocyanins [70, 94]. Research examining the structure of the promoter se-
quences of two of the structural genes involved in flavonoid biosynthesis in grapes 
revealed that these genes could be induced by exposure to ultraviolet-A light [95, 
96]. Similarly, it has been shown that exposure of grape berries to ultraviolet irradi-
ation leads to the accumulation of anthocyanins in the cultivar “Gros Colman” [97].

Phytohormones are also known to influence anthocyanin accumulation in grape 
berries and tissues. Abscisic acid (ABA) is a phytohormone involved in stress re-
sponses, especially in response to water stress. It is known that the application of 
ABA can increase the anthocyanin content in grape berry skin and that application 
of ABA can greatly enhance the color of grapes [98]. Addition of ABA to grape 
cell suspension cultures can also promote anthocyanin accumulation and increase 
the expression of chalcone isomerase [99]. Additional work has shown exogenous 
application of ABA leads to enhance the expression of several structural genes in-
volved in flavonoid biosynthesis as well as the regulatory gene VvmybA1 [100, 
101].

Ethylene is a phytohormone known to influence many aspects of fruit ripen-
ing [70]. Application of the ethylene-releasing compound, 2-chloroethylphosphonic 
acid (2-CEPA), can hasten the accumulation of anthocyanins in grape skin, and 
application of 2-CEPA has been shown to increase the expression of several genes 
involved in flavonoid biosynthesis [102]. Similarly, the postharvest application of 
ethylene and/or 1-methylcyclopropene (1-MCP) to grape berries has been shown to 
improve the stability of anthocyanins during storage [103].

The application of some phytohormones has been shown to have a negative im-
pact on anthocyanin accumulation. Specifically, application of the auxins 2,4-di-
chlorophenoxyacetic acid (2,4-D) or 1-napthaleneacetic acid (1-NAA) to grape 
berries has been shown to reduce the expression of several structural genes in the 
flavonoid biosynthetic pathways, and decrease the expression of Vvmyba1 as well 
[100, 101].

Several nonphytohormone chemicals have also been shown to influence the ac-
cumulation of anthocyanins in grape berries and other tissues. The accumulation of 
sugars is closely correlated with the accumulation of anthocyanins in developing 
grape berries, and some evidence shows that sugars can stimulate the expression 
of some of the structural genes involved in flavonoid biosynthesis as well as lead 
to an increase in the accumulation of anthocyanins [104, 105]. Similarly, the ap-
plication of a 5% ethanol solution has been shown to enhance the accumulation 
of anthocyanins in grape berries at veraison as well as increase the expression of 
several of the structural genes involved in the flavonoid biosynthetic pathway [106]. 



1979  Pigments in Grape

Also, eutypine [4-hydroxy-3-(3-methyl-3-butene-1-ynyl)benzaldehyde], the toxin 
produced by Eutypa lata, the pathogen causing Eutypa dieback in grapevines, has 
been shown to reduce the gene expression of UFGT, but not additionally tested 
flavonoid structural genes, and also inhibits the accumulation of anthocyanins in 
developing grape berries [107].

Anthocyanin Production Using Cell Suspension Culture

There is significant interest in using cell suspension cultures as a means for produc-
ing anthocyanins as natural colorants in the food industry [108, 109]. The primary 
source of cells for suspension cultures for the production of grape anthocyanins 
come from the two intensely pigmented teinturier cultivars, “Gamay Freaux” or 
“Bailey Alicante,” in which high osmotic potential has been shown to enhance an-
thocyanin production [110, 111]. Elevating the sucrose content in the cell culture 
medium can increase the external osmotic potential and lead to an increase in an-
thocyanin accumulation, presumably through a mechanism similar to the osmotic 
stress induced under water deficit. Similar increases in anthyocyanin accumulation 
are observed through the addition of other osmolytes, such as mannitol. The addi-
tion of nitrate has also been shown to increase anthocyanin levels in cell suspension 
cultures, presumably by removing an inhibitory effect on production and transport 
[111]. In contrast, high ammonium concentrations in the culture medium can lead 
to a reduction in the accumulation of anthocyanins [112]. Combined, the effect of 
high sugar and low nitrogen can lead to an increase in anthocyanin accumulation 
[111]. Similarly, phosphate deprivation has been shown to increase the expression 
of dihydroflavonol 4-reductase (DFR) and additional increase in the accumulation 
of anthocyanins in cell suspension culture [113]. Polysaccharide elicitors have also 
been shown to enhance the accumulation of anthocyanins in cell suspension culture 
[114].

Conclusions

Grapes are one of the world’s most important horticultural crops, in which the qual-
ity of wine and other grape products is the chief determinant of its value and impor-
tance. Wine, juice, and grape color are critical in determining the maximum quality 
of grape products, and substantial research has been conducted into the diversity 
of grape anthocyanins, regulation, physiology, and environmental/cultural factors 
that affect the production of anthocyanins. Although the anthocyanin pigments are 
widely distributed in the plant kingdom and have been extensively studied in many 
plant species, including many cultivated fruit crops, grapevine anthocyanins are of 
extreme agricultural significance due to the value and worldwide distribution of the 
crop. Additionally, the diversity of anthocyanins present within cultivated grape 
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suggests the importance of these compounds for this crop and presents exciting 
opportunities to study the underlying processes leading to diversification of grape 
pigments over time.
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Strawberry Background

Strawberries are fruits recognized for their sweet, fruity flavor and nutrient 
content. They are cultivated principally throughout the Northern Hemisphere and 
typically consumed fresh, with significant acreage dedicated toward processing 
berries used in jams and jellies or as frozen fruits. The commercial strawberry 
(Fragaria × ananassa) is octoploid, an interspecific hybrid between Fragaria 
virginiana (a forest-floor strawberry from North America) and F. chiloensis (a wild 
strawberry from Chile). Strawberries are rich in many phytonutrients, including 
vitamin C, vitamin A, and a variety of minerals, while healthful attributes of 
strawberries are attractive to consumers, who are also highly motivated by their 
sweet flavors and rich red coloration [1].

The red coloration is a conspicuous feature of just about all cultivated strawberries, 
ranging from orange leaning cultivars (e.g., “Elsanta”) to the extremely dark cultivar 
(e.g., “Purple Wonder”). White, yellow, peach, or pink-blushed strawberries exist 
throughout the world, yet are not grown in substantial acreage. The internal color-
ation also varies among varieties and correlates with cultural preferences. Various 
breeding programs prefer selection for pigmentation inside the strawberry, leading 
to an array of cultivars ranging from those with consistent red flesh throughout, to 
others with an attractive stark white contrast beneath the deep red epidermis. For the 
purposes of this chapter, the familiar red strawberry is discussed.

The strawberry is not a true fruit. Botanically speaking, it is an accessory fruit. 
The actual “fruits” are the achenes that dot the outside of the berry and the familiar 
red flesh is the expanded receptacle. The expansion and maturation are controlled 
by auxin and other phytohormones, with accumulation of pigment occurring typi-
cally once the fruit reaches full expansion.
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The Molecules Behind the Colors

The principle pigments in commercial strawberries are anthocyanins [2]. In 
strawberry, anthocyanins (from Greek anthos = flower and kyanos = blue) are 
responsible for pink, red, and purple pigments in the petals of some cultivars, like 
“Pink Panda” and “Lipstick.” These pigments also provide the characteristic color-
ation of petioles, leaflets, stolons, and fruits.

Strawberry, like other plants, presents an anthocyanin-based color diversity 
that can range from blue to red with mauve, pink, or orange derivatives [3]. The 
pigments represent a wide class including at least 6000 molecules found across 
the plant kingdom that may be divided into several families, namely the flavo-
nols, proanthocyanidins, and anthocyanins. The majority of these molecules have 
a C6–C3–C6 structure. Their classifications are based on the oxidation of central 
heterocyclic ring, the hydroxyl and methyl substitutions of the two other ring struc-
tures, glycosylation by glucose, galactose, arabinose, or rhamnose (more rarely by 
disaccharides), and flavonoid polymerization [4, 5]. Almost all flavonoids have 
associations with various sugars. Glycosylation, and thereafter acylation of sugars 
(association with one or more acids, in particular p-coumaric and cafeic acids), 
as well as methylation, modifies the biological and physicochemical properties of 
flavonoids. These modifications can affect the color of anthocyanins, their absorp-
tion spectrum, and increase their stability and solubility, which allows for vacuolar 
accumulation [6–8].

The strawberry pigments share basic structural similarities with other plants, 
namely the central unit of flavylium cation or 2-phenyl-1-benzopyrilium. They 
differ from each other by the number of acylations, hydroxylations, methylations, 
by the nature and the number of sugars for the molecule, as well as by the nature 
and number of aliphatic or aromatic acids related to sugar. The basic structures 
without sugar attached to the aromatic ring (aglycone) are called anthocyanidins. 
The most common forms of anthocyanidins found in plants are cyanidin, delph-
inidin, malvidin, pelargonidin, peonidin, and petunidin [9]. These molecules are 
generally present in plant tissues in a heterosid form. Each anthocyanidin type 
may be glycosylated and acylated at different sites and with different groups and 
acyl sugars. Once glycosylated, anthocyanidins become anthocyanins. The most 
common sugars associated with anthocyanidins are glucose, galactose, rhamnose, 
and arabinose [10]. These sugars can then be esterified with aliphatic or aromatic 
acids. The glycosylation and methylation processes are involved in the stabilization 
of anthocyanins protecting them from oxidation. The acylation process promotes 
intermolecular interactions with other molecules like flavonoids or carotenoids and 
these interactions are called co-pigmentation. This phenomenon can increase the 
stability of anthocyanins and their solubility in water [11].

Like in all plants, the accumulation and retention of these compounds in straw-
berry is regulated by modification. Sugar bonding capacity plays a critical role in 
the transport and storage of anthocyanins in the vacuole. All of these modifications  
(glycosylation, acylation, and methylation) not only increase the number of antho-
cyanins (approximately 400 identified to date) but also diversify their biological 
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activities [11]. In an acidic aqueous medium, anthocyanidin color is determined by 
the degree of hydroxylation of the B core, producing a bathochromic shift. On the 
contrary, methylation and glycosylation reactions produce a hypsochromic shift [12].

Types of Anthocyanins

In strawberry fruit, the main anthocyanins are derived from pelargonidin and 
cyanidin aglycones [13]. The major pigment in cultivated strawberries has been 
identified as pelargonidin-3-glucoside which confers a bright red color to the 
receptacle. The presence of cyanidin-3-glucoside, in smaller proportions, has 
also been quantified in a large number of varieties [2, 14]. This minor pigment 
is responsible for the dark red colors. Pelargonidin-3-rutinoside can also be com-
monly found in a much smaller proportion in cultivars like “Camarosa” or “Parker,” 
but this molecule is absent from native species like the diploid F. vesca or octoploid 
F. chiloensis [2, 15]. Other anthocyanins have been identified in other cultivars. For 
example, cyanidin-3-rutinoside can be found in “Camarosa,” “Carisma,” “Eris,” 
and “Oso Grande” but not in “Tudnew” [2]. As another example, Tamura, Takada, 
and Yoshida (1995) have identified pelargonidin-3-(6-malonylglucoside) in several 
Japanese cultivars. In these cultivars, it is one of the major pigments comprising 
5–30 % of total anthocyanin content [16, 17]. Co-pigmentation is common in straw-
berry fruits; Lopes da Silva et al. (2007) found four condensed products containing 
C–C linked anthocyanin and flavanol residues [2].

The developmental stage plays a key role in flavonoid metabolism in strawberry 
fruits and seems to be predominant over genotypes and environmental factors [18]. 
Anthocyanins are not present in all green stages. Their synthesis starts at approxi-
mately 25 days after anthesis (turning stage) and reaches a peak at full ripening [14, 
18]. Anthocyanins mostly accumulate in epidermis and core fruit tissues from white 
to red stages [19].

Flavonoid and Anthocyanin Biosynthesis in Strawberry

Flavonoid biosynthesis in plants has been the subject of many studies over the past 
three decades [20, 21]. The basic substrate for flavonoid synthesis is phenylala-
nine. Phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase (C4H), and 
4-coumaroyl CoA ligase (4CL) catalyzed the first steps of flavonoid synthesis and 
are leading to the production of 4-coumaroyl CoA. A chalcone is synthetized by the 
action of a chalcone synthase (CHS) on the 4-coumaroyl CoA. The gene coding 
for this enzyme is the first gene identified and described in this metabolic path-
way [22]. This chalcone is then transformed into naringenin under the action of a 
chalcone isomerase. Hydroxylation of the C core of this molecule occurs then in 
position 3 by a flavanone 3-b hydroxylase (F3H) to synthesize dihydrokampferol. 
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This molecule can be hydroxylated on B core either in position 3' or into 3' and 5' 
by a flavonoid 3' or 3'-5' hydroxylase (F3'H or F3'5'H). This operation generates, 
respectively, dihydroquercetin or dihydromyricetin. From those dihydroflavonols, 
dihydroflavonol 4-reductase (DFR) catalyzes the formation of anthocyanin precur-
sors: leucocyanidin, leucodelphinidin, and leucopelargonidin. Leucoanthocyanidins 
oxidation catalyzed by the leucoanthocyanidin dioxygenase/anthocyanidin synthase 
(LDOX/ANS) leads to the formation of anthocyanidins: cyanidin, delphinidin, and 
perlargonidin. It is important to note that the flavonoid biosynthesis pathway is a 
complex and ramified network and there are numerous other enzymes involved and 
linked to those above that can lead to other types of flavonoids such as flavonols 
or flavanols. For example, flavonol synthase (FLS) can synthetize flavonol from 
dihydroflavonol precursors and so this enzyme is in competition with DFR enzyme.

Strawberry Genes for Anthocyanin Biosynthesis

In strawberry, different enzymes involved in the flavonoid biosynthetic pathway 
have been cloned and characterized at the genetic, biochemical, and molecular 
levels [18, 19, 23, 24]. The CHS gene family includes four isoforms, and while all 
FaCHS genes share a similar developmental expression pattern in fruits, a signifi-
cant spatial regulation of the FaCHS family was observed. FaCHS2 and FaCHS5 
are more expressed in petals, while FaCHS1 and FaCHS3 transcripts are more 
abundant in red fruits. FaDFR is encoded by a small multigene family but one of 
the isoforms, cloned from late ripening fruit complementary DNA (cDNA), seems 
to be associated to anthocyanin biosynthesis [19, 25]. Recently, Griesser et  al. 
(2008) have shown that FaGT1, a putative glycosyltransferase, is fruit-associated, 
and FaGT1 transcripts increase dramatically during turning and red stages [24]. 
Anthocyanidin-3-O-glucosyltransferase (GT) can catalyze the formation of the first 
stable intermediate in the anthocyanin pathway.

As noted previously, critical stages for anthocyanin biosynthesis start at the 
“turning” stage, a time when the fruit approaches full expansion and tracks toward 
maturation. At this time, there is an upregulation of the anthocyanin-related genes 
and a downregulation of the other flavonoid pathways genes [19]. These gene 
expression shifts determine the massive synthesis of pelargonidin and cyanidin 
derivatives against flavonols and flavan-3-ols.

Regulation of Anthocyanin Synthesis in Strawberry

The strawberry fruit is an emerging model for functional study of the genes contrib-
uting to pigmentation. Flavonoid biosynthesis has been measured using RNA inter-
ference (RNAi) silencing approaches in attached fruits. Strawberry lends itself well 
to this approach. Briefly, developing fruits may be injected with Agrobacterium 
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containing hairpin constructs for a given gene [26]. After typically 14 days, the fruit 
expands and gene expression, physiology, and development may be assessed. This 
simple assay and the conspicuous effects metabolites of altering fruit color have 
enabled functional evaluation of strawberry’s pigment-producing genes.

Anthocyanin regulation in strawberry parallels that in other organisms with 
some interesting deviations. Analysis of gene expression profiles related to the 
biosynthesis of flavonoids indicates a temporal and developmental regulation. Gene 
expression is regulated transcriptionally by a set of MYB/bHLH complexes paral-
leling what is seen in maize, petunia, and snapdragon [27]. Studies in Arabidopsis, 
petunia, and Antirrhinum majus have shown that each complex activates a specific 
pool of genes [28–30]. A similar situation has been observed in strawberry. In 2001, 
Aharoni et al. characterized FaMYB1, a ripening regulated gene and first member 
of the strawberry MYB family implicated in flavonoid synthesis [31]. Using trans-
genic expression in tobacco, the authors showed the potential role of this gene as 
a repressor of the anthocyanin and flavonol synthesis in the cultivated strawberry. 
Recently, Salvatierra et al. (2013) showed that FaMYB1 ortholog in F. chiloensis 
FcMYB1 acts also as a repressor of anthocyanin accumulation and is more active 
in the white-fruited strawberries than in the red ones [32]. Another MYB mem-
ber, FaMYB10 is strongly associated with anthocyanin production in fruit [33]. 
Furthermore, the transcription activating capacity of FaMYB10 can be enhanced 
by the presence of a heterologous bHLH supporting the MYB–bHLH regulation 
hypothesis in strawberry. Finally, Schaart et al. (2013) report the regulation of pro-
anthocyanidin biosynthesis by a MYB–bHLH–WD40 complex in strawberry fruits 
in the same way than the AtTT2–AtTT8–AtTTG1 complex in Arabidopsis [34].

Regulation in strawberry is proposed to follow a two-unit regulation model, a 
group upstream in the pathway (CHS, CHI, F3H) referred to as “early biosynthetic 
genes” (EBGs) and a set downstream called “late biosynthetic genes” (LBGs). The 
flavone-3-hydrolase ( F3H) gene was functionally analyzed using the agro-infiltra-
tion method (35). F3H is highly expressed in fruits, and the protein hydroxylates 
the C-ring of flavanone, converting it into dihydroflavanol as an early step in an-
thocyanin synthesis. Successful suppression of this transcript significantly reduced 
pigmentation in injected fruits.

The function of CHS has been demonstrated using RNAi silencing in stable 
transgenic lines. Lunkenbein et al. (2006) used the antisense to suppress CHS levels, 
and saw an effect on fruits that had less than 25 % of the native transcript level [36]. 
Strong effects on pigmentation were only observed in strongly suppressing lines, 
giving rise to pink fruits. Strongly suppressing lines showed predicted decreases 
in flavonoids, anthocyanins, and proanthocyanidins, as well as the accumulation 
of p-coumaryl alcohol and p-coumaryl acetate, two unexpected metabolites lignin 
biosynthesis. These later compounds are thought to arise from redirection of sub-
strates to the phenylpropanoid pathway. Similar effects have also been observed 
after agro-infiltration [37].

Similarly, DFR has been suppressed using the agro-infiltration approach. The 
treated fruits exhibited lower levels of DFR transcript and were markedly pale 
compared to controls [38]. Anthocyanin levels were suppressed, with pelargonidin,  
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cyanidin, and kaempferol glycosides decreased significantly, while quercetin 
glycosides increased. Agro-infiltration methods also examined the function of 
anthocyanidin synthase, the step that oxidizes leucoanthocyanidins to anthocyani-
dins, providing color to the fruit. The cloning and in vitro characterization of the 
gene [19] was followed by functional tests in developing fruits, showing that the 
enzyme positively regulates pelargonidins and cyanidins [37].

Another functional study examined the association between the lack of an 
allergen and the lack of coloration in strawberry fruits. White fruits are tolerated 
well by those with sensitivity to red strawberry fruits. A proteomic study revealed 
that the fruits lacking pigmentation also were lacking Fra a, a protein related to the 
major birch allergen Bet v1 superfamily [39]. The same study noted that the fruits 
showed low levels of CHS, DFR, and F3H, leading to the compelling hypothesis 
that the allergen was related to pigment synthesis. To test the direct association, 
Munoz et al. (2011) used the agro-infiltration protocol to suppress the allergen in 
developing fruits [15]. The results show that Fra a suppression leads to decreases 
in pigmentation, and leads to the speculation that the protein may be required in the 
transportation of substrates between flavonoid pathway enzymes.

In other plants, such as in petunia and Arabidopsis, the separation between the 
two early and late steps occurs after F3H while in Antirrhinum majus, F3H is part 
of LBGs [40, 41]. In 2004, Hernandez et al. proposed a model for the discrimina-
tion of the different promoters of the early and late pathway genes [42]. In fact, 
MYB factors may act on the DNA physically or independently depending of bHLH 
cofactors. These cofactors act as activators by increasing the affinity of MYB for 
the DNA sequence and/or cancelling a specific inhibitor site located on the MYB 
sequence. In Arabidopsis and petunia, WD-repeat proteins (WDR) play a stabiliz-
ing role for the bHLH–MYB complex [43–45].

The temporal accumulation of these compounds is carefully regulated by these 
transcription factors. Throughout berry development, several families of com-
pounds accumulate simultaneously. As the dihydroflavonols and leucoanthocyani-
dins are the same precursors of flavonols, anthocyanins, and flavanols, a competi-
tion between specific enzymes of the three pathways can be predicted. To avoid this 
competition, multienzyme complexes (also called metabolons) drive the synthesis 
flux toward one or more of the three final products. These complexes are associated 
with the endoplasmic reticulum (ER) cytosolic membranes or the vacuole by the 
P450 cytochrome enzyme family (F3'H, F3'5'H, C4H). Two hypotheses about the 
nature of these metabolons are proposed. In the model proposed by Ralston and Yu 
(2006), the enzymes are in contact with more than one partner, allowing coexistence 
of several biosynthetic pathways simultaneously in a same complex (flavonols, an-
thocyanins, etc.) [46]. Such complexes not only are useful to sequester toxic or 
unstable intermediates but also they can drive the synthesis to one or more of the 
many products of this pathway (anthocyanins, proanthocyanidins, flavonols, etc.). 
In contrast, in the model of Jørgensen et al. (2005) and Lepiniec et al. (2006), the 
multienzyme complex is linear, each enzyme having for partners the previous and 
next enzymes, promoting only one biosynthetic pathway [21, 47].
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Other Flavonoid Pigments in Strawberry

It is important to note that despite the importance of anthocyanins in red fruits, 
phenylpropanoid metabolite synthesis is not completely directed into anthocyanin 
synthesis. Among these molecules, flavonols and flavanols influence strawberry 
pigmentation. Flavonols are yellow, white, and ivory pigments found in most plants. 
They are involved in ultraviolet (UV) protection and berry color by co-pigmentation 
with anthocyanins. They contribute to fruit coloration by stabilizing the unstable 
anthocyanin chromophore [11]. In most cases, the most common flavonols found 
in strawberry fruit are kaempferol-3-O-glucoside and quercetin-3-O-glucoside with 
a higher amount of kaempferol glucoside especially in Fragaria × ananassa cv 
“Camarosa” and “Parker” [15]. Glucuronide conjugates can also be found bound 
with kaempferol and quercetin aglycones. For example, in cultivar Queen Elisa, 
quercetin-3-O-glucuronide is the major flavonol found in the red fruit [19]. It seems 
that glucoside conjugates mostly accumulate in achenes during red stages, while 
glucuronide conjugates are most present in the receptacle during all developmental 
stages [48, 49]. More studies are needed to confirm these findings.

Flavanols, also called proanthocyanidins, are slightly brown or colorless polym-
erized compounds. They are known to be an essential factor affecting astringen-
cy and bitterness tastes of many fruits like apple or grape. The proanthocyanidin 
basic structures are the flavan-3-ols monomeric stereoisomers, ( + )-catechin, and 
( − )-epicatechin [50]. It is important to note that they share the same substrates 
with anthocyanins, and they exhibit curious developmental and spatial accumula-
tion. Indeed, during green and white stages PA accumulates in the receptacle and 
the achenes but a radical shift occurs during turning. As anthocyanin biosynthesis 
starts in the receptacle, PA accumulation tends to be restricted to vascular tissues 
and achenes throughout ripening [19]. Co-pigmentation of anthocyanin with flava-
nol can also occur in strawberry fruit. Fossen et al. (2004) report the identification 
of four dimeric flavonoids, which are pelargonidin 3-O-β-glucopyranoside units 
connected to four different flavan-3-ols with a covalent binding [51].

Anthocyanins in Postharvest Conditions

One of the areas of interest in strawberry is retention of pigmentation post harvest, 
both in fresh fruits and in processed materials. The main goal is to retain attractive 
coloration in the fruits to inspire purchase, as well as provide health benefits of 
related compounds.

The use of 1-methylcyclopropene is used on fruits to block ethylene effects, but 
the use of this compound on strawberry decreases anthocyanin levels due to effects 
on PAL [35]. Strawberry anthocyanin levels are also sensitive to carbon dioxide. 
Controlled environment experiments showed that while carbon dioxide slowed 
pathogen growth on fruits, it decreased anthocyanin accumulation in internal tissues 
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while the external colors did not change [52]. It was later shown that the higher 
carbon dioxide levels affected PAL and GT activity, primarily in the internal tissues 
[53]. On the other hand, UV-C irradiation and heat have been shown to increase 
anthocyanin accumulation and have antimicrobial activities [54]. Other methods 
have been used to manipulate pigment accumulation, including the use of growth 
regulators and calcium.

In processed materials like jams and spreads, anthocyanin retention been 
improved by addition of pectins [55], sucrose [56], and lower storage tempera-
tures [57]. Light has also been shown to decrease pigment stability, suggesting that 
processed materials need to be stored in darkness [55]. Anthocyanins have been 
stabilized in strawberry products using polyphenol oxidase inhibitors, and different 
compounds reflected in variable retention of monomeric and polymeric pigments 
[58]. Colorants are often added to such preparations to compensate for anthocyanin 
loss. These may include extracts from black carrots or elderberries [59].

Environmental Factors

Environmental factors can also affect the flavonoid pathway. In other species, 
anthocyanins respond to abiotic factors such as light and temperature. For example, 
high temperatures cause a decrease in the synthesis of anthocyanins in the reproduc-
tive organs of red apples [60], chrysanthemums [61], and asters [62] but in grape-
vine berry high temperatures induce production of p-coumaroyl derivatives [63]. 
Only malvidin-3-glucoside seems not affected by high temperatures but it neverthe-
less causes an increase of p-coumaroyl and acylated forms of anthocyanidin [64]. 
Light can also impact flavonoid composition. Shadowed grapevine berries show a 
decreased in anthocyanin and flavonol content, an effect also witnessed in straw-
berry [65]. In other plants, the anthocyanin composition changes and presents a 
higher level of trihydroxylated anthocyanins [63, 66].

Specific to strawberry, environmental factors have an influence on pigment 
accumulation. Dark and light mulch color has a significant effect, with more 
anthocyanins produced on brown mulch [65]. The same study examined planting 
date, forcing, and fruit order as presented on the plant, all of which had signifi-
cant effects. The work by Carbone et al. (2009) examined gene expression, pro-
tein activity, and metabolites and found that location has a significant effect on 
proanthocyanidin levels [18]. The report notes that while environmental effects are 
observed, they have a higher amplitude in specific tissues and developmental states, 
and that genetic factors tend to override environmental variables. The authors do 
conclude that manipulation of the environment could be a means to increase the 
pigment content of strawberries with a focus on healthful compounds.
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Conclusion

Strawberries are coveted for their sensory attributes, and while flavors and aromas 
are important, they are not the first sensory experience a consumer has with the 
fruit. The rich, red coloration is the first attraction, and an important quality in 
the purchase decision. This economic reality, tied to the potential health benefits 
of red fruits, has led scientists to understand the mechanisms controlling color in 
strawberry. Over the past decade, significant progress has been made in translating 
what is known from model organism pigment production to strawberry. This pro-
cess has been facilitated by the sequenced reference genome and a groundswell of 
new genomics tools and data. The ability to make transgenic plants is a great asset 
to functional characterization, and the ability to obtain clear results from simple 
infiltration of fruits with agrobacterium-based silencing constructs has accelerated 
study in this area. There is a consensus in the strawberry community that the mecha-
nisms governing pigment accumulation still leave many opportunities untouched, 
and all of these tools will be leveraged to hasten gene discovery.
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Introduction

Carrot ( Daucus carota L., 2n = 18) is a biennial plant of the Umbelliferae (or Apia-
ceae) family, which also includes parsley ( Petroselinum hortense), celery ( Apium 
graveolens), anise ( Pimpinella anisum), and dill ( Anethum graveolens) among oth-
er thousands of species and hundreds of genera. The main particularity of carrot is 
the massive accumulation of carotenoids that takes place in the root, which causes 
its characteristic color in most cultivars. Carrots are actually the origin of the name 
for carotenoids. In other plants, these plastidial isoprenoid pigments provide yellow 
to red colors to flowers, fruits, and seeds [1–4]. For example, carotenoids provide 
the yellow color of corn and bananas, the orange color of pumpkin and oranges, and 
the red color of tomato and watermelon. However, it is very uncommon that these 
pigments are produced at levels high enough to color the root, as it is the case of 
some carrot varieties.

Young carrot roots are pale but they acquire a characteristic color by accumulat-
ing carotenoids after the first month of growth, reaching a maximum shortly be-
fore secondary growth is completed in about 3 months [5–7]. Yellow, orange, or 
red carrots (i.e., mature D. carota roots) result from differences in the levels and 
types of carotenoids they produce [8–13]. Mature roots of orange varieties (the most 
popular carrots, at least in Western countries) accumulate mainly β-carotene and 
lower level of α-carotene (Fig. 11.1). In red carrots, lycopene is accumulated even 
at higher levels than those in tomato ( Solanum lycopersicum) fruits. Yellow carrots 
get their color from preferentially accumulating lutein, although the level of total 
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root carotenoids is much lower than that in orange or red varieties (Fig. 11.1). The 
presence of only trace levels of lutein and other carotenoids in white carrots results 
in the characteristic lack of pigmentation of these cultivars [8, 9, 11–14]. By con-
trast, the color of purple carrots is not caused by carotenoids but by a hydrophilic 
class of pigments, anthocyanins [11, 12, 15, 16].

The range of carrot root colors resulted from breeding activities during cultiva-
tion of this plant. Wild carrots are likely to be native from central Asia (Iran and 
Afghanistan), where domestication probably took place around the tenth century 
[17]. Initially, carrot plants were likely cultivated because of their aromatic leaves 
and seeds, since their uncolored roots were bitter and had a woody core. The first 
Eastern carrots were purple or yellow, and they were brought to Spain in the twelfth 
century via North Africa. In Europe, selective breeding over the centuries led to the 
development of new cultivars of white and orange carrots in the seventeenth cen-
tury. Red carrots appeared in India and China around the eighteenth century [17]. 
Despite intensive breeding exchanges since the nineteenth century, the background 
structure coming from demographic and early cultivation history is still conserved 
in currently cultivated carrot germplasm [18].

At present, orange carrots are consumed worldwide and are popular in a vari-
ety of foods because of their pleasant flavor mainly from volatile isoprenoids and 
sugars [12, 19]. Although pigments (carotenoids and anthocyanins) do not appear 
to impact carrot flavor [8], they contribute to make the product more colorful and 
appealing to consumers. Most importantly, both carotenoids and anthocyanins 
are powerful antioxidants and phytonutrients that contribute to human health [3, 
20]. In particular, orange varieties rich in β-carotene, including Nantaise, Bolero, 
Chantenay, and genetically selected strains like the high-carotene mass carrot [21] 
shown in Fig. 11.1, represent a major source for provitamin A in the human diet. 

Fig. 11.1   Carotenoid profile 
in carrots of different colors. 
(Based on data, Ref. [8])
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Additionally, carrots contain other vitamins (C, D, E, K, B1, and B6), minerals, and 
nutrients (see   http://ndb.nal.usda.gov/ndb/foods/list  ).

Developmental and Environmental Cues Influence 
Carotenoid Accumulation in Carrot Roots

Carotenoid content in carrots varies according to genotypes, growing conditions, 
season, maturity, and storage [11, 13, 22, 23]. Two of the best characterized fac-
tors influencing carotenoid accumulation in carrots of the same cultivar growing 
under controlled conditions are the root developmental program and the presence 
of light. The effects of these two factors on final root carotenoid profiles are highly 
intertwined (Fig. 11.2).

When grown underground (in the absence of light), the roots of colored carrot 
cultivars like the orange carrot Nantaise are thin and colorless at early stages of 
development (4 weeks) but thicken and become colored by carotenoid accumula-
tion at 8 weeks (Fig. 11.2a). From 8 to 12 weeks, secondary growth of these dark-
grown roots (referred to as R/D) takes place, causing a substantial enlargement and 
a dramatic accumulation of carotenoids in chromoplasts (Fig. 11.2a). Chromoplasts 
are plastids specialized in the production and accumulation of carotenoids at mas-
sive levels [24]. The carotenoid profile of chromoplasts varies widely in different 
species and organs [25]. For example, the chromoplasts of red ripe tomato fruit and 
red carrots accumulate high levels of lycopene, whereas those in orange and yellow 
carrots mainly accumulate β-carotene or lutein, respectively (Fig. 11.1). Chromo-
plasts sequester large amounts of carotenoids in plastoglobules or/and carotenoid 
storage structures of globular, tubular, fibrillar, membranous, or crystalline shapes 
composed of lipids and proteins [1, 24, 26–28]. In orange carrots, root chromoplasts 
accumulate carotenoids as large crystals [6, 14, 29]. Plastoglobuli were also found 
in these chromoplasts, but they were small in size and number and only carried 
minute amounts of carotene cis isomers unlike the trans isomers stored as crystals 
[29, 30]. In R/D carrot segments, carotenoid-containing chromoplasts are likely 
derived from starch-containing amyloplasts and are particularly abundant in the 
secondary phloem of the root [10, 29, 31]. Chromoplasts are much smaller in size 
and number in white carrots, which instead contain abundant amyloplasts with large 
starch grains [29].

When the upper section of carrot roots is left aboveground, i.e., is exposed to 
light, chloroplasts differentiate instead of chromoplasts [6, 7] (Fig. 11.2b). Unlike 
chromoplasts, chloroplasts show a very similar carotenoid profile in different spe-
cies and plant tissues, with high levels of carotenoids (mainly lutein and β-carotene) 
associated with photosynthetic systems, where they contribute to light harvesting 
and photoprotection [32–34]. Therefore, it is not surprising that the light-exposed 
carrot root sections (referred to as R/L) show a carotenoid profile similar to that of 
other chloroplast-containing organs such as leaves (Fig. 11.2c). For example, lutein 
accumulates similarly in R/L root segments and leaf samples, whereas it is absent 
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from R/D segments (Fig. 11.2c). Most strikingly, total carotenoid levels decrease 
during root development in R/L sections but dramatically increase in R/D segments 
(Fig. 11.2c). Another important difference between R/L and R/D sections is that R/L 
segments remain thin and stem-like (Fig. 11.2a), illustrating a negative effect of light 
on the normal development of carrot storage roots. However, R/L sections showed 
a cellular organization similar to that in R/D root sections, with a central secondary 
xylem, a vascular cambium, and an extensive secondary phloem [6]. This observa-
tion confirms that light does not change the organ identity of the carrot root but it 
influences plastid development, promoting the differentiation of chloroplasts and 
preventing the differentiation of chromoplasts (Fig. 11.2b). Consistent with the con-
clusion that light treatment does not transform the carrot root into a stem, R/L sec-
tions expand and become orange (R/D-like) when transferred back to the dark [7].

Fig. 11.2   Root development and carotenoid accumulation in Nantaise carrots. a Carrot plants 
grown for 4, 8, and 12 weeks. L leaf, R/L root section continuously exposed to light during devel-
opment, R/D root section grown in darkness. b Light microscopy images of the secondary phloem 
zone of 12-week-old R/L and R/D sections. Chloroplasts in the R/L panel are green, and chromo-
plasts in the R/D panel are orange. c Carotenoid content and composition of samples like those 
shown in a. (Adapted from Fuentes et al. [6]. With permission from Springer Verlag)
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Genes Encoding Most of the Enzymes Involved  
in Carotenoid Biosynthesis Have Been Identified in Carrots

The characteristic color of carotenoids in the yellow to red range is due to a polyene 
chain with a number of conjugated double bonds that functions as a chromophore. 
The core pathway for the formation of this polyene chain and the biosynthesis of 
major carotenoids is well established [35]. Plant carotenoids are synthesized in 
plastids and derive from isoprenoid precursors synthesized by the 2-C-methyl-D-
erythritol 4-phosphate (MEP) pathway [3, 36]. MEP-derived units of five carbons 
(5-C) are used to produce the 20-C molecule geranylgeranyl diphosphate (GGPP), 
the precursor not only for 40-C carotenoids (Fig. 11.3) but also for other plastidial 
isoprenoids involved in photosynthesis (side chain of chlorophylls, tocopherols, 
plastoquinones, and phylloquinones) and regulation of plant growth and develop-
ment (gibberellins).

The first committed step in carotenoid biosynthesis is the condensation of two 
GGPP molecules to synthesize 15-cis-phytoene catalyzed by the enzyme phytoene 
synthase (PSY). The rest of the pathway has been best characterized at the genetic 
level in Arabidopsis thaliana [35]. The colorless 15-cis-phytoene molecule is first 
desaturated and isomerized to form all-trans lycopene, a reddish carotenoid. As 
shown in Fig. 11.3, the enzymes involved in these reactions are, sequentially, phy-
toene desaturase (PDS), 15-cis-ζ–carotene isomerase (ZISO), ζ–carotene desaturase 
(ZDS), and carotenoid (prolycopene) isomerase (CISO). Next, the pathway branch-
es with the cyclization of the two ends of the lycopene molecule for the production 
of either β-carotene (containing two β rings) or α-carotene (with one β ring and 
one ε ring). The cyclization reactions are catalyzed by lycopene cyclases of the β 
(LCYB) or/and ε (LCYE) type (Fig. 11.3). Hydroxylation of orange carotenes leads 
to the synthesis of oxygenated carotenoids of a yellowish color collectively known 
as xanthophylls. Hydroxylation of β-carotene carried out preferentially by carot-
enoid β-hydroxylase (CHYB) enzymes of the nonheme diiron type (BCH) leads to 
the production of zeaxanthin, violaxanthin, and neoxanthin, whereas hydroxylation 
of α-carotene carried out by β- and ε-hydroxylase (CHYB and CHYE) enzymes, 
mainly of the cytochrome P450 (CYP97) type, results in the production of lutein 
[35]. Violaxanthin is produced from zeaxanthin by the activity of zeaxanthin epoxi-
dase (ZEP) and then transformed into neoxanthin by a neoxanthin synthase (NSY) 
enzyme (Fig. 11.3). Violaxanthin deepoxidase (VDE) can transform violaxanthin 
back into zeaxanthin in the so-called xanthophyll cycle, which is very important for 
the photoprotection of photosynthetic tissues against excess light [37]. Along with 
the pathway, carotenoids can be cleaved by carotenoid cleavage dioxygenase (CCD) 
and 9-cis-epoxycarotenoid dioxygenase (NCED) enzymes into apocarotenoids [1, 
38–40], including the hormones abscisic acid (ABA) and strigolactones (Fig. 11.3).

Carrot sequences showing homology to most of the identified genes involved in 
carotenoid biosynthesis have been isolated [41] and are summarized in Table 11.1. 
Similar to that reported in most plants [35], single-copy genes are likely to encode 
the pathway enzymes PDS, CISO, LCYE, ZEP, and VDE. The same is probably 
true for ZISO and NSY, although sequences encoding these enzymes have not been 
reported yet in carrot (Table  11.1). By contrast, several genes encode BCH iso-
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Fig. 11.3   Pathway for carotenoid biosynthesis in plants. Dashed arrows represent multiple steps. 
Enzymes are boxed. PSY phytoene synthase, PDS phytoene desaturase, ZISO 15-cis-ζ–caro-
tene isomerase, ZDS ζ–carotene desaturase, CISO carotenoid (prolycopene) isomerase, LCYB  
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forms in carrot (Table 11.1). Although only one CYP97-encoding gene has been 
reported in carrot, it might be expected that more isoforms are present in the ge-
nome of this plant. Unlike that observed in Arabidopsis, at least two isoforms for 
PSY, ZDS, and LCYB are found in carrot [35, 41]. Carrot appears to be one of 
the few plants containing more than one ZDS isoform, whereas the presence of 
more than one PSY or LCYB enzymes is common in the plant kingdom [2, 3, 35, 
42]. The existence of several enzyme isoforms often implies that particular iso-
zymes are involved in the production of carotenoids in specific plastid types. For 
example, the tomato PSY1 isoform is required for the production of carotenoids in 
the chromoplasts of ripening fruit, whereas PSY2 is involved in the biosynthesis of 
carotenoids in chloroplasts of photosynthetic tissues [43]. In carrot, the analysis of 
gene expression suggests a preferential involvement of the PSY2 isoform in root 

lycopene β-cyclase, LCYE lycopene ε-cyclase, CHYB carotenoid β-hydroxylase, CHYE carotenoid 
ε-hydroxylase, ZEP zeaxanthin epoxidase, VDE violaxanthin deepoxidase, NSY neoxanthin syn-
thase, CCD carotenoid cleavage dioxygenase, NCED 9-cis-epoxycarotenoid dioxygenase

Table 11.1   Genes and proteins involved in carotenoid biosynthesis in Arabidopsis and carrot. 
(See text and Fig. 11.3 for enzyme acronyms.)

Arabidopsis Daucus carota var. sativus
Enzyme Gene cDNA Protein Length Name
PSY At5g17230 DQ192186 ABB52067 398 PSY1

DQ192187 ABB52068 438 PSY2
PDS At4g14210 DQ222429 ABB52082 573 PDS
ZISO At1g10830 NI NI
ZDS At3g04870 DQ222430 ABB52083 573 ZDS1

DQ192189 ABB52070 575 ZDS2
CISO At1g06820 DQ192188 ABB52069 615 CISO

At1g57770
LCYB At3g10230 DQ192190 ABB52071 508 LCYB1

DQ192191 ABB52072 492 LCYB2
LCYE At5g57030 DQ192192 ABB52073 530 LCYE
BCH At4g25700 DQ192193 ABB52074 309 CHYB1

At5g52570 DQ192194 ABB52075 303 CHYB2
DQ192195 P.S. CHYB3

CYP97 At1g31800 DQ192196 ABB52076 548 CHYE
At4g15110
At3g53130

ZEP At5g67030 DQ192197 ABB52077 668 ZEP
VDE At1g08550 DQ192198 PS VDE
NSY At1g67080 NI NI NSY

NI not identified, PS partial sequence
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carotenoid biosynthesis and a primary role for PSY1 in producing carotenoids in 
mature leaves [5–7]. The ZDS2 and LCYB1 isoforms in carrot are expressed at 
higher levels in chromoplast-containing R/D sections of the root compared to il-
luminated, chloroplast-containing R/L segments, whereas the ZDS1 and LCYB2 
isoforms show the opposite expression pattern [6]. It is therefore conceivable that 
isoforms PSY1, ZDS1, and LCYB2 are mainly responsible for the production of 
carotenoids for photosynthesis and photoprotection (chloroplasts) whereas PSY2, 
ZDS2, and LCYB1 would be most involved in the biosynthesis of carotenoid in 
dark-grown carrot roots (chromoplasts). Recent work confirmed the involvement of 
LCYB1 in carotenoid biosynthesis in storage roots but also in leaves [44]. Further 
work will be required to define the specific role of all enzyme isoforms in carrot.

Carotenoid Production and Accumulation in Carrot  
Can Be Regulated at Multiple Levels

Carrots are one of the richest provitamin A sources in the human diet, but our 
knowledge of how carotenoid biosynthesis and accumulation are regulated in carrot 
roots is still scarce. Phylogenetic analyses have shown greater constraints on genes 
encoding upstream enzymes compared to those encoding downstream enzymes, 
suggesting a preferential selection during carrot domestication for mutations affect-
ing upstream genes of the pathway that might have a greater impact on flux dur-
ing carotenoid biosynthesis [45]. Although major quantitative trait loci (QTLs) for 
carrot color (i.e., carotenoid content) have been positionally associated with genes 
encoding enzymes involved in carotenoid biosynthesis (ZEP, CHYE/CYP97) and 
degradation (NCED), the genetic determinism of carotenoid composition in carrots 
is still far from clear [18, 41, 46]. Gene expression analyses have shown that carrot 
genes involved in carotenoid biosynthesis are upregulated when carotenoid lev-
els increase during root development [5, 6]. However, the same genes are also ex-
pressed and even upregulated in white varieties that do not accumulate carotenoids. 
These results, together with the fact that transcript accumulation patterns hardly 
correlate with carotenoid profiles in orange roots, suggest that other mechanisms 
besides the transcriptional control of carotenoid pathway genes regulate the produc-
tion of carotenoids in carrots [41].

The differentiation of chromoplasts in roots grown normally underground (i.e., 
in the absence of light) is a major determinant for the accumulation of carotenoids 
[6, 29, 30]. Plastid ultrastructure has actually been shown to be relevant for the ac-
tivity of key enzymes required for carotenoid biosynthesis [35]. For example, PSY 
activity in the etioplasts of dark-grown Arabidopsis seedlings is very low, but it 
increases upon association to thylakoid membranes in the chloroplasts that develop 
after illumination [47]. It is possible that the differentiation of chromoplasts from 
amyloplasts during carrot root development also involves an increase in PSY activ-
ity. Additionally, higher PSY levels and activity have been shown to promote the 
accumulation of carotenoids in crystals and the differentiation of chromoplasts not 
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only in the root of white carrot cultivars but also in other plant systems, therefore 
improving the capacity of plastids to store carotenoids [14, 48–50]. Phytoene syn-
thesis and desaturation appear to be limiting for the production of carotenoids in 
roots of white carrot, but not in chromoplast-containing orange carrots [14, 51]. 
The activity of multienzyme complexes involving carotenoid biosynthetic enzymes 
like those found for PDS in carrot [52] might also change during chromoplast dif-
ferentiation, contributing to a dramatic increase in carotenoid levels observed in 
mature roots.

Future Perspectives

Carrot plants can be easily transformed, and this property has been already exploited 
to modify the carotenoid profile of storage roots [14, 53]. Future approaches using 
particular carotenoid biosynthetic genes should help to establish the role of the en-
coded enzymes in the control of carotenoid production in this unique system. Ad-
ditionally, transgene-mediated modification of the levels of regulatory proteins such 
as Arabidopsis phytochrome-interacting factors shown to regulate the expression of 
biosynthetic genes [54] or the cauliflower ( Brassica oleracea) or gene involved in 
chromoplast development [55] should contribute not only to understanding of the 
mechanisms of carotenoid biosynthesis and accumulation in carrot roots but also to 
modifying their carotenoid content for an even higher nutritional and economic value.
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“Try some spinach, please.” “Finish your broccoli. It’s good for you.” Anecdotal 
evidence suggests that many children have heard, and sometimes obeyed, these 
dinnertime admonishments. Scientific evidence is catching up with long-time adult 
encouragement to eat more green vegetables, and adults as well as children world-
wide can reap benefits from the advice.

The natural components of fruits and vegetables, including carotenoid pigments 
found in gold/orange and green types of produce, may help protect people from 
chronic diseases including cancer and heart disease [1, 2, 3]. Although bright orange 
carrots often are considered the gold standard for promoting healthy eyes, research-
ers have studied leafy greens for their potential role in reducing the risk for poten-
tially blinding eye diseases such as macular degeneration [4, 5]. Along with gold/
orange vegetables and cruciferous vegetables such as broccoli and cabbage, leafy 
greens rank among the “powerhouse” vegetables and fruits that could play a major 
role in improving public health [6]. Despite these potential health benefits, many 
children and adults do not eat the recommended amount of fruits and vegetables, 
especially dark green vegetables, to meet their nutritional needs and to promote 
long-term health [7–9].

The goals of this chapter are: (1) to present current vegetable recommendations 
based on the US Dietary Guidelines for Americans; (2) to review literature related 
to sources and nutritional and disease-fighting substances in dark green vegetables, 
especially leafy greens; (3) to provide an overview of relevant studies of the health 
benefits associated with green vegetables, particularly eye health; and (4) to review 
strategies to encourage vegetable consumption among children and adults.
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US Dietary Guidelines Promote Fruit and Vegetable Intake

The US Dietary Guidelines for Americans recommend increased fruit and vegeta-
ble intake [8, 9]. In particular, a key recommendation is to “eat a variety of veg-
etables, especially dark green and red and orange vegetables and beans and peas” 
[9]. Dark green vegetables, which include broccoli, spinach, romaine, collard, tur-
nip, and mustard greens, comprise one of the five vegetable subgroups. Subgroups 
are classified based on color and/or similar nutritional composition. The other four 
subgroups are red and orange vegetables, such as tomatoes, red peppers, carrots, 
and sweet potatoes; beans and peas (legumes), including kidney beans, lentils, and 
chickpeas; starchy vegetables, such as white potatoes, corn, and green peas; and 
other vegetables, including iceberg lettuce, green beans, and onions [9].

Table 12.1 shows the current recommendations for overall and subgroup veg-
etable consumption based on various calorie levels established by the US Dietary 
Guidelines for Americans [9]. At least 2 cups of vegetables per day and at least 1.5 
cups of dark green vegetables per week are recommended based on the 2000-cal-
per-day dietary pattern. A 2000-cal-per-day diet is used as a reference on the Nu-
trition Facts labels on US food products [10]. As shown in Fig. 12.1, the MyPlate 
icon serves as a visual reminder for the US Dietary Guidelines for Americans, 
and further information and educational tools are available at the website, www.
choosemyplate.gov [11]. A key MyPlate message is that half of one’s plate should 
consist of fruits and vegetables.

Table 12.1   Vegetable intake recommendations based on calorie level. (Based on data from [9])
Calorie level of dietary pattern
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Total veg-
etables (in 
cups per day)

1 1½ 1½ 2 2½ 2½ 3 3 3½ 3½ 4

Dark green 
vegetables 
(cups/week)

½ 1 1 1½ 1½ 1½ 2 2 2½ 2½ 2½

Red and 
orange veg-
etables (cups/
week)

2½ 3 3 4 5½ 5½ 6 6 7 7 7½

Beans 
and peas 
(legumes) 
(cups/week)

½ ½ ½ 1 1½ 1½ 2 2 2½ 2½ 3

Starchy veg-
etables (cups/
week)

2 3½ 3½ 4 5 5 6 6 7 7 8

Other veg-
etables (cups/
week)

1½ 2½ 2½ 3½ 4 4 5 5 5½ 5½ 7
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Nutritional and Phytochemical Composition  
of Green Leafy Vegetables

Green leafy vegetables (GLVs) are considered nutrient-dense food sources with 
relatively low calories [9]. GLVs are good sources of vitamins K, A (as precur-
sor carotenoids such as β-carotene), C, and the B vitamin folate, and they provide 
minerals including potassium, magnesium, iron, and calcium [12]. As shown in 
Table 12.2, green vegetables such as broccoli, kale, romaine lettuce, and spinach 
contain a high percentage of water and are fairly low in calories. Oxalates found in 
abundance in some GLVs, however, may reduce the availability of minerals, such as 
calcium, for use by the body. For example, among 11 Indian GLV samples studied, 
spinach was particularly high in oxalates [13].

GLVs are considered the best food source of vitamin K [14]. This fat-soluble nu-
trient plays a role in blood clotting, cardiovascular health, and bone health. People 
on anticoagulant drugs such as warfarin (Coumadin) are advised to exercise caution 
in their consumption of vitamin K sources, especially GLVs, as a result of potential 
nutrient-drug interactions [14].

Vitamin K levels in vegetables such as leaf lettuce, spinach, and kale are in-
fluenced by the growing location, soil, climate, and other factors. For example, 
comparing green vegetables grown in Montreal, Canada, and Boston, MA, USA, 
researchers reported higher vitamin K levels among the Canadian-grown vegetables 
[15]. Using gas chromatography, researchers quantified vitamin K levels, showing 
spinach to be the best vitamin K source among samples of lettuce, cabbage, and 
spinach [16].

Fig. 12.1   MyPlate, the icon 
for the US Dietary Guidelines 
for Americans. (Reprinted 
from [11])
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Units Broc-
coli, raw, 
chopped, per 
cup (91 g)

Kale, raw, 
per cup 
(67 g)

Romaine 
lettuce, 
raw, shred-
ded, per 
cup (47 g)

Spinach, 
raw, per 
cup (30 g)

Daily 
refer-
ence 
valuesa

Water g 81.26 56.31 44.47 27.42 Nab

Energy kcal 31 33 8 7 2000
Protein g 2.57 2.87 0.58 0.86 50
Total lipid (fat) g 0.34 0.62 0.14 0.12 65
Carbohydrate 
(by difference)

g 6.04 5.86 1.55 1.09 300

Fiber (dietary) g 2.4 Na 1.0 0.7 25
Sugars, total g 1.55 Na 0.56 0.13 Na
Calcium mg 43 100 16 30 1000
Iron mg 0.66 0.98 0.46 0.81 18
Magnesium mg 19 31 7 24 400
Phosphorus mg 60 62 14 15 1000
Potassium mg 288 329 116 167 3500
Sodium mg 30 25 4 24 2400

Zinc mg 0.37 0.38 0.11 0.16 15
Vitamin C, 
total ascorbic 
acid

mg 81.2 80.4 1.9 8.4 60

Thiamin mg 0.065 0.074 0.034 0.023 1.5
Riboflavin mg 0.106 0.087 0.031 0.057 1.7
Niacin mg 0.581 0.670 0.147 0.217 20
Folate/folic 
acid

Dietary 
Folate 
Equivalents 
(DFE) or 
micro-
grams (µg)

57 DFE 21 DFE 64 DFE 58 DFE 400 µg

Vitamin A Interna-
tional Units 
(IU)

567 6693 4094 2813 5000

Vitamin D IU 0 0 0 0 400
Vitamin 
E (alpha 
tocopherol)

mg 0.71 Na 0.06 0.61 30

Vitamin K µg 92.5 472.2 48.2 144.9 80
Lutein and 
zeaxanthinc

µg 1488 23,720 1295 3659 Na

a Daily reference values are based on a 2000-cal diet and used on US food labels [10]
b Na not available/applicable
c Values for lutein and zeaxanthin are per-cup raw vegetables, with the exception of kale, where the 
value was available from cooked kale only

Table 12.2   Nutrition analysis of selected green vegetables. (Based on data from [11]) 
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Nutrition experts promote eating more dark green and orange vegetables [9]. 
Carotenoid pigments are responsible for the dark gold, orange, and some of the red 
pigmentation of fruits and vegetables, but these natural compounds are also found 
in abundance in dark green leafy vegetables [12]. The levels of the carotenoid pig-
ments lutein and zeaxanthin per cup of raw spinach, broccoli, and romaine lettuces, 
and cooked kale are shown in Table 12.2 [12].

About 600 carotenoid pigments have been identified in nature; of these, 40 are 
found in the human diet, and these “phytochemicals” (plant chemicals) may play a 
role in promoting health [17]. For example, although apricots and carrots are lead-
ing sources of β-carotene, this carotenoid is also found in spinach, collard greens, 
beet greens, and broccoli. Lutein and zeaxanthin, which are carotenoid pigments 
classified as xanthophylls, are found in kale, spinach, collards, turnip greens, ro-
maine lettuce, beet greens, broccoli, and green peas [18]. Among 18 vegetables 
most commonly consumed in Spain, spinach had the highest quantity of lutein and 
zeaxanthin. Further, lutein was found in higher quantity than β-carotene in green 
vegetables, but the red-orange vegetables analyzed contained a wider variety of 
carotenoids [19].

Some compounds within GLVs affect their palatability among consumers. 
Kale, for example, provides an abundance of lutein and β-carotene; however, this 
GLV contains glucosinolate and S-methylcysteine sulfoxide, sulfur-containing 
compounds which may impart a bitter flavor that affects the palatability and con-
sumption of this vegetable [20]. Researchers studied three kale cultivars grown 
in a greenhouse in nutrient solution cultures with five different sulfur levels. The 
amount of sulfur-containing compounds and carotenoid pigments in the leaves was 
determined. Kale cultivars grown in media with lower sulfur content had lower 
levels of sulfur compounds associated with negative flavors, but the carotenoid pig-
ment levels remained the same [20].

Plant scientists have made efforts to increase the carotenoid concentration in 
vegetable crops [21]. Carotenoid levels may be influenced by seasonal factors, ma-
turity level, and processing prior to storage. In studies of the carotenoid composi-
tion of two kale cultivars grown in Brazil, seasonal differences in carotenoid levels 
were shown [22]. One kale cultivar grown in the summer showed higher levels 
of total carotenoids, lutein, and β-carotene, while another cultivar showed higher 
carotenoid values during the winter season. Both cultivars had significantly higher 
levels of carotenoids when grown without agrochemicals.

When kale was grown with the addition of agrochemicals, lutein and β-carotene 
levels were significantly higher among mature leaves of kale compared to imma-
ture leaves. No differences in carotenoid levels were reported among immature or 
mature samples grown without agrochemicals [23]. Higher carotenoid levels, with 
the exception of β-carotene, were found among kale samples grown in the sum-
mer compared to kale grown in the winter. Storage for 5 days at 7–9 °C signifi-
cantly reduced the amount of carotenoids, including β-carotene and lutein levels, 
particularly during the first 2 days of storage. The researchers suggested that lower 
temperature and modified packaging may help retain carotenoid values [23].
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Hydroponic farming has been used to grow vegetables year-round in areas 
deemed unsuitable for traditional farming, to produce multiple crops of vegetables 
throughout the year, as a means of using less water and fertilizer and for other 
reasons [24]. GLVs, including several varieties of lettuce, grown in Brazil using 
hydroponic methods were analyzed for their carotenoid content. The researchers 
reported lower levels of β-carotene, lutein, and other carotenoids among hydroponi-
cally grown lettuce compared with conventionally grown lettuce [24].

The antioxidant capacity and content of phenolic compounds were analyzed in 
fresh and cooked tree spinach, which is grown in dry areas of the tropics [25]. Phe-
nolic compounds are considered powerful antioxidants with the potential to act as 
free radical scavengers and the capacity for health benefits. Using the oxygen radi-
cal absorbance capacity (ORAC) assay, high-performance liquid chromatography, 
and gas chromatography for assessing, identifying, and quantifying compounds, the 
researchers determined tree spinach was a good source of natural antioxidants, but 
cooking decreased the quantity of natural antioxidants [25].

Researchers continue to identify and quantify nutrients, carotenoids, and other 
phytochemicals in various GLVs found throughout the world [26–31]. Wild GLVs 
found in South Africa are a potential source of nutritious food with negligible cost 
[30]. Researchers determined the protein, fiber, mineral, and antioxidant content of 
wild GLVs. The vegetables contained similar or greater mineral levels including 
calcium, iron, magnesium, and manganese, and lower levels of antinutritional fac-
tors (phytates, saponins), compared with cultivated spinach or cabbage.

In their studies of curly kale grown in Norway, “one of the nutritionally richest 
vegetables,” at least 32 phenolic compounds were identified, which was more than 
previously known [32]. Other research teams have identified phenolic compounds 
in collard greens, kale, Chinese broccoli, mustard greens, and other vegetables in 
the Brassica family. The researchers identified 45 flavonoids in broccoli, kale, and 
collard greens [33, 34].

Wild greens used in traditional diets in the Mediterranean region have been de-
termined to be significant contributors of dietary carotenoids [35]. In response to 
published studies showing a reduced risk of heart disease among Greek immigrants 
to Australia who have maintained a traditional diet, researchers determined the ca-
rotenoid composition of wild green vegetables common in traditional diets. The 
wild greens, including sow thistle, amaranth, purslane, and dandelion greens, con-
tained high levels of lutein and β-carotene.

In an analysis of the antioxidant content of wild greens in the Mediterranean, re-
searchers gathered vegetation in three different growing areas (mountains, country, 
seaside) [36]. The greens were boiled in a minimal amount of water using traditional 
recipes. The samples were analyzed for antioxidant capacity. Researchers reported 
high levels of antioxidants, including carotenoids, ascorbic acid, and polyphenols, 
in the plants, at levels comparable to those of spinach. The researchers promoted 
regular consumption of the wild greens [36].

Traditional GLVs grown in Kenya have been shown to be contributors of cal-
cium, iron, zinc, and many other nutrients. As a nutritious food source, the wild 
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vegetables could aid in food security and potentially provide additional income for 
families [37]. Using atomic absorption spectroscopy techniques, researchers stud-
ied the mineral composition of 54 wild and cultivated leafy vegetables grown in Ke-
nya. They compared the mineral content of the wild plants with spinach, kale, and 
cabbage. Many of the traditional plants had significantly higher levels of calcium, 
iron, and zinc, and the researchers urged further study to determine bioavailability 
and identification of potential antinutritional factors such as oxalates [37].

Global Health Benefits Associated with GLVs

Low intake of fruits and vegetables is considered among the top ten leading causes 
of mortality worldwide [38]. According to the World Health Organization (WHO), 
vitamin A deficiency is a common nutritional deficiency among children in devel-
oping nations, which is linked to blindness, and child and maternal mortality [39]. 
Vitamin A can be produced in the body when carotenoid-containing vegetables, 
including dark green vegetables, are consumed. Among the global nutrition guide-
lines is the recommendation to increase dietary carotenoids, which act as antioxi-
dants in the body [39]. Carotenoids have been linked to reducing the risk for chronic 
diseases including cancer, diabetes, heart disease, stroke, HIV, age-related macular 
degeneration (AMD), and cataracts [17]. Further, some research has linked the con-
sumption of lutein and zeaxanthin to reducing the risk for lung and breast cancer, 
although results are inconsistent [18, 40]. The relationship between vitamins, ca-
rotenoid intake, and oral cancer risk has been studied [41]. Using dietary intake 
data from 42,340 men in the Health Professionals Follow-up Study, researchers 
determined the risk for oral premalignant lesions related to intake of vitamins A, C, 
and E, and carotenoids from food or dietary supplements. Intake of vitamin E and 
β-carotene was associated with increased oral cancer risk among smokers. The re-
lationship between lutein/zeaxanthin and oral lesions was not clear, but β-carotene 
intake among smokers was associated with an increased risk [41].

Kale has been studied for its potential role in cancer prevention in vitro [42]. Ex-
tracts from fresh and processed kale were used to determine the antiproliferative ef-
fects of kale on colon cancer cells in cell culture. Kale was processed by blanching, 
freezing, and boiling in a bag. Compared with heat-processed kale extracts, extracts 
of fresh kale had significantly greater antioxidant capacity and levels of vitamin C, 
flavonols, phenolic acids, and glucosinolates, but similar levels of isothiocyanates. 
Fresh kale extracts showed a greater ability to inhibit cancer cell growth compared 
with processed kale extracts.

Eating more GLVs may lower the risk for type 2 diabetes, a chronic disease that 
is increasing worldwide [43]. In a meta-analysis of six studies with a combined pop-
ulation of 223,512 participants, researchers showed that a greater intake of green 
vegetables, including spinach, Brussels sprouts, lettuce, and parsley, was associated 
with a 14 % lower risk of diabetes; however, eating more vegetables and/or fruits 
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of any color did not have the same protective effect. Data analysis revealed that 
increased intake of fruits only, vegetables only, and fruits and vegetables combined 
was not linked with a reduction in diabetes risk [43].

Some interventions to improve vitamin A and overall health status have iden-
tified indigenous sources of β-carotene-containing plants (including GLVs), to 
provide supplemental vegetables [31, 44–46]. Using gerbils as an animal model, 
researchers studied the ability of GLVs indigenous to Africa to maintain vitamin 
A status. Gerbils were fed one of six diets formulated to be equal in calorie and 
protein content. The animals were depleted of vitamin A and then fed a treatment 
diet including powders made from various leafy greens. The gerbils fed indigenous 
plants maintained their vitamin A status, as measured by conversion of β-carotene 
to retinol [44].

To help prevent vitamin A deficiencies among people in Jordan, researchers de-
termined carotenoid levels in commonly consumed fruits and vegetables native to 
their region [31]. Using a Food Frequency Questionnaire (FFQ), researchers de-
termined the characteristic foods in the diets of Jordanians and the best sources of 
carotenoids. Rice, olive oil, carrots, tomatoes, mint, chickpeas, and parsley were 
among the foods consumed in the highest quantity. As determined by ultravio-
let (UV) spectrophotometry, leafy greens including mint leaves and parsley were 
among the foods with highest amount of dietary carotenoids. The nutritional com-
position information is encouraged to use in meal planning to help prevent vitamin 
A deficiency.

Following a food consumption survey among households in an urban area of 
Madagascar with children under age 5, a laboratory-based nutritional analysis of 
50 common recipes was conducted to determine their protein, fat, fiber, iron, zinc, 
and vitamin A content [45]. The primary concern was the retinol activity equivalent 
(RAE) because of the local vitamin A deficiency issue. The recipes were high in 
β-carotene and RAE because of the high content of GLVs, which comprised 81 % 
on a wet basis.

Indigenous GLVs in the Limpopo and KwaZulu-Natal provinces of South Africa 
were analyzed to determine their β-carotene content and potential use as food [46]. 
Using field walks, structured interviews with key informants, and focus groups, 
researchers determined that the use of the indigenous plants not only improved food 
security but also provided a readily available, economical source of β-carotene-
rich food. The leaves of the spider plant and amaranth were the most popular leafy 
plants consumed by the participants in the study, who claimed the spider plant “has 
vitamins” and “prevents us from going hungry” [46].

Supplementation with GLVs may improve plasma β-carotene and iron status, 
and the amount of oil used in cooking affects the absorption of the carotenoid and 
other nutrients [47]. Following a 3-week supplementation study, researchers deter-
mined the plasma levels of β-carotene, vitamin C, iron, and zinc among 50 healthy 
adult volunteers divided into five groups consuming meals containing: (1) 100 g of 
GLV cooked with 5 g of oil; (2) GLV cooked with 10 g of oil; (3) 100 g GLV cooked 
with 5 g of oil plus added vitamin C; (4) 100 g GLV cooked with 5 g of oil plus 
vitamin E; or (5) a cereal-based diet with a β-carotene supplement but no GLV. The 
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researchers concluded that consuming 100 g of dark green leafy vegetables daily 
with 10 g of oil resulted in a significant increase in plasma iron, β-carotene, vitamin 
C, and zinc levels [47].

The effects of adding GLVs or pumpkin to the diets of children were studied in 
an area of Bangladesh known for its high incidence of vitamin A deficiency [48]. 
In the 6-week study, 110 children aged 8–12 years, were treated to control Ascaris 
lumbricoides (worms) and then fed one supplemental meal per day for 35 days. 
The children were randomly assigned to receive a diet with β-carotene from GLVs 
(4.4  mg), β-carotene from sweet pumpkin (1.4  mg), or a control diet without a 
β-carotene source. The serum β-carotene levels of the participating children suc-
cessfully treated for worms increased statistically; however, a greater increase was 
seen among those children who received supplemental GLVs [48].

A home gardening intervention in South Africa targeted 2- to 5-year-olds living 
in economically disadvantaged rural households during a 20-month period [49]. 
Prior to the intervention, the growth of children was assessed, and the serum retinol 
concentration was determined as a measure of vitamin A status. In addition, a sur-
vey of the primary caregiver determined demographics, health status, and knowl-
edge, and consumption practices related to vitamin A-rich foods. Garden production 
teams with nutrition monitors helped implement the gardening project and provided 
education and support to the experimental villages. Post-surveys indicated signifi-
cant improvements in knowledge related to vitamin A sources and roles. Children 
in the intervention villages consumed more GLVs and dark gold vegetables, which 
resulted in significant increases in their serum retinol concentrations compared with 
those of children in the nearby control villages [49].

The plasma levels of carotenoids can be increased in a fairly short amount of 
time with diets high in fruits and vegetables [50]. During two 15-day residency 
periods, 36 healthy men and women consumed a controlled, high-carotenoid diet 
that was moderate in fat and comprised typical American foods. During one of the 
residency periods, the diets were supplemented with 205 g of microwaved broccoli 
daily (102.4 g at lunch and dinner) for 5 days. The short-term high-carotenoid diets 
significantly increased plasma carotenoid levels [50].

Carotenoids and Eye Health

Many studies have indicated the relation of carotenoid consumption to the risk 
of AMD, cataracts, and glaucoma [51, 52]. AMD is a leading cause of blindness 
among the elderly population [53]. The macula lutea (yellow spot) of the human 
retina is composed of the xanthophyll pigments lutein and zeaxanthin, and these 
pigments are primarily obtained from the diet, especially from GLVs. An adequate 
intake of these pigments from food may reduce the risk for AMD by protecting the 
retina from oxidation [4]. However, some studies have not shown a protective role 
of lutein and zeaxanthin in reducing the risk of AMD [54, 55].



238 J. Garden-Robinson

Researchers conducted a meta-analysis of the effect of lutein and zeaxanthin in-
take on early and late AMD. Six studies, primarily with Western populations, were 
selected for inclusion from more than 73 articles screened [56]. Intake of lutein 
and zeaxanthin was not associated with a lower risk of early-stage AMD; however, 
intake of these xanthophyll pigments showed protective effects among those with 
late-stage AMD.

The Eye Disease Case-Control Study in five ophthalmology centers in the USA 
included 356 subjects with advanced AMD ranging in age from 55 to 80 years, 
and 520 control subjects without AMD but from similar geographic areas [5]. The 
case subjects showed visual acuity less than 20/20, drusen (yellow or white spots 
that can form in the retina) in either eye, and at least one clinical sign of exudative 
AMD. Data were gathered through a physical examination, interview, and blood 
specimens, and the subjects completed a 60-item FFQ to determine their intake 
of carotenoids including β-carotene, lutein, zeaxanthin, and lycopene. Consuming 
more lutein and zeaxanthin from spinach or collard greens was associated with a sig-
nificantly reduced risk for AMD; however, intake of vitamins A, C, and E was not.

The Age-Related Eye Disease Study (AREDS) included 4519 participants rang-
ing in age from 60 to 80 years who completed eye examinations and questionnaires 
to determine smoking, sun exposure, and medication and dietary supplement use 
[57]. Participants completed a 90-item FFQ to determine dietary intake of carot-
enoids, vitamins, and minerals. Consuming more lutein and zeaxanthin was associ-
ated with a significant decrease in AMD; however, vitamins A, C, and E, and other 
carotenoids were not associated with a lower risk of AMD.

In the population-based, longitudinal Blue Mountains Eye Study conducted in 
Australia, baseline eye examinations were conducted with 3654 participants ages 
49 and older, and the subjects were assessed at 5 and 10 years. Participant numbers 
in the 5-year and 10-year follow-up studies were 2335 (75.1 % of survivors) and 
1952 (76.6 % of survivors), respectively [58, 59]. At baseline, a majority (85 %) 
of participants completed a 145-item FFQ, and the food components of interest 
included β-carotene, lutein, zeaxanthin, lycopene, retinol, vitamins A and C, and 
zinc. Within 5 years, 192 participants had developed early AMD. Neither zinc nor 
dietary carotenoids were associated with a protective effect against early AMD 
[58]. However, at the 10-year follow-up, the incidence of AMD was affected by 
diet and supplements. Participants with higher intake of total zinc (from food and 
supplements) and of dietary lutein and zeaxanthin were significantly less likely to 
have AMD. In addition, participants with a higher intake of all vegetables were less 
likely to have AMD [59].

In a study of 71,494 female nurses and 41,564 male health professionals at least 
50 years of age, 673 cases of early AMD and 442 cases of neovascular AMD were 
documented during the 18 years of follow-up. Neovascular AMD is the “wet” form 
of advanced AMD, which is associated with vision loss [54]. Dietary intake of lu-
tein- and zeaxanthin-containing foods and dietary supplements, including vitamins 
C and E, were assessed using a 130-item FFQ. Lutein and zeaxanthin intake was 
not associated with early AMD risk, nor were vitamins C and E, or smoking status; 
however, among those who never smoked, an inverse, nonlinear association was 
shown between lutein/zeaxanthin intake and neovascular AMD [54].
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The Carotenoids in Age-Related Eye Disease Study (CAREDS) examined the 
relationship between either a high or a low lutein and zeaxanthin intake and AMD 
[60]. Among the overall CAREDS population, an inverse relationship was not 
found between the high intake of these xanthophylls and AMD. The researchers 
reported an inverse relationship between lutein and zeaxanthin intake and interme-
diate AMD among healthy women under age 75 without a history of heart disease 
or diabetes [60].

In an animal study, researchers showed a relationship between the type of oil con-
sumed and the absorption of the carotenoids lutein and zeaxanthin in blood plasma 
or eye samples [61]. A powder made from leafy greens with a high amount of lutein 
and zeaxanthin was fed to rats depleted of lutein. In addition to a standard diet sup-
plemented with the GLV powder, the animals consumed olive oil, sunflower oil, or 
groundnut (peanut) oil. The rats who consumed olive oil showed a significantly great-
er absorption of lutein and zeaxanthin measured in either their plasma or eye samples.

Researchers studied the risk of cataracts related to the dietary intake of lutein, 
zeaxanthin, and vitamins C and E among 35,551 participants in the Women’s Health 
Study, who completed a 131-item FFQ [62]. During 10 years of follow-up, 2031 
cataract cases were confirmed. In their assessment of cataract risk compared with 
their dietary intake of lutein and zeaxanthin or vitamin E, researchers reported a 
14 % lower risk of cataracts with higher vitamin E intake and an 18 % lower risk 
associated with a high intake of lutein and zeaxanthin. In addition, a higher intake 
of GLVs resulted in a borderline significant decreased risk of cataracts.

The relationship between antioxidant intake and glaucoma was studied using 
data from the Nurses’ Health Study, with 76,200 female participants followed up 
from 1980 to 1996, and the Health Professionals Follow-up Study, with 40,284 
participants followed up from 1986 to 1996 [63]. The participants completed FFQs 
every 2 years. Although the researchers found no association between consuming 
more carotenoids, vitamins C, E, or A and reduction in glaucoma risk, they noted 
a potential role of lutein/zeaxanthin in reducing glaucoma risk, a finding for which 
they encouraged further investigation. [63].

The effectiveness of consuming eye-protecting supplements versus carotenoid-
rich foods remains inconclusive. Some studies have shown a role for supplements 
in addition to foods, while others have not. People at risk for AMD are advised to 
eat more fruits and vegetables, especially dark green leafy vegetables. They are also 
advised to wear eyewear that protects against UV light and an eye-shading hat when 
outdoors [52].

Strategies to Encourage Vegetable Consumption  
Among Children

The US Dietary Guidelines for Americans promotes increased consumption of veg-
etables among adults and children, and educational tools to help families consume 
more vegetables at home are available [9, 11]. The diets of children are influenced 
by a variety of factors, including the school environment [64]. Some studies have 
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examined the fruit and vegetable consumption among toddlers, while others have fo-
cused the effort to reach elementary-school-age children and their parents or caregiv-
ers to determine factors that influence both fruit and vegetable intake [65, 66]. Pub-
lished intervention studies have promoted both fruits and vegetables, and researchers 
have developed techniques to promote and measure behavior changes regarding fruit 
and vegetable consumption [66, 67]. Some pilot studies have used a combination of 
taste testing, modeling, and rewards [68]. Assessing the fruit and vegetable intake 
among children can be challenging; children’s self-reported intake often differs from 
parents’ assessment of their children’s intake of fruits and vegetables [69].

Using data from the Feeding Infants and Toddlers Study (FITS), a random sam-
ple including 3022 infants and toddlers, researchers examined food consumption 
among US toddlers from the age of 4–24 months [65]. Among the most striking 
findings was the low intake of vegetables consumed as separate foods, rather than 
combined with other foods. Consumption of GLVs was particularly low, with fewer 
than 10 % of infants and toddlers consuming green vegetables daily. French fries and 
other fried potatoes were the vegetables consumed in highest amount by 24 months.

In a survey of students in grades 4–6, strategies to increase fruit and vegetable in-
take among children in the USA were reported [66]. The children were more likely 
to consume fruits than vegetables, and these parents were more likely to buy fruits 
than vegetables for either snacks or meals. The strongest correlation with vegetable 
intake was found among children who asked their parents to purchase vegetables 
for snacks or meals at home. In addition, children who knew the number of serv-
ings recommended were more likely to consume more fruits and vegetables, which 
indicates that nutrition education (NE) and follow-up assessments are significant 
factors in promoting behavior change related to fruit and vegetable intake.

In focus groups with children in grades 4–6 and their parents of African Ameri-
can, Euro-American, and Mexican American descent, researchers explored the in-
fluences on children’s diets, particularly related to fruit, juice, and vegetable in-
take [70]. Among the influences on children’s food choices were availability and 
accessibility of food, parents, peers, television viewing behavior, and eating out. 
Few ethnic differences were noted, and parents cited concerns with consumption of 
“junk food” and too little fruit, juice, and vegetables. Peers were cited as a negative 
influence on consumption of vegetables. Further, participants in the focus groups 
considered “salad” different from vegetables, which could influence future research 
regarding consumption of leafy greens [70].

In a survey of 130 school food authorities combined with 24-h dietary recalls 
with 2314 children in 398 US schools, researchers determined the types of foods 
offered by schools and consumed by children during school breakfast and lunch 
[67]. In terms of leafy greens, lettuce salad was available in about one third of the 
elementary school menus and one half of the high school menus. Less than one third 
of schools provided dark green and orange vegetables such as broccoli and carrots. 
The researchers reported that the majority of the children did not consume dark 
green vegetables at breakfast or lunch and encouraged improvements in preparation 
methods or presentation, NE, and tasting opportunities to encourage consumption 
of produce during school lunch [67].
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In another school-based study, US researchers used 24-h recall food intake data 
from 414 third-grade children (86 % European American) participating in the High 
5 project of the National Cancer Institute’s 5 a Day for Better Health initiative [71]. 
The researchers developed a theory-based model of the determinants of fruit and 
vegetable consumption, including motivation and self-efficacy, among the children. 
Children, for example, may improve their self-efficacy from practice in selecting 
vegetables or in developing skills to ask their parents to purchase more vegetables 
or fruits.

Environmental changes have been shown to support greater fruit and vegetable 
intake. The 2-year Cafeteria Power Plus project included 1668 children in grades 
1 and 3 in year 1, and follow-up with 1168 children in grades 2 and 4 in year 2, in 
26 US schools randomly assigned to control or intervention groups [72]. Students 
in the 13 intervention schools had increased opportunities to eat a variety of fruits 
and vegetables (through greater availability of fruits and vegetables, taste testing), 
who were exposed to healthful role models (posters of life-sized fruit and vegetable 
characters known as the High 5 Flyers), and had access to social support, including 
encouragement from the food-service staff. The intervention group participated in 
challenges/competitions, samplings, and a finale meal. The fruit and vegetable con-
sumption among randomly selected students was determined by trained observers 
in the cafeteria. Students in the intervention schools had a significantly greater con-
sumption of overall fruits and vegetables, but the increases were attributed to fruit 
consumption. Intake of vegetables and juice did not change. Encouragement from 
food service staff improved the students’ consumption of produce. The researchers 
promoted a multifaceted approach to include not only cafeteria modifications but 
also classroom instruction and parent involvement [72].

School gardens combined with NE may pave the way for increasing consump-
tion of leafy greens and other vegetables among children. In particular, researchers 
have shown that gardening combined with NE can increase children’s preferences 
for spinach, broccoli, and other vegetables [73]. In a study of six second-grade 
classrooms with a total of 115 students, surveys and lunchroom observation were 
used to evaluate whether the experiential addition of gardening influenced knowl-
edge gain and consumption of produce. Two of the classes participated in NE, two 
of the classes participated in nutrition education and gardening (NE + G), and two 
served as the control group. The children in the gardening group worked with seeds 
and plants, and they maintained the garden through watering and pest control. The 
researchers reported statistically significant gains among the children in the NE + G 
group in their ability to identify spinach, zucchini, and cabbage. The children in 
both the NE and the NE + G groups significantly increased their liking of broccoli, 
cabbage, and zucchini, with the NE + G group showing the greater change. In addi-
tion, the NE + G group increased their preference scores for spinach [73].

Local foods initiatives have promoted the consumption of food from community 
gardens. In one pilot project, with poster promotions and student-developed public 
service announcements, 115 pounds of kale were grown and served to 2235 students 
in a US high school. Of those who tried the kale, 66 % of students liked it [74].
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Key Messages to Support Increased Dark  
Green Vegetable Intake

To support the consumer behaviors to increase vegetable intake, especially con-
sumption of dark green vegetables,  the US Dietary Guidelines for Americans pro-
vided several strategies [9]. Consumers should include vegetables in meals and 
snacks, keeping in mind that fresh, frozen, canned, and dehydrated forms of vegeta-
bles count toward the daily recommendation. Dark green vegetables can be added to 
soups, casseroles, stews, and stir fries. To enhance nutritional value, consumers are 
advised to include dark green leafy vegetables, such as romaine lettuce and spinach, 
in salads. Raw vegetables should be available for quick snacks, and if served with 
a dip, calcium-rich yogurt-based dressings, hummus, or other nutrient-dense dips 
should be used instead of full-fat sour cream or cream-cheese-based dips. When 
eating out, vegetables can be ordered as side dishes, and the dressings or sauces can 
be served on the side or in smaller amounts [9].

Conclusion

Dark green vegetables, particularly leafy greens, are nutrient-dense foods that may 
have a range of health benefits when included in a varied, balanced diet. Scientists 
worldwide continue to identify and characterize substances in wild and cultivated 
green vegetables that may be responsible for associations of plant components with 
decreased risk for chronic disease, including cancer, heart disease, diabetes, and 
eye diseases. More research is needed to elucidate the components of dark green 
vegetables that are responsible for their potential health benefits. Continued promo-
tion of vegetable consumption through effective consumer messaging and research-
tested multifaceted educational strategies that reach adults and children may help 
reach the goals set forth for vegetable consumption.
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Abbreviations

PAL	 Phenylalanine ammonia lyase
C4H	 Cinnamic acid 4-hydroxylase
4CL	 4 coumarate CoA ligase
CHS	 Chalcone synthase
CHI	 Chalcone isomerase
F3H	 Flavanone 3-hydroxylase
F3′H	 Flavanone 3′-hydroxylase
DFR	 Dihydroflavonol reductase
FLS	 Flavonol synthase
ANS	 Anthocyanidin synthase
UFGT, UDP	 Flavonoid glucosyl transferase
GST	 Glutathione S-transferase
ANR	 Anthocyanidin reductase
LAR	 Leucoanthocyanidin reductase
DHK	 Dihydrokaempferol
DHQ	 Dihydroquercetin
bHLH-LZ	 Basic helix-loop-helix-leucine zipper
RIF1	 R-interacting factor 1
haPBS	 High-affinity P1-binding sites
laPBS	 Low-affinity PBS
Pp	 Purple pericarp
VIGS	 Virus-induced gene silencing
RNAi	 RNA interference
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r1	 Colored 1
b1	 Booster 1
pl1	 Purple plant 1
p1	 Pericarp color 1
lpa1	 Low phytic acid 1
sulf	 Sulfurea
R-st	 R-stippled
B-I	 Booster-Intense
Pl-Rh	 Pl-Rhoades
sRNAs	 Small RNAs
HPT	 Hygromycin phosphotransferase
mop1	 Mediator of paramutation1
mop2	 Mediator of paramutation2
rmr1	 Required to maintain repression1
rmr2	 Required to maintain repression2
rmr6	 Required to maintain repression6
Ufo1	 Unstable factor for orange 1
siRNA	 Small interfering RNA
dsRNA	 Double strand RNA
miRNA	 microRNAs
CBBP	 CXC domain b1-repeat binding protein
RISC	 RNA-induced silencing complex
RITS	 RNA-induced transcriptional silencing
EPA	 Eicosapentanoic acid
DHA	 Docosohexanoic acid
PUFA	 Polyunsaturated fatty acid
SD	 Standard diet
PCC	 Purple corn color
HFD	 High fat diet
SREBP-1	 Sterol-binding protein-1
FAS	 Fatty acid synthase
ACS1	 Acyl-CoA synthase 1
AMPK	 AMP-activated protein kinase
apoE	 Apoliprotein E
HDL	 High-density lipoprotein
AST	 Aspartate transaminase
ALT	 Alanine transaminase
GGT	 γ glutamyl transferase

Introduction

Anthocyanin synthesis is one of the most studied secondary metabolic pathways in 
plants. Most knowledge about transcriptional regulation in plants has initially come 
from studies of the regulation of anthocyanin biosynthesis in maize. Furthermore, 
genetic and molecular studies aimed at understanding its regulation in maize have 
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led to the discovery of transposable elements [1], of the epigenetic phenomena of 
paramutation and silencing of duplicated genes [2, 3], and of the first plant transcrip-
tion factor [4]. Anthocyanins are the final products from a specific branch of the 
flavonoid pathway. Flavonoid biosynthesis genes are highly conserved at structural 
and functional level among plant species and are organized to produce different 
subclasses of flavonoids in different branches of the pathway, including hydroxy-
cinnamic acids, flavonols, phlobaphenes, pro-anthocyanidins, and anthocyanins 
(Fig. 13.1). Some flavonoids are species specific, such as phlobaphenes in maize, 

Fig. 13.1   Simplified scheme of the flavonoid pathway, comprising the general phenylpropanoid 
pathway ( PAL, C4H, 4CL), the anthocyanin branch and other subgroups of flavonoids. MYB 
( M), bHLH ( B), WD40 ( W), and P1 ( P) transcription factors controlling the anthocyanin pathway 
in maize and putative MBW complexes are indicated. Genes (enzyme) names are indicated as 
follows: pal ( PAL) phenylalanine ammonia lyase; c4h ( C4H) cinnamic acid 4-hydroxylase; 4cl 
( 4CL) 4 coumarate CoA ligase, c2 ( CHS) chalcone synthase, chi1 ( CHI) chalcone isomerase, f3h 
( F3H) flavanone 3-hydroxylase, pr1 ( F3′H) flavanone 3′-hydroxylase, a1 ( DFR) dihydroflavonol 
reductase, FLS flavonol synthase, a2 ( ANS) anthocyanidin synthase, bz1 ( UFGT) UDP-flavonoid 
glucosyl transferase, bz2 ( GST) glutathione S-transferase, ANR anthocyanidin reductase, LAR 
leucoanthocyanidin reductase. Brackets indicate the anthocyanin biosynthesis genes activated 
coordinately by WD40/bHLH/MYB proteins
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whereas others are common in more than one species (e.g., pro-anthocyanidins in 
Arabidopsis, petunia, and rice seeds) or almost ubiquitous, such as anthocyanins 
and flavonols. Anthocyanin biosynthesis and its regulation have been extensively 
studied in different plants. Several enzymes involved in the production of different 
subclasses of flavonoids have been characterized and the corresponding biosynthe-
sis genes isolated [5, 6]. In maize, the regulatory genes of anthocyanin biosynthesis 
are divided in two families, encoding MYB and bHLH transcription factors respec-
tively. Such factors interact to form an MYB–bHLH heterodimer able to activate all 
anthocyanin biosynthesis genes in a coordinate manner [7]. Anthocyanin biosynthe-
sis genes have also been isolated in rice and wheat, but knowledge about regulatory 
loci is still rudimentary.

Anthocyanins are health-protecting components in the human diet as a result 
of their capacity to activate endogenous antioxidant defense systems and signal-
ing pathways [8, 9]. A number of studies suggest that they have a protective ef-
fect against cardiovascular disease, obesity, cancer, and neurodegenerative diseases 
[10–13]. Here, we report recent advances in understanding the regulation of antho-
cyanin biosynthesis in staple crops, updates on epigenetic regulatory mechanisms in 
maize, and recent findings demonstrating important health benefits of anthocyanin-
rich cereals against chronic diseases.

Genomics

The Anthocyanin Biosynthetic Pathway in Staple Crops

In maize, the anthocyanin biosynthesis (Fig. 13.1) begins from 4-coumaroyl-CoA 
and malonyl-CoA, which are converted into naringenin chalcone by the chalcone 
synthase (CHS) enzyme. Naringenin chalcone is, then, the substrate for chalcone 
isomerase (CHI) which catalyzes the intramolecular cyclization of bicyclic chal-
cones into tricyclic (S)-flavanones, thus producing naringenin. The subsequent step 
is the hydroxylation of naringenin into dihydrokaempferol (DHK), which is the 
substrate for three different enzymes and towards three biosynthesis directions: (i) 
dihydroflavonol reductase (DFR) that leads to anthocyanin synthesis (i.e., pelargo-
nidin); (ii) flavanone 3′-hydroxylase (F3′H) that converts DHK to dihydroquercetin 
(DHQ); and (iii) flavonol synthase (FLS) that catalyzes the formation of flavonols 
(i.e., kaempferol). Similarly, DHQ is directed to the anthocyanin biosynthesis (i.e., 
cyanidin) by DFR or to flavonol synthesis (i.e., quercetin) by FLS. Pelargonidin 
and cyanidin are then glycosylated and acylated by UDP-glucose flavonoid 3-O-
glucosyltransferase (UFGT) and glutathione S-transferase (GST) respectively and 
then transferred to the vacuole.

In the past years, the availability of maize mutants affecting each enzymatic step 
of the anthocyanin pathway has led to the isolation of most anthocyanin biosyn-
thesis genes in maize, except pr1, encoding F3′H, which was recently cloned [6, 
14]. Anthocyanin biosynthesis genes are highly conserved among maize, rice, and 
wheat. Rice orthologous genes encoding CHS, CHI, F3′H, DFR, and ANS with high 
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amino acid identities ranging from 66 to 92 % to the corresponding maize genes 
have been isolated [15]. Both CHS and ANS are encoded by duplicated genes lo-
cated on different chromosomes with high amino acid sequence identities (80 % for 
OsCHS1 and OsCHS2; 93 % for OsANS1 and OsANS2). However, only OsCHS1 
and OsANS1 were found to be expressed in rice. The function of the expressed 
anthocyanin biosynthetic genes was confirmed by complementation of the corre-
sponding Arabidopsis transparent testa flavonoid mutants. In addition, yeast two-
hybrid assay suggested the formation of a macromolecular complex composed by 
an OsCHS1 homodimer interacting with OsF3H, OsF3′H, OsDFR, OsANS1, simi-
larly to what previously reported in Arabidopsis [15]. Anthocyanin genes encoding 
CHS, CHI, F3H, DFR, and ANS have been also cloned and mapped in wheat and 
duplicated genes were found for CHS, CHI, and DFR. High expression levels were 
found for CHS, CHI, F3H, and DFR in the grain coat tissue and in coleoptiles of 
red wheat lines [16, 17].

The Regulation of Anthocyanin Biosynthesis in Staple Crops

In maize, one MYB-related protein and one bHLH-containing protein interact and 
activate the anthocyanin biosynthesis genes (encoding CHS, CHI, F3H, DFR, ANS, 
UFGT, GST) as a single unit (Fig. 13.1). MYB and bHLH proteins are encoded by 
two families of regulatory genes ( c1/pl1 and r1/b1, respectively), whose members 
encode functionally equivalent proteins. Each member has a tissue or development-
specific expression, so that the pigmentation pattern of a maize plant depends on its 
allelic combination at the r1/b1 and c1/pl1 loci. For example, the r1/b1 genes ( R1, 
B1, Sn1, Lc1, Hopi1) determine the tissue distribution of anthocyanins [18–21], 
whereas c1 in the seed [22] or pl1 in vegetative tissues [23] contributes to the devel-
opmental and light-dependent regulation of anthocyanin synthesis. In maize seed, 
the dominant R1 C1 genes activate anthocyanin pigmentation of the aleurone layer 
in blue corn, whereas the dominant B1 Pl1 genes induce anthocyanin synthesis in 
the pericarp of purple corn (Fig. 13.2) [18]. By contrast, MYB P1, which confers 
phlobaphene synthesis in kernels and cobs, activates a subset of anthocyanin genes 

Fig. 13.2   Scheme depicting 
the tissue-specific anthocy-
anin pigmentation determined 
by R1 C1 in aleurone of blue 
corn seeds ( left panel) and by 
B1 Pl1 in pericarp of purple 
corn seeds ( right panel). per 
pericarp, al aleurone, end 
endosperm, emb embryo
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(i.e., CHS, CHI, DFR, and FLS) without bHLH interactors [24, 25]. Recent studies 
have demonstrated that the newly isolated pr1 gene, encoding the F3′H enzyme 
responsible for the conversion of DHK to DHQ (Fig. 13.1), is also activated by 
R1/C1 in aleurone of maize seeds [14] and by P1 in pericarp of seeds and in cob 
glumes, where it contributes to the conversion of apiferol to luteoforol, both precur-
sors of phlobaphenes [26]. In addition to the MYB and bHLH regulators, the PAC1 
gene encoding a WD40 protein is required by either bHLH B1 or R1 proteins for 
full activation of anthocyanin biosynthesis genes in seeds [27, 28]. Although the 
stoichiometry of the R1/C1 complex is currently under investigation (see below), 
it is likely that the bHLH proteins function as homodimers and as docking proteins 
between MYB and WD40 proteins (Fig. 13.1).

Despite being activated in a coordinate manner by R1/C1, anthocyanin bio-
synthesis genes lack obviously conserved cis-regulatory elements. Recent studies 
suggested that this coordinate regulation may be achieved by two different R1/C1 
complexes, each able to bind specific cis-elements and thus to activate a subset of 
anthocyanin biosynthesis genes [29]. These alternative R1/C1 complexes depend 
on two different dimerization domains found in bHLH proteins. Three interaction 
domains were identified in bHLH proteins (Fig. 13.3a): (i) a N-terminal acidic re-
gion for interaction with MYB proteins [19]; (ii) an ACT-like dimerization domain 
located C-terminal of the bHLH motif, already known as required for homodimer 
formation [30]; (iii) a newly discovered homodimerization domain consisting of 
the bHLH domain and a nearly located short leucine zipper (LZ) motif. Interest-
ingly, the bHLH–LZ domain can form a homodimer in vitro only when the ACT-
like dimerization domain is mutated or deleted [29]. In the proposed model, when 
R1 homodimerize via the ACT-like domain (Fig. 13.3b), the bHLH region of R1 
interacts with R-interacting factor 1 (RIF1), an EMSY-like maize nuclear factor, 
necessary to the R1/C1 complex for transcriptional activation of anthocyanin bio-
synthesis genes through increased histone acetylation of the promoter region [31], 
whereas the N-terminal acidic region interacts with the MYB C1, necessary to bind 
the high-affinity P1-binding sites (haPBS) and low-affinity PBS (laPBS) found in the 
promoters of some anthocyanin biosynthesis genes, such as a1 [24, 32]. As an alter-
native (Fig. 13.3c), when R1 homodimerizes via the bHLH-LZ domain, it directly 
recognizes and binds E-box elements, such as those present in the bz1 promoter, 
and interacts with the C1 protein, necessary to provide a strong transcriptional ac-
tivation domain [29]. Which factor(s) is responsible for the switch between the two 
alternative R1/C1 complexes remains to be determined.

Most rice varieties have white seeds with small quantities of flavones and fla-
vonols, but some varieties with dark purple (black) seeds containing high levels of 
anthocyanins (mainly cyanidin 3-glucoside) or red seeds contanining pro-anthocy-
anidins are known. Three rice loci ( A, B, and C) control anthocyanin synthesis in 
seeds of purple rice varieties [33], but none of the genes has yet been isolated. Only 
one bHLH gene, Rc, controlling pro-anthocyanidin synthesis in pericarp of red rice 
varieties has been identified and shown to carry a 14-bp deletion in all white rice 
varieties [34], suggesting that the wild progenitors of rice were colored, but this trait 
was lost during domestication. Many other putative anthocyanin regulators have 
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been recently identified by comparing white and black rice cultivars using a micro-
array approach, but still lack functional characterizations [35]. Some rice varieties 
with brown grains are also known, carrying a mutation in the DFR gene which de-
termines accumulation of the intermediates dihydroquercetin and dihydrorhamnetin 
[34, 36]. Finally, it has been demonstrated that ANS overexpression in Rc red rice 
genotypes redirects metabolic flux towards anthocyanin synthesis with a concomi-
tant reduction of pro-anthocyanidins [37].

Fig. 13.3   Alternative R1/C1 complexes activating anthocyanin biosynthesis genes in maize.  
a Schematic representation of the R1 functional domains. MIR MYB interacting region, ACIDIC 
acidic region, bHLH basic helix-loop-helix domain, LZ leucine zipper, ACT ACT-like domain.  
b In the first R1/C1 complex, R1 homodimerize via the ACT-like domain, the bHLH region of 
R1 interacts with R-interacting factor 1 (RIF1) and the N-terminal acidic region interacts with 
C1, which binds the P1-binding sites (PBS) found in promoters of some anthocyanin biosynthesis 
genes, such as a1. c In the second R1/C1 complex, R1 homodimerize via the bHLH-LZ domain, 
which binds E-box elements, such as those present in the bz1 promoter, and interacts with the C1 
protein, providing a strong transcriptional activation domain
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Similarly to rice, most wheat varieties have no pigmentation in grains, but pur-
ple, red, and blue wheat grain varieties are known. Pigmentation in purple wheat 
is mainly due to cyanidin 3-glucoside and its acylated derivatives [38], red wheat 
grains contain pro-anthocyanidins [39], whereas the main anthocyanin in blue 
wheat is delphinidin 3-glucoside [38]. The synthesis of delphinidin in blue wheat 
suggests that this variety carries an active gene encoding flavanone 3′5′-hydroxy-
lase converting dihydroquercetin to dihydromyricetin, in turn converted to delphini-
din by DFR and ANS. Pigmentation in red grain wheat is controlled by the R gene 
located on chromosome 3 [40], whereas red wheat coleoptile is determined by the 
Rc gene located on chromosome 7 [17]. Comparing the expression pattern of antho-
cyanin biosynthesis genes in red and white lines, it appears that R activates CHS, 
CHI, F3H, and DFR in coat tissue of red grain wheat, whereas Rc is responsible for 
the activation of only DFR, therefore suggesting that R and Rc encode transcrip-
tion factors regulating different steps of the flavonoid biosynthesis pathway in a 
tissue-specific manner [17]. Another regulatory gene of anthocyanin biosynthesis in 
wheat seeds is Pp ( Purple pericarp), but no molecular characterization is currently 
available [40].

Updates on Epigenetic Regulatory Mechanisms

All the cells of a multicellular organism carry the same DNA information but only 
a small subset of the genes must be active at a certain point of development and 
growth [41]. The fine tuning of genome expression make possible the cell special-
ization in complex organisms and this “molecular memory” regarding the level of 
expression of every gene must be faithfully transmitted through cell division while 
also allowing the adaptation of the organism to the environmental stimuli during its 
life. In this context, one of the first exceptions to the Mendel’s laws was found in the 
1940s by Barbara McClintock while working on anthocyanin pigments in maize; 
this work led to the discovery of transposons and to a Nobel prize in 1983 [42, 43].

Later on, the epigenetic phenomena defined by Riggs and colleagues as “the 
study of mitotically and/or meiotically heritable changes in gene function that can-
not be explained by changes in DNA sequence” have disclosed a new level of gene 
regulation [44]. These phenomena seem as if they may exist in all phyla, and control 
a number of gene regulation processes ranging from embryo development to human 
diseases by DNA methylation, chromatin modification (histone methylation and 
nucleosome position) and noncoding RNA [45–47].

Among the gene silencing phenomena, paramutation occurs when an epigenetic 
state (of the paramutagenic allele) is transferred in trans to another allele (the para-
mutable allele), resulting in a heritable modification of its gene expression (the fre-
quency of the change can reach as high as 100 %), the paramutable allele acquires 
the paramutagenic capability in future generations, while alleles that do not take 
part in paramutation are nominated as neutral (Fig. 13.4). In a typical mutation, the 
change of the DNA sequence usually causes a switch off of the gene activity, while 
paramutation due to modulation of gene expression generates different epialleles 
silenced with variable phenotypes [48].
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In the past, several gene silencing/paramutation-like phenomena have been 
discovered in all the kingdoms of eukaryotes, leading to the adoption of different 
names such as: transvection in Drosophila [49], co-suppression and “virus-induced 
gene silencing” (VIGS) in the gene silencing phenomena described in transgenic 
plants [50–52], quelling in the fungus Neurospora crassa [51] and RNA interfer-
ence (RNAi) in the nematode C. elegans [52] although classical paramutation was 
well defined by the maize model.

Five loci of maize: colored 1 ( r1), booster 1 ( b1), purple plant 1 (pl1), pericarp 
color 1 ( p1), and low phytic acid 1 ( lpa1) [53] and the sulfurea ( sulf) locus of toma-
to [54] have shown classical paramutation phenomena. In maize, the r1, b1, pl1, and 
p1 genes encode all for transcription factors involved in the regulation of accumula-
tion of flavonoids and anthocyanins in several plant tissues [55] while lpa1 locus 
designated ZmMRP4, coding a multidrug resistance-associated protein, is involved 
in phytic acid transport and storage in the seed [56, 57]. In 1956, a paramutation 
phenomenon in a regulatory gene (encoding bHLH transcription factors) named 
colored1 ( r1) was first discovered in maize by Alexander Brink that worked on 
anthocyanin biosynthesis [58]. After crossing the paramutagenic R-stippled ( R-st), 
conferring tiny spotted aleurone color of the seed, with the paramutable allele 
R-r, conferring full pigmentation, he observed that the progeny carrying R-r al-
lele showed a variably reduced pigmentation. The silenced allele (named R-r′) was 
heritable and capable of weak paramutagenic activity (like R-st) for some genera-
tions, furthermore if R-r′ was not further exposed to R-st, it reverted to R-r normal 
phenotype in few generations [59].

In the case of b1, with a frequency ranging from 0.1 to 10 %, the paramutable B-I 
( Booster-Intense) allele spontaneously becomes partially silent ( B′). B′ has paramu-
tagenic activity, in fact crossing B′ with B-I the progeny obtained is 100 % B′ [60, 
61], and in contrast with r1 paramutation B′ is permanent [61]. In the 1990s, para-
mutation was discovered at ( pl1) locus, also in this case, the exposure in trans of 
paramutable allele Pl-Rhoades ( Pl-Rh) to its spontaneously derived silenced para-
mutagenic Pl′ allele causes a silencing of Pl-Rh (Fig. 13.5) [62].

Fig. 13.4   General scheme of 
paramutation phenomenon. 
Color ( red = high expres-
sion, white = low expres-
sion) represents phenotypic 
expression of the A haplo-
type. A paramutable A allele 
undergoes spontaneous 
silencing also inducing para-
mutagenic activity ( 1). In the 
A′/A heterozygous, obtained 
by crossing individual carry-
ing paramutagenic A′ allele 
with the paramutable A allele 
( 2), the haplotypes segregat-
ing in the offspring are both 
A′, because A′ has paramuted 
A ( 3)
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The spontaneously silenced epiallele ( P-rr′) at the p1 locus arises by transgene-
induced silencing and showed a moderate stability and weak paramutagenic capac-
ity on the original P-rr allele [63, 64]. Interestingly, some differences among these 
paramutation systems can be noted: p1 and r1 epigenetic states are stable while pl1 
and b1 loci are unstable, spontaneously changing to the silenced state with high 
frequency [55, 64].

A new locus undergoing a paramutation phenomenon which does not involve the 
anthocyanin pathway has been recently discovered in maize: the lpa1-241 allele at 
the lpa1 locus, that in fact seems somewhat similar to r1 locus paramutation [57]. 
The lpa1-241 mutant reduces phytic acid content, and proportionally increases the 
level of free phosphate, thus it does not modify the total amount of seed phospho-
rous but because it is associated to severe negative pleiotropic effects, this mutation 
is propagated as heterozygous [65, 66]. Also, in this case, the lpa1-241 paramuta-
genic allele is able to partially silence the paramutable Lpa1 allele when exposed in 
trans and this effect is strengthened by the progressive exposure to the paramuta-
genic allele in the next generations [57].

Fig. 13.5   Spontaneous 
silencing occurring at the pl1 
locus in maize. Weakly color 
seeds on the ears are shown 
in a B-I/B-I Pl-Rh/Pl-Rh plant 
(genotype conferring a strong 
anthocyanin accumulation on 
the whole plant)
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Another interesting case of paramutation in plants is the recessive sulfurea mu-
tant of tomato [67] showing a chlorophyll-deficient phenotype (sulfurous color). 
This gene was not isolated so far but it seems likely that this phenotype is caused by 
an auxin deficiency [68]. Because sulf homozygous plants do not survive beyond 
the seedling stage, the paramutation at the tomato sulfurea pigment deficiency ap-
peared at high frequency as somatic sectors in Sulf/sulf heterozygous plants. The 
seeds obtained from sulf sector (where the sulf allele has paramutated the + Sulf al-
lele) are all sulf/sulf while the seeds obtained from the green sectors produce again 
plants with sulf somatic sectors [67, 68]. The level of paramutagenicity of different 
paramutagenic alleles is different, in fact in the case of B′ and Pl′ alleles it is high 
[62], while for R-st [69], P-rr′ [64, 70] and lpa1-241 [57] alleles it is variable. In all 
these cases of paramutation, except the sulf locus where so far the corresponding 
gene has not been isolated, it has been demonstrated that paramutated alleles cor-
relate with a reduction of mRNA levels [48, 55, 57, 63, 64, 71–74].

Two different classes of signal are involved in this self-propagating memory: 
the cis-acting signals physically associated with the gene that they regulate and the 
trans-acting signals. To the first class belong DNA methylation and histones modi-
fication associated with a change in the chromatin structure and the consequent 
accessibility on the gene promoter, although nonhistone proteins also tightly asso-
ciated with chromatin could be involved [75]. In contrast, trans epigenetic signals 
are maintained by soluble molecules such as transcription factors or small RNAs 
(sRNAs) acting in feedback loops of self-regulation of own expression level [76, 
77]. Recently, it has been argued that prions could also represent a kind of epigen-
etic inheritance/paramutation-like phenomenon not based on nucleic acid but on 
the protein folding, resulting in different activity [78]. Three models have been 
proposed so far to explain the specific molecular mechanism involved in the basis 
of paramutation: a direct physical interaction between the paramutagenic and the 
paramutable alleles (pairing model), a gene inactivation mechanism mediated by 
RNA (small RNA model) and lastly a mix of both [48, 72, 73, 79].

Usually, the DNA of paramutagenic alleles is hypermethylated compared to their 
paramutable alter-ego alleles [57, 64, 80–82] although in some cases the associa-
tion of paramutation/changes in DNA methylation is not clear or does not appear at 
all. Also, repeated sequences, in direct as well as inverted orientation, which seem 
to be associated to the silenced chromatin [83], are present in most plant paramuta-
tion systems such as r1 [69], p1 [64], and b1 loci [84]. The repeated sequences can 
be in the coding regions, such as the r1 locus, or may be located at the upstream, 
such as the b1 and p11 genes. In the case of b1, seven copies of an 853 base pairs 
sequence are located about 100 kb from the coding region and they are associated to 
the paramutation onset (from B-I to B′) and paramutagenicity. In fact a neutral allele 
carrying a single copy, furthermore decreasing the number of repeats in r1 and b1, 
causes a decrease in paramutagenicity [29, 45]. The transition from B-I to B′ cor-
relates with a hypermethylation of tandem repeats and a differential sensitivity to 
DNaseI suggesting a different chromatin structure [84].

In the case of the pl1 gene, it is known the presence of repeated sequences 
although the complex allele named pl-bol3 containing multiple pl1 gene cop-
ies showing paramutation-like activity has been isolated from a Bolivian maize 
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population [85]. Also, dosage effects caused by ploidy changes seem to influence 
the paramutation as has been demonstrated in the tomato sulf locus [86] and in Ara-
bidopsis active hygromycin phosphotransferase ( HPT) transgene locus [82].

The isolation and characterization of mutants that perturb the paramutation 
process can help to dissect the paramutation phenomenon; these mutations can be 
subdivided roughly into two classes: (i) mutations modifying the establishment of 
paramutation and (ii) mutations modifying the epigenetic memory [79]. At least 
ten loci belonging to the first class (named “mediator of paramutation”) and to the 
second class (named “required to maintain repression”) have been isolated by ge-
netic screenings of mutagenized maize populations (carrying B′ or Pl′ systems). All 
the genes cloned so far are involved in the RNA-directed transcriptional silencing: 
mediator of paramutation1 ( mop1) encoding for RNA-dependent RNA polymerase 
[74, 87], mediator of paramutation2 ( mop2) gene encoding for a second-largest 
subunit of plant-specific RNA polymerases IV and V [88], required to maintain re-
pression1 ( rmr1) gene encoding for an SNF2-like ATPase, a chromatin-remodeling 
enzyme [89], required to maintain repression2 ( rmr2) gene encoding for the found-
ing member of a plant-specific clade of predicted proteins [90, 91] and required 
to maintain repression6 ( rmr6) encoding the largest subunit of the plant specific 
DNA-dependent RNA polymerase [92]. mop1 in particular is involved in the bio-
genesis of 24 nt siRNA and synthesis of dsRNA [93] as previously reported for the 
homologous orthologous RDR2 gene of Arabidopsis [94].

Another important uncloned gene is unstable factor for orange 1 ( Ufo1), that 
is required for maintaining silencing associated with paramutation at the pericarp 
color1 and booster1 loci [95].

Taken together (Table 13.1), the recent findings demonstrate an essential role 
for RNAi processes in paramutation, the RNAi process includes the gene silencing 
effects of microRNAs (miRNAs) as well as silencing induced by foreign dsRNA: 
thus, paramutation and miRNA share in some way the same cellular machinery 
[96]. It is well known that DNA repeats are able to generate aberrant RNA (such as 
dsRNA inducing RNAi) even if, in the case of b1, it has been reported that the tan-
dem repeats seemed not to be directly involved in the genesis of siRNAs but instead 
they are required as cis-signaling in the paramutation [97].

Table 13.1   Trans-acting genes required in the phenomenon of paramutation. (Modified from Hol-
lick [100]. With permission from Elsevier)
Locus Molecular identity Affected examples

r1 b1 pl1 p1
mop1/rdr2 RDR2 Yes Yes Yes Yes
rmr1 Rad54-like ATPase Unreported No No Untested
rmr2 Novel protein No Untested Partially Untested
rmr6/rpd1 RPD1 Yes Yes Yes Untested
rmr7/mop2 RPD2a Yes Yes Yes Yes
cbbp CBBP Untested Partially Untested Untested
ufo1 un-cloned Untested Yes Untested Yes
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The yeast one-hybrid technology has been used to identify the proteins able to 
bind to the repeated sequences present in most paramutagenic alleles. In the case of 
b1, this strategy allowed the identification of a CXC-domain protein CBBP (CXC 
domain b1-repeat binding protein) showing homology with some transposases 
known to bind in vivo and in vitro specifically a sequence within the tandem repeats 
of 853 bp inducing repressive chromatin states [98]. A transgenic maize overex-
pressing CBBP showed a silent state at the b1 locus. This change was hereditable 
and the silent epiallele obtained (in the absence of a transgenic construct) was para-
mutagenic although with a reduced strength in comparison with B′, thus confirming 
the role played by CBBP. Furthermore, CBBP binds as multimers the b1 tandem re-
peats suggesting a correlation between the strength of paramutation and the number 
of b1 repeats and a possible trans interaction between chromosomes as observed 
in Drosophila in the case of transvection [62]. CBBP mRNA levels are the same 
in the B-I and B′ while the CBBP protein is only detectable in the B′, thus it can be 
hypothesized as a posttranscriptional control of CBBP is involved in the establish-
ment of the B′ state [98].

So far, the relationship between RNAi machinery and CBBP is not clear, but 
CBBP might be involved in same way in the chromatin modification complex as 
hypothesized for Drosophila CXC domain proteins [99]. Hence CBBP defines a 
new class of protein involved in gene silencing, not sharing similarity to the Ara-
bidopsis RNAi silencing pathway [98]. Taking together all the data obtained so far 
using the best studied b1 locus, it is possible to speculate regarding a paramutation 
model: an increase of CBBP protein level (probably due to a stochastic posttran-
scriptional control) causes the onset of B′ from BI, this state is maintained in the 
next generation by RNA and/or proteins signals associated with the b1 repeats dur-
ing mitosis and meiosis; in some way a pair trans interaction between B′ and B-I re-
peats establishes the paramutation (Fig. 13.6) [100, 101]. Interestingly, another phe-
nomenon involving RNAi-mediated heterochromatin in yeast and Arabidopsis does 
not show paramutation capacity [102, 103] strengthening the idea that although 
RNA-induced silencing complex (RISC) and RNA-induced transcriptional silenc-
ing (RITS) are involved in the paramutation phenomenon, this last could represent 
a new system to propagate epigenetic information.

Gene silencing phenomena could be considered as rare deregulation mechanisms 
involved in the establishment and in the maintenance of chromatin state in a particu-
lar genome region defining the epigenetic state, but the biological systems where 
gene silencing has been discovered share two common characteristics: first the 
genes involved determined a phenotype easy to score such as pigment accumula-
tion [57, 68, 97, 104]; second, all these traits are monogenic characters. These con-
siderations lead us to suppose that gene silencing/paramutation phenomena could 
be more common than previously thought. In fact any paramutation phenomenon 
involving QTL would be hard to find due to the small amount of phenotypic modi-
fication caused by a change in a single or a few genes expression level involved in 
the phenotypic complex trait.

Gene silencing and paramutation phenomena are associated in some way to 
siRNA biogenesis and in most cases to repeated sequences closely linked to the 



260 K. Petroni et al.

gene undergoing paramutation. Although it has been hypothesized for many years 
that repeated sequences were involved in the transcription of the aberrant RNA 
triggering an RNA-directed transcriptional silencing, a recent paper regarding the 
B1 paramutation phenomenon [98] suggests that these repeated sequences contain 

Fig. 13.6   Paramutation models in the b1 locus a the spontaneous appearance of paramutagenic 
B′ from B-I, b the B′ paramutation activity versus B-I, c the genes so far discovered involved in 
the RNAi machinery. In a the B-I allele ( red pigmented plant) is depicted by two boxes represent-
ing the seven tandem repeats and the b1 gene; the two boxes are united by hyphens indicating an 
active conformation of chromatin in this DNA region. Marked black arrows starting from b1 box 
represents the high transcription levels of B-I allele. An increase of CBBP protein level determines 
the binding of these proteins to the tandem repeats (1), in which step the RNAi machinery could 
also be involved (2). The CBBP proteins bonded to the tandem repeats in some way trigger the 
recruitment of the chromatin modification complex (3) that determines an hereditable silent con-
formation of chromatin structure (depicted by the sinusoid line between the two boxes) causing a 
strong decrease in b1 transcription levels (depicted by the thin black arrow starting from b1 box) 
and this new b1 epiallele named B′ ( green pigmented plant) acquires paramutagenic capacity. In 
b when a B-I allele is exposed in trans with a B′ paramutagenic allele ( by crossing), an interaction 
(5) involving CBBP protein which binds the tandem repeats of B-I allele and perhaps a physical 
interaction between the paired genomic regions on two chromosomes (indicated by the yellow 
arrow) and participation of RNAi machinery (4) cause the paramutation of B-I allele as described 
in A (7). In c the proteins so far found involved in the maize paramutation, with the exception of 
CBBP, are all implicated in the 24 nt RNA biogenesis in maize (RNAi system). On the basis of 
mutant analyses and presumed orthologies with Arabidopsis proteins, a complex containing maize 
Pol IV (RPD1 and RPD2a), RMR1 and RDR2 produces a double-stranded RNA (dsRNA) that is 
presumably cleaved by a maize Dicer-like3 (ZmDCL3) into 24 nt RNAs (RMR2 is also required 
but its action in the pathway remains unknown). Schemes were modified from [100, 101]
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target sequences recognized by DNA binding proteins involved in the onset of si-
lencing and correlated with paramutation capacity. So far, the relationship between 
the siRNA pathway and the regulation of these proteins that are probably involved 
in the chromatin modification complex is not clear.

In recent years, the increasing interest in epigenetic and paramutation-like phe-
nomenon allowed the release of a huge amount of genomics and transcriptomics 
data that are shading light on the spread and the mechanism of transmission of 
epigenetic information.

Dietetics

The importance of plant-based foods in the human diet was first evidenced by the 
pioneer Lyon-Diet study [105], which led to the conclusion that, despite consum-
ing as much dairy fats as other Northern European Countries, France had a lower 
mortality due to coronary heart disease, because of a regular moderate consumption 
of red wine. Since then, many epidemiological studies revealed that consumption of 
fruit and vegetables, rich in phytochemicals, particularly flavonoids, is associated 
with a significant reduction of cardiovascular diseases, obesity, and type 2 diabetes 
[106–109]. However, epidemiology can only show that a preventive factor is asso-
ciated with a lower incidence of disease in the population exposed to that preventive 
factor, but it cannot prove a cause–effect relationship. This can be demonstrated us-
ing a nutrigenomic approach in preclinical and clinical studies. Aim of nutrigenom-
ics is to identify genes and proteins, whose expression is influenced by nutrients, by 
using “omic” tools (transcriptomics, proteomics, metabolomics) in animal models. 
This is normally done with a twofold purpose: (i) the identification of target genes 
and of the molecular mechanisms underlying nutrient sensing and (ii) the identifi-
cation of molecular biomarkers, useful to precociously identify a preclinical onset 
of a diet-related disease and design an appropriate nutritional intervention able to 
reverse it [110].

A crucial approach in nutrigenomics is to study the effect of specific plant-de-
rived nutrients/bioactives in their whole-food context, that is together with the other 
metabolites, enzymes, fibre, etc., in which they are normally ingested, since all 
these external factors may modify the bioavailability and bioactivity of compounds. 
A careful analytical assessment of the bioactives content of different plant foods is 
also essential for the reliable evaluation of components in recommended health-pro-
moting diets. Nonetheless, to demonstrate the beneficial activity of specific classes 
of bioactives, it is also crucial to compare near-isogenic plant-based foods that vary 
only in the quantity of the bioactives under analysis. This strategy has not been 
always achieved, but in principle it would allow to reduce some of the complexity 
of food in the diet–health relationship of foods and provide model foods that can be 
used for both animal feeding studies and human intervention trials for assessing the 
role of plant bioactives in the diet.
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Cardioprotective Effect of Blue Corn

The extensive knowledge of the regulation of flavonoid pathway in maize can be 
exploited to obtain “near-isogenic” foods which differ only in the content of spe-
cific classes of flavonoids. Taking advantage of proper allelic combination of the 
MYB and bHLH regulatory genes controlling activation of the anthocyanin biosyn-
thesis pathway in maize, isogenic lines carrying different levels of anthocyanins in a 
desired tissue/organ can be obtained. A clear example of such an approach was pro-
vided by experiments establishing that anthocyanins in corn could offer cardiopro-
tection against ischemia-reperfusion injury in rats [10]. In this case, the use of maize 
lines carrying R1 and C1 alleles that promote anthocyanin accumulation in kernels 
[18], allowed the production of isogenic material either containing or not contain-
ing anthocyanins in the kernels. Such blue and yellow corn seeds were incorporated 
as 20 % supplements in the standard rat diet and used to feed two groups of rats 
for 8 weeks on diets with anthocyanins (supplied at 12 mg/kg body weight/day) or 
without anthocyanins. These studies demonstrated that in rats fed anthocyanin-rich 
maize the amount of cardiac tissue that was damaged following ischemic conditions 
was reduced by approximately 30 % compared to rats fed anthocyanin-free maize 
[10]. Cardioprotection was associated with increased myocardial glutathione levels 
and increased marine omega-3 levels in blood, suggesting that dietary anthocyanins 
modulate cardiac antioxidant defences and the conversion of plant α-linolenic acid 
into omega-3 fatty acids [111]. No differences were found in total levels of saturated 
and monounsaturated fatty acids nor in total n-6 PUFAs between the two dietary 
groups, but there were significantly higher levels of marine n-3 PUFAs (41 % EPA 
and 16 % DHA) and consequently enhanced n-3:n-6 PUFA ratios in the plasma 
of animals fed the high anthocyanin diet. EPA and DHA synthesis in vertebrates 
involves as first step Δ6 desaturase, a rate-limiting enzyme in humans which can 
convert α-linolenic acid into stearidonic acid [112]. These preclinical studies sug-
gest that a combination of plant n-3 PUFA (α-linolenic acid) with polyphenols may 
promote the enhancement of marine n-3 PUFAs possibly by stimulating Δ6 desatu-
rase. Recent epidemiological studies have revealed that EPA and DHA levels were 
increased in blood and cells of red wine drinkers and that components of red wine, 
other than alcohol, probably flavonoids, were responsible for the fish-like effect 
observed [113, 114].

Considering that a high n-3:n-6 PUFA ratio is known to prevent not only car-
diovascular diseases but also other chronic diseases, such as cancer, diabetes and 
neurodegenerative diseases, it is possible that the diverse effects of anthocyanins 
on different chronic diseases [10–12, 115, 116] may result from their modulation 
of plasma n-3 PUFA levels as primary mechanism of action. Alternatively, it may 
be that the impact of anthocyanins on n-3 PUFA metabolism is just a part of their 
physiological mode of action.

In these experiments, the level of dietary anthocyanins in the rodent feed was 
13 times higher than levels present in an average Western diet [10]. Despite this, 
the anthocyanin dose tested still represents a physiological dose, that in an average 



26313  Anthocyanins in Staple Crops

human diet would correspond to a daily intake of 156 mg of anthocyanins, thus be-
ing more similar to the anthocyanin levels assumed in a typical Mediterranean diet 
than to an average Western diet, estimated to be 12 mg/day [117].

Anti-obesity and Anti-diabetic Effects of Purple Corn

Besides cardioprotection, other studies demonstrated that anthocyanin-rich extracts 
from purple corn also prevents weight gain and obesity in mice under high-fat diet 
[118]. Purple corn color (PCC) extract normally used as food colorant (containing 
70 g/kg of cyanidin 3-glucoside) was incorporated at a final concentration of 2 g/
kg to a standard rodent diet or to a high-fat diet. Mice were divided in four groups 
receiving standard diet (SD), purple corn color (PCC), high-fat diet (HFD) and 
high-fat diet + PCC (HFD + PCC) for 12 weeks. Considering an average food intake 
of 3 g/day and a 25 g body weight, the average daily intake of cyanidin 3-glucoside 
in mice receiving PCC or HFD + PCC can be estimated at 240 mg/kg body weight/
day. Results revealed that providing PCC reduced significantly body weight gain 
and fat accumulation, thus impairing the high-fat-induced obesity.

An increase in adipose tissue is normally associated to enhanced levels of TNF-α 
mRNA in white adipose tissue, a pro-inflammatory cytokine that can inhibit pan-
creatic β-cell function and insulin signaling, resulting in insulin resistance. Dietary 
anthocyanins from purple corn prevented the high TNF-α expression level and as 
a consequence prevented hyperglycemia, hyperinsulinemia, hyperleptinemia nor-
mally associated to insulin resistance, by impairing adipose tissue accumulation 
[119]. Microarray analysis of human adipocytes treated with cyanidin 3-glucoside 
confirmed that administration of anthocyanins also down-regulate the expression of 
other adipocytokines (e.g., IL-6 and PAI-1), normally highly expressed in obesity 
and type 2 diabetes [120, 121], and up-regulated adiponectin, specifically highly 
expressed in adipocytes, whose plasma concentration and mRNA level in white 
adipose tissue are decreased in the obese and insulin resistance state [122–125].

The anti-obesity property of purple corn was likely achieved by reducing the 
mRNA level of sterol-binding protein-1 ( SREBP-1), a transcription factor involved 
in lipogenesis and cholesterol synthesis. SREBP-1 is synthesized in white adipose 
tissue as inactive precursor associated to the endoplasmic reticulum and then re-
leased by a two-step proteolitic cleavage that allows its entering into the nucleus 
as a mature transcription factor [126]. Consistent with this idea, mice receiving 
HFD + PCC had lower transcript levels of SREBP-1 and its target genes encoding 
fatty acid synthase (FAS) and acyl-CoA synthase (ACS1), enzymes involved in 
fatty acid and triacylglycerol synthesis [119].

Recent data suggest that SREBP-1 could be downregulated by anthocyanins 
through activation of AMP-activated protein kinase (AMPK), an evolutionary con-
served sensor of cellular energy [127]. It has been reported that metformin, a drug 
used for type 2 diabetes, downregulated SREBP-1 expression, thereby reducing 
FAS mRNA level, through AMPK activation [128] and that dietary anthocyanins 
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from bilberry (supplied at 1.8 mg/kg body weight/day) can activate AMPK in white 
adipose tissue and scheletric muscle tissue and ameliorates hyperglycemia and in-
sulin resistance in diabetic mice [129].

Chronic hyperglycemia is a major contributor to severe diabetic complications. 
Diabetic nephropathy is one of the most common microvascular complications of 
diabetes and a leading cause of end-stage renal disease [130, 131]. The first lesion 
of diabetes observed in glomeruli is mesangial cell expansion and matrix accumu-
lation, leading to glomerulosclerosis. In particular, accumulation of extracellular 
matrix can be caused by increased secretion of matrix-synthesizing growth factors 
and decreased formation of matrix-degrading proteases. Recent studies showed that 
extracts from anthocyanin-rich purple corn can reduce high glucose-promoted me-
sangial cell proliferation and matrix accumulation in vitro and that the most effec-
tive anthocyanins in purple corn reducing mesangial fibrosis and inflammation in 
vitro are cyanidin 3-glucoside, peonidin 3-glucoside and their acylated derivatives 
[132]. Anthocyanins from purple corn extracts supplied in drinking water at 10 mg/
kg body weight/day to diabetic db mice for 8 weeks ameliorated hyperglycemia, 
insulin sensitivity and retarded diabetic nephropathy [133]. Mice receiving purple 
corn extracts ameliorated glomerulosclerosis and reduced microalbuminuria, typi-
cally detected in db mice, by maintaining the glomerular filtration barrier and al-
lowing kidneys to properly operate the urine filtration [133]. The typical glomerular 
macrophage infiltration and monocyte activation of kidneys associated to diabetes 
was also inhibited in db mice treated with purple corn extracts [134].

Anti-atherogenic and Anti-obesity Effect of Black Rice

Acute coronary syndrome, including angina pectoris, myocardial infarction, and 
sudden coronary death, is always correlated to the presence of atherosclerotique 
plaques. These plaques severely reduce the vascular lumen and are predisposed to 
rupture, calcification, and sudden thrombosis formation. Therefore, a major task in 
cardiovascular disease prevention is to increase stability of the plaques and to in-
hibit thrombosis formation in the case of plaque rupture, by reducing inflammation 
which is the underlying cause of vulnerable plaque progression. Concerning this, 
statins are the most effective agents for the treatment of atherosclerosis, since they 
lower lipids and act as potent anti-inflammatory agents.

In vivo studies on rabbits have revealed that both red and black rice decrease 
atherosclerotic plaques and increase the endogenous antioxidant status [135, 136]. 
This anti-atherogenic effect of black rice was confirmed in feeding experiments 
performed using 30-week-old apoliprotein E (apoE)-deficient mice, a mouse mod-
el characterized by vulnerable plaques that show some morphological features of 
human advanced atherosclerotic lesions. Old apoE-deficient mice were fed an-
thocyanin-rich extract from black rice (130 mg/kg body weight/day) supplement-
ed to standard diet for 20 weeks and compared to mice receiving standard diet 
supplemented with simvastatin. Black rice reduced atherosclerotique plaques and 
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inhibited pro-inflammatory factors similarly to simvastatin. Interestingly, black rice 
was more effective than simvastatin in decreasing the lipid profile (triglyceride, to-
tal cholesterol and HDL- and non-HDL-cholesterol) [137]. The serum lipid profile 
was also improved in rats with dyslipidemia induced by high-fat diet, fructose-rich 
diet or in rats under hypercholesterolemic diet [138–140]. Similarly to purple corn, 
anthocyanin extracts from black rice (supplied at 86 mg/kg body weight/ day) pre-
vented weight gain, insulin resistance, hypertriglyceridemia, and platelet hyperac-
tivity, which normally led to formation of atherosclerotique plaques [138, 140]. The 
beneficial effects of anthocyanins from black rice was definitely demonstrated by 
feeding experiments comparing rats fed hypercholesterolemic diet supplemented 
with 20 % black rice or with 20 % unrefined rice, since it was observed that diet con-
taining black rice was more effective in controlling lipidemia (plasma cholesterol, 
triglycerides and low-density lipoprotein) compared with the whole rice diet [139]. 
Supplementation of black rice pigment fraction to patients aged 45–75 years with 
coronary heart disease for 6 months enhanced the plasma total antioxidant capac-
ity and reduced circulating inflammatory factors more effectively than in patients 
receiving white rice pigment fraction, thus confirming that black rice can exert car-
dioprotective effects on patients with coronary heart disease [141].

Interestingly, anthocyanins from black rice (supplied at 112 mg/kg body weight/
day) also have a protective action against alcohol-induced toxicity as demonstrated 
by the decreased levels of serum and liver triglyceride and total cholesterol. Sup-
plementation with black rice also reduced plasma levels of aspartate transaminase 
(AST), alanine transaminase (ALT), and γ glutamyl transferase (GGT), hepatic en-
zymes whose leakage into plasma is a sign of hepatic injury and necrosis. This pro-
tective action is probably achieved by the antioxidant properties of anthocyanins, 
scavenging ethanol-induced free radicals, as demonstrated by lower lipid peroxida-
tion and higher levels of antioxidant enzymes (i.e glutathione peroxidase, superox-
ide dismutase) in liver of mice fed black rice extracts [142]. Finally, anthocyanins 
from purple rice were recently demonstrated to exert a neuroprotective effect in rat 
models of Alzheimer’s disease, by preventing memory impairment and hippocam-
pal neurodegeneration [143].
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