
Chapter 12
Manipulation of Carotenoid Content in Plants
to Improve Human Health
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Abstract Carotenoids are essential components for human nutrition and health,
mainly due to their antioxidant and pro-vitamin A activity. Foods with enhanced
carotenoid content and composition are essential to ensure carotenoid feasibility
in malnourished population of many countries around the world, which is critical
to alleviate vitamin A deficiency and other health-related disorders. The pathway
of carotenoid biosynthesis is currently well understood, key steps of the pathways
in different plant species have been characterized and the corresponding genes
identified, as well as other regulatory elements. This enables the manipulation and
improvement of carotenoid content and composition in order to control the nutri-
tional value of a number of agronomical important staple crops. Biotechnological
and genetic engineering-based strategies to manipulate carotenoid metabolism have
been successfully implemented in many crops, with Golden rice as the most relevant
example of “-carotene improvement in one of the more widely consumed foods.
Conventional breeding strategies have been also adopted in the bio-fortification
of carotenoid in staple foods that are highly consumed in developing countries,
including maize, cassava and sweet potatoes, to alleviate nutrition-related problems.
The objective of the chapter is to summarize major breakthroughs and advances
in the enhancement of carotenoid content and composition in agronomical and
nutritional important crops, with special emphasis to their potential impact and
benefits in human nutrition and health.
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12.1 Introduction

12.1.1 Importance of Carotenoids for Human Nutrition
and Health

Carotenoids are plants pigments that play essential and multiple roles in plants, in
addition to provide coloration to flowers, fruits and seeds in many species. They are
important during photosynthesis, as part of the light-harvesting complex and in the
protection from photo-oxidation. Carotenoids are precursors of some volatiles, play
a role in the attraction of pollinators and are also precursors of the plant hormones
abscisic acid (ABA) and strigolactones (Krinsky 1989; Havaux 1998; Niyogi 1999;
de Saint Germain et al. 2013). Besides these functions in plant physiology and
development, carotenoids are key compounds for human nutrition and health. Four
carotenoids (’-, “- and ”-carotene, and “-cryptoxanthin) have provitamin A activity,
since they are precursors for the synthesis of retinoid, retinol (vitamin A), retinal
(main visual pigment), and retinoic acid (Fraser and Bramley 2004; Krinsky and
Johnson 2005). “-carotene has the greatest vitamin A activity while “-cryptoxanthin
and ’-carotene have approximately half the vitamin A activity of “-carotene.
Vitamin A deficiency is still a cause of childhood blindness and is associated
with reduced immune function and increased risk of mortality from gastrointestinal
disease and measles (Maida et al. 2008) but in specific populations of developing
countries, dietary carotenoids do not provide yet the required daily vitamin A
intake (Olson 1994). On the other hand, zeaxanthin and lutein are also important
for maintaining eye health since these two carotenoids are macular pigments that
can prevent age-related macular degeneration (Carpentier et al. 2009). Furthermore,
carotenoids have antioxidant properties, serving as antioxidant scavengers and
inhibitors of pro-inflammatory and pro-thrombotic factors, hence they may provide
potential benefits in the prevention of cardiovascular and other chronical diseases
(Fassett and Coombes 2012; Mordente et al. 2011). Moreover, higher levels of
lycopene in serum are inversely correlated with the incidence of prostate cancer
(Etminan et al. 2004). Other studies on the mechanisms of action of this carotenoid
revealed that lycopene and its derivatives (metabolites or oxidation products) are
antagonists of nuclear receptors such as transacting antioxidant response elements
(Zaripheh et al. 2006). Therefore, increasing carotenoid content in crop plants to
improve their nutritional value and the benefits for human nutrition, preventing the
risk of several food-related diseases, have been a major goal and the objective of
many research programs worldwide. Over the last three decades significant progress
have been done in the manipulation of carotenoid content and composition in a large
number of crops by either genetic engineering or conventional breeding, which have
been the subject of exhaustive reviews (Giuliano et al. 2008, 2014; Fraser et al. 2009;
Rosati et al. 2009; Farre et al. 2010, 2011; Ye and Bhatia 2012). The aim of this
chapter is to summarize major breakthroughs and advances in the enhancement of
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carotenoid content and composition in agronomical and nutritional important crops,
with special emphasis to their potential impact and the benefits for human nutrition
and health.

Carotenoids have multiple functions in human nutrition and thus in order to
provide food crops with a specific benefit or a particular health-promoting effect,
the enhancement of total carotenoid content is not necessarily the best strategy.
Rather, strategies should be designed to manipulate specific steps of the carotenoid
biosynthetic pathway to enhance when possible the content of the carotenoid
of interest, trying to avoid metabolic interferences which may originate negative
consequences in the concentration of other metabolically-related carotenoids (Farre
et al. 2010). Moreover, carotenoid biosynthetic pathway is complex and each plant
species have adopted particular regulatory mechanisms to accumulate a specific
carotenoid compliment and that may be also tissue-specific and dependent of the
stage of development (Nisar et al. 2015). Then, experimental strategies to enhance
carotenoid content and composition in the different crops should be based in a
precise understanding of the pathway for each plant species and tissue, identifying
key regulatory genes, limiting steps and the mechanism governing the synthesis
and degradation of the carotenoid that should be modified. Examples of efficient
enhancement of total carotenoids and/or to some particularly useful carotenoids
have been obtained in agronomical and nutritional relevant crops, such as rice
(Paine et al. 2005), tomato (D’Ambrosio et al. 2014), potato (Diretto et al. 2006),
carrot (Jayaraj et al. 2008) or canola (Shewmaker et al. 1999; Ravanello et al.
2003).

12.1.2 Carotenoid Biosynthesis in Plants and Bacteria

Carotenoids are hydrophobic tetraterpenoids (C40 isoprenoids) that are mostly
synthesized in the plastids of photosynthetic organisms such as plants, algae,
bacteria and fungi, and also in chromoplasts. In contrast, animals cannot synthesize
carotenoids and due to their vital importance for nutrition and health, they must
obtain them through the diet. Some animals display visible amounts of carotenoids
which are obtained by their feeding, e.g. flamingo feathers, lobster shells or salmon
flesh among others (Olson 1994). Exceptionally, the red pea aphid (Acyrthosiphon
pisum) and the two spotted spider mite (Tetranychus urticae) have adquired the
mechanisms to produce carotenoids by horizontal gene transfer from fungi (Moran
and Jarvick 2010; Altinciceck et al. 2012).

Carotenoid biosynthetic pathway is complex and have been elucidated in many
organism (Chaps. 2 and 3). Alternatively, synthesis of carotenoids in bacteria is
different and simpler than in plants, and has been used for the generation of
transgenicplants (Table 12.1, Chap. 3). Condensation of two molecules of GGPP

http://dx.doi.org/10.1007/978-3-319-39126-7_2
http://dx.doi.org/10.1007/978-3-319-39126-7_3
http://dx.doi.org/10.1007/978-3-319-39126-7_3
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to form 15-cis-phytoene is catalyzed by the crtB gene, and all desaturations and
isomerization are fulfilled by the single crtI gene.

Furthermore, the ketocarotenoid astaxanthin is derived from “-carotene by 3-
hydroxylation and 4-ketolation at both ionone groups by the action of “-carotene
hydroxylase and “-carotene ketolase, respectively. These reactions are catalyzed by
two types of enzymes, a non-hemo hydroxylase (CBHX) and three heme-containing
cytochrome 450-hydroxylases (Nisar et al. 2015, Chap. 3).

Although some plant species may perform ketolation of carotenoid, as pepper
fruits, ketocarotenoids are mainly found in marine organisms, and also many
bacteria contain a ketocarotenoid pathway (Bouvier et al. 1994; reviewed in Zhu
et al. 2009). However, many ketocatotenoids have important commercial interest.
Astaxanthin and canthaxanthin represent more than 55 % of the global market
for carotenoids, since they are extensively used as animal feeding additive to
improve coloration. Other evidences also support the importance of ketocarotenoids
in human health, since astaxanthin has potential health-promoting effects in the
prevention of many diseases, such as cancers, metabolic syndrome, and cardiovas-
cular, gastrointestinal, liver and neurodegenerative diseases (reviewed in Giuliano
et al. 2008; Yuan et al. 2011). Therefore, there are several plants that have
been genetically engineered to produce ketocarotenoids using the ketocarotenoid
pathway genes form bacteria and algae (Gerjets and Sandmann 2006; Morris et al.
2006; Jayaraj et al. 2008; Zhu et al. 2008; Fujisawa et al. 2009; Harada et al. 2014,
Chap. 8).

12.2 Metabolic Engineering to Enhance Carotenoid Content
in Crop Plants

Different experimental strategies have been used to generate food crops with
enhanced carotenoid content and composition. Conventional plant breeding and
genetic modifications (also referred as genetic engineering) are the two basic
approaches addressed in most crops. The rapid development of many biotechno-
logical techniques and procedures, as transformation strategies, introgression lines,
new mutant collections and genome sequencing, among others, with no doubt have
facilitated and assisted both strategies. Conventional breeding or marker-assisted
breeding have produced some progress in the selection of carotenoid improved
lines, but the process is slow, time-consuming and restricted to a limited number of
species. Collection of genetic variants and mutants with altered carotenoid content
and composition are especially useful. Vitamin A biofortification in maize, sweet
potato and cassava are excellent examples in which conventional and assisted
breeding have allowed substantial enhancement of “-carotene to improve the
nutritional and health-related benefits of the population of developing countries
(Hotz et al. 2012; Ceballos et al. 2013; Pixley et al. 2013). Genetic manipulation
of carotenoid content provides many advantages and has been extensively used

http://dx.doi.org/10.1007/978-3-319-39126-7_3
http://dx.doi.org/10.1007/978-3-319-39126-7_8
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in many species (Fig. 12.1), even tough has also disadvantages over conventional
techniques. Targeting of specific genes in a controlled manner to increase or to
suppress their expression is a direct approach allowing modification of the con-
centration of the specific carotenoid of interest. Moreover, the short time required
for transformation and regeneration, and the increasing availability of genes from
the same species have leaded to a rapid an efficient selection of crops with enhanced
carotenoid composition over conventional techniques. However, public concerns in
some countries and that the technical requirements and background necessary for
genetic manipulation is not available in many developing countries, have limited
their expansion.

Significant progresses have been done in the generation of genetic modified crops
with altered carotenoid content and composition (Fig. 12.1). The rapid development
of these technologies and their application in many crops have allowed not only the
enhancement of different carotenoids which are deficient in such a crops but also
the modulation and extension of the pathway to produce new carotenoids, such as
ketocarotenoids (Farre et al. 2010). These strategies have been shown feasible and
efficient to enhance carotenoid content in many plant species, from the model plant
Arabidopsis or tomato to staple foods, such rice, maize, or sweet potato, that are
the basis of the diet of malnourished population in many developing countries. A
revised list of important carotenoid-enhanced crops which are especially relevant
for their health-promoting properties are summarized in Table 12.1.

12.2.1 Fleshy Fruits

12.2.1.1 Tomato as the Model Fruit-System

Tomato fruits have become the favorite model plant for research in many aspects
of fruit development. The large collection of mutant and more recently iso-
genic or near-isogenic lines, relatively rapid plant cycle, genetic background,
well established genetic transformation protocols, well characterized physiological
and biochemical changes during fruit ripening, have turned tomato as a favorite
model plant for fleshy fruit studies. Tomato fruits display a characteristic ripening
behavior in which the transformation from chloroplast to chromoplast and the
concomitant accumulation of carotenoids is controlled by the autocatalytic rise
in ethylene production (Seymour et al. 2013). Mature tomato fruits accumulate
significant amounts of the linear red-carotene lycopene, but only trace amounts
of xanthophylls. Regulation of carotenoid biosynthesis and accumulation during
tomato fruit ripening is probably one of the most extensively studied (Fraser et al.
1994; Liu et al. 2015). Evidences from these studies indicate that stimulation of PSY
gene expression at the onset of ripening is the key regulatory factor challenging the
flux of carotenoid trough the pathway, and the down regulation of LCYB and LCYE
genes facilitate the characteristic accumulation of lycopene during ripening. The



320 E. Alós et al.

Fig. 12.1 Plants with enhanced carotenoid content and composition. Bio-fortified maize from the
HarvestPlus program showing (a) cobs with white (null) and pale-yellow (moderately-enriched)
grains of segregating populations and, (b) highly “-carotene-enriched deep-orange grains.



12 Manipulation of Carotenoid Content in Plants to Improve Human Health 321

knowledge of regulatory steps of the pathway and the availability of genes have
enabled the generation of many transgenic plants with modified fruit carotenoid
content, that in addition have revealed the interaction with other metabolic pathway
(Fraser et al. 2007).

The first tomato line transformed with the endogenous PSY gene presented
detrimental phenotypic effects associated with the presence of the transgenes.
Overexpression of the gene restored synthesis of the carotenoid lycopene in the
yellow-flesh mutant fruits but produced also pigment accumulation in other cell
types, and some lines also exhibited inhibition of carotenoid production by the
phenomenon of co-suppression (Fray and Grierson 1993). Moreover, the trans-
formation of tomato plants with the PSY1 gene and the CaMV 35S promoter
induced the ectopic accumulation of carotenoids, but generated dwarf plants with
reduced chlorophyll contents. Interestingly, the dwarf phenotype was due by an
important reduction of gibberellins concentration (Fray et al. 1995). These results
indicate a competition of two pathways for the common substrate GGPP, in
a way that increasing PSY activity could redirect the channeling of GGPP to
the carotenoid pathway at expenses of GA synthesis and the phytyl chain of
chlorophylls. Similarly, a feedback repression of the endogenous PSY genes was
also observed in transgenic plants expressing the bacterial CrtI genes, encoding
the enzyme converting phytoene into lycopene. Fruit of transformed plants did not
display an increase in total carotenoids although the content of “-carotene content
increased near 3-times (Römer et al. 2000). The use of fruit specific promoters and
chloroplast transit peptides greatly overcome the undesirable side effects produced
by the ectopic expression of carotenoid biosynthetic genes. Thus, up to fourfold
increase in total carotenoid content was obtained in tomato fruits overexpression of
crtB gene from Pantoea ananatis (formerly Erwinia uredovora) under the tomato
polygalacturonase promoter, and the tomato phytoene synthase-1 transit sequence
(Fraser et al. 2002; Moise et al. 2013).

Modification of carotenoid biosynthetic by alteration of upstream metabolic
pathways has been also attempted in tomato fruits. Synthesis of IPP was
studied by transformation of tomato with the 1-deoxy-d-xylulose-5-phosphate
synthase (DXS) and 3-hydroxymethylglutaryl CoA (HMGR-1) genes from the
methylerythritol-4-phosphate (MEP) and the mevalonic acid (MVA) pathways,
respectively (Rodriguez-Concepción 2010). Fruits from plants containing DXS
targeted to the plastid showed a 1.6-fold increase in carotenoid content while those

�
Fig. 12.1 (continued) (c) Internal and external appearance of mature pineapple (wilt-type) sweet
orange fruits (left side) and transgenic fruits in which the “-carotene hydroxylase (CsbCHX) gene
was silencing by iRNA, showing the ‘Golden Orange’ phenotype (right side). (d) Variation in
color intensity of dried root powder from bio-fortified “-carotene-enriched cassava genotypes. (e)
Transversal sections of roots from bio-fortified “-carotene-enriched cassava genotypes showing
variations in color by differential accumulation of “-carotene. Pictures are courtesy of Dra. Natalia
Palacios (CIMMYT/Harvest Plus, Mexico) (a and b); Dra. Elsa Pons and Dr. Leandro Peña
(IBMCP, Spain and Fundecitrus, Brasil) (c); and Dr. Hernan Ceballos (CIAT, Colombia) (d and e)
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containing an additional HMGR-1 did not show any change in carotenoids (Enfissi
et al. 2005). Hence, it appears that the IPP required for carotenoid biosynthesis
was solely or at least mainly derived from the MEP pathway. In addition, the
manipulation of the last steps of the pathway e.g. silencing by iRNA the SlNCED
gene, also turned out to be efficient enhancing carotenoid accumulation, indicating
that at least in tomato, such deficiency in the end-product of the pathway doesn’t
results in altered carotenoid profiling (Sun et al. 2012).

Since mature tomato fruits accumulate negligible amounts of “-carotene,
attempts have been done to increase the concentration of this carotenoid with
significant provitamin A activity. Orange-colored fruits with a 2–4 times increase
in “-carotene was obtained with a constitutive overexpression of the crtI from
Erwinia. Other xanthophylls downstream “-carotene were also enhanced but the
content of lycopene was reduced. These metabolic effects appear to be due to
the stimulation of the endogenous LCY genes (Römer et al. 2000). The use of
other transformation procedures with the Arabidopsis LCYB gene or the CtrY from
Erwinia enabled the enhancement of “-carotene without substantial reduction of
lycopene (Rosati et al. 2000; Wurbs et al. 2007). Another more complex strategy
generated tomato plants overexpressing the LCYB from Arabidopsis and the pepper
CHYB genes, and the corresponding fruits contained high levels of “-carotene
and the xanthophylls “-cryptoxanthin and zeaxanthin, that were virtually absent
in wild type fruits (Dharmapuri et al. 2012). A recent study also reported an
elevation of “-carotene in tomato fruits overexpressing the endogenous ˇ-carotene
hydroxylase 2 gene (CrtR-b2). However, immature fruits were yellow by the
reduced content of chlorophyll and mature fruits accumulated violaxanthin and
large amount of esterifies xanthophylls (D’Ambrosio et al. 2011). Lycopene levels
in tomato fruit may be also increased by the silencing of both lycopene cyclase
and ˇ-carotene hydroxylase genes but carotenoid content in vegetative tissue was
unaffected by using fruit-specie promoters (Rosati et al. 2000). Collectively, these
evidences indicate the feasibility of manipulating tomato fruit carotenoid content
and composition, but a complex balance/equilibrium appears to be operative during
fruit development and ripening, and that alteration in enzyme activity in one step or
co-suppression of one gene may lead to an unbalanced pathway and to unexpected
carotenoid profiling (Fraser et al. 2009; Fantini et al. 2013).

Enhancement of carotenoid content in tomato fruit has been also accomplished
by modification of genes involved in other metabolic process accessory to caroteno-
genesis. Particularly relevant are genes implicated in photomorphogenesis and light
perception, which illustrate the complexity of signals involved in the regulation of
carotenoid biosynthesis that direct or indirectly may modulate the carotenoid profil-
ing. Indeed, silencing the expression of the morphogenic repressors de-etiolated
homolog 1 (DET1) and Le COP1LIKE produce transgenic tomato fruits with
enhanced carotenoid and flavonoid contents, indicating common regulatory nodes
and the significant improvement of the nutritional value of the fruits (Davuluri et al.
2005). Similarly, overexpression of the blue light receptor cryptochrome 2 (CRY2)
resulted in the overproduction of flavonoids and lycopene in fruits (Giliberto et al.
2005). Silencing of other genes involved in light signaling (LeHY5) also reduced
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lycopene content (Liu et al. 2004). Thus, all these evidences demonstrated the
feasibility of signals that may be manipulated in order to enhance carotenoid content
and composition and open new avenues and technological strategies to improve
the health-related benefits of many other food crops. Other endogenous signals
and regulators such as brassinosteroids (BR), has been also showed to influence
carotenoid content. Transgenic tomato lines overexpressing the mutant BZR1-1D
gene from Arabidopsis resulted in an up-regulation of carotenoid biosynthetic genes
and increasing lycopene content (Liu et al. 2013). Fibrillins are proteins involved
in the formation of lipoprotein structures, such as plastoglobules and in pepper
chromoplasts have been implicated in the over-production of pigments due to a sink
effect. When the pepper fibrillin gene was expressed in tomato fruits, fibrils were
not observed but a two-fold increase in lycopene, total carotenoids and carotenoid-
derived flavor volatiles were observed (Simikin et al. 2007).

Transplastomic plants are genetically modified plants in which the new gene
is inserted into the chloroplastic DNA. The major advantage of this technology is
that in many plant species plastid DNA is not transmitted through pollen, therefore
avoiding gene flow from the genetically modified plant to the neighboring plants.
Engineering of the plastids genome for the nutritional enhancement of tomatoes has
been developed (Wurbs et al. 2007; Apel and Bock 2009). Plastid expression of a
bacterial crtY gene triggered the conversion of lycopene to “-carotene and produced
fruits that contained fourfold more provitamin A than the wild type (Wurbs et al.
2007). Similarly, transplastomic tomatoes with an inserted LCYB from daffodil
(Narcissus pseudonarcissus) efficiently converted lycopene into provitamin A (“-
carotene) and showed a 50 % increase in total carotenoids (Apel and Bock 2009).

The production of ketocarotenoids in tomato fruits has been also achieved by
the co-expression of the “-carotene ketolase gene from the algal Chlamydomonas
reinhardtii and “-carotene hydroxylase from Haematococcus pluvialis . Transgenic
tomato plants up-regulated most carotenogenic genes and increased the carbon flux
into carotenoids, resulting in the massive accumulation of free astaxanthin in leaves
(3.12 mg/g) and esterified astaxanthin in fruits (16.1 mg/g, Huang et al. 2013), which
are carotenoids that are not usually produced in tomato.

12.2.1.2 Citrus

Citrus fruits are hesperidium berries, characterized by having a leathery peel
surrounding the edible and juicy portion of the pulp. Citrus peel and pulp are a
complex source of carotenoids, and more than 100 different carotenes, xanthophylls
and derivate have been described. Particular accumulation of carotenoids and
xanthophylls originate the high color diversity among fruits of the different species
and varieties, from the yellow of lemon and grapefruits, to the red pulp of
some grapefruits and orange mutants, through the characteristic bright-orange of
mandarins and oranges (Gross 1987; Rodrigo et al. 2004; Alos et al. 2006, 2008).
Citrus fruits are widely recognized by the high consumption as both juice and
fresh fruits, and therefore constitute an important source of carotenoids for the
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human diet. Carotenoid content is much higher in the peel than in the pulp, being
violaxanthin the primary xanthophyll in mature orange fruits, and violaxanthin and
“-cryptoxanthin predominate in the pulp of mandarins and hybrids (Rodrigo et al.
2013). The potential provitamin A activity in Citrus fruits is, however, moderated,
since “-cryptoxanthin is the only xanthophyll with this activity in the pulp of
mandarin fruits but its presence in orange is negligible (Alquezar et al. 2008).
Thus, increasing the provitamin A activity in Citrus would be of much interest and
has been addressed. The CsPSY gene from CaraCara orange was overexpressed in
kumquat, a Citrus relative family developing small fruits (Fortunella hindsii). Fruits
of the transgenic plants showed a deeper orange color and contained a significant
increase in phytoene, lycopene, “-carotene, and “,“-cryptoxanthin concentrations
while lutein and violaxanthin contents remained almost unchanged, indicating an
enhancement of the flux to the “,“-branch of the xanthophylls pathway (Zhang et al.
2009).

Engineering of “-carotene content in orange fruits has been successfully accom-
plished in a recent study. The rational of that work was to silence the endogenous
ˇ-carotene hydroxylase gene (Csˇ-CHX) that is involved in the conversion of
“-carotene into xanthophylls, under the expression of the regulatory gene FLOWER-
ING LOCUS T from sweet orange that accelerates flowering and reduces the fruiting
time. As expected, “-carotene content was enhanced by more than 36-times and the
content of downstream xanthophylls were reduced, producing fruits of yellow color
both in the peel and pulp which were then termed as “Golden Orange” (Fig. 12.1c).
The enhanced nutritional capacity of the juice of the “-carotene-enriched oranges
was assessed in the model nematode Caenorhabditis elegans. The antioxidant effect
of the golden-orange juice against an in vivo oxidative stress was a 20 % higher than
that of the conventional orange juice, providing a direct evidence of the enhanced
health-related benefits of biotechnological modified orange fruits (Pons et al. 2014).

12.2.2 Cereals

Cereals are considered an important source of nutrients, as carbohydrates, pro-
teins or vitamins, and major contributors to the diary food consumption of the
population of many under-developed and developing countries. The content of
carotenoids in cereal grains is relatively low compared to the majority of fruits
and vegetables and, therefore, their fortification may have an enormous impact on
the nutrition and health benefits of the consumers (Mellado-Ortega and Hornero-
Mendez 2015). Enhancement of carotenoid content and composition in cereal
crops, such as rice, wheat, sorghum and maize have received much attention in
past decades, and international effort have been developed (Harvestplus programs;
http://www.harvestplus.org) to provided enriched-carotenoid cereal products to
malnourished populations. Following is a summary of the main contributions to
the enhancement of carotenoid content in selected cereal crops.

http://www.harvestplus.org/
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12.2.2.1 Rice

Rice is probably the staple food more widely distributed and consumed, and con-
stitutes the basis of the diet of large populations in many countries. Unfortunately,
rice is rich in carbohydrates but the endosperm doesn’t contain carotenoids and the
deficiency in vitamin A may results in millions of people suffering from blindness
and several other diseases in developing countries. In the early 1990s and trying
to alleviate vitamin A deficiencies, research projects initiated in Europe leaded
to one of the major biotechnological breakthroughs in food breeding. Rice lines
of the japonica and indica background with enhanced “-carotene content were
obtained, and international effort has been done to overcome restrictions from public
and private patents, allowing application of conventional breeding to introduce the
enhanced “-carotene phenotype in local varieties (http://www.goldenrice.org/).

Transformation of rice with the daffodil (Narcissus pseudonarcissus) phytoene
synthase gene (PSY) was the first attempt to increase carotenoid content but only
produced accumulation of phytoene in rice endosperm but no other downstream
carotenoids (Burkhardt et al. 1997). The first generation of “-carotene-enhanced rice
endosperm was obtained by the expression of a mini-pathway, containing the PSY
and LCYB genes from daffodil and the bacterial desaturase/isomerase crtI (Pantoea
ananatis) under the control of different promotors. Transformed grains contained
up to 1.6 �g/g dry weight of “-carotene, and also lutein, zeaxanthin and ’-carotene
(Ye et al. 2000), and because the yellow color of the endosperm it was termed as
“Golden Rice”. This increment in “-carotene in rice endosperm was still insufficient
for the recommended daily vitamin A intake from a usual rice meal and a second
generation of Golden Rice was generated. The rational for the new strategy was
incorporating a more active PSY gene from maize which increased up to 23-times
the concentration of “-carotene (37 �g/g dry weight) in the endosperm of the so-
called Golden Rice2 (Paine et al. 2005) and fulfill the daily requirement of vitamin
A. Thereafter, stability of the transgenes and their introgression into locally adapted
and consumed rice cultivars have been developed (Datta et al. 2006, 2007) and it
is expected that new “-carotene-enriched rice cultivars would be available in a near
future (http://www.goldenrice.org/).

12.2.2.2 Maize

Maize is an important staple crop with a world production over 1000 million Tm and
an harvested area of 184 million Ha in 2013 (http://faostat.fao.org). In the population
of many underdeveloped countries where maize is the most important food crop,
the incidence of child and maternal vitamin A deficiency is very high (West 2002).
Although traditional corn varieties have provitamin A, the concentration in seeds is
too low to cover vitamin A deficiencies. Therefore, the nutritional enhancement of
provitamin A in maize is of paramount relevance for their impact in the amelioration
of the diet and the nutritional status of malnourished populations.

http://www.goldenrice.org/
http://www.goldenrice.org/
http://faostat.fao.org/
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The first biotechnological attempt to obtain vitamin A-enriched maize grains
was based on the successful experiments of the Golden Rice 2 project. Transgenic
plants of Hi-II corn expressed the bacterial crtB and crtI genes in an endosperm-
specific manner, using a modified and highly active “-zein promoter fused to transit
peptide of the small subunit of the pea Rubisco (rbcS). Interestingly, the seeds of
the transgenic Hi-II corn contained up to 34-fold increase in total carotenoids with a
significant accumulation of “-carotene which seemed to be due to the upregulation
of the endogenous LCYB (Aluru et al. 2008). Then, a highly ambitious strategy
was designed to introduce a ‘mini-pathway’ of five transgenes into the elite variety
M37W, in order to increase simultaneously the concentration of three vitamins;
A, C and B9 (folate). The successful approach produced new corn transgenic
lines accumulating 60 �g/g DW “-carotene, 23 �g/g lycopene, and 36 �g/g
zeaxanthin in the endosperm, which represent concentration substantially higher
than those found in previous studies (Naqvi et al. 2009). Moreover, when PSY (Zea
mays), crtI (Pantoea ananatis) and LCYB (Gentiana lutea) were introgressed into
yellow corn varieties, zeaxanthin production was enhanced and reached 56 �g/g
dry weight, suggesting the existence of metabolic synergy between endogenous
and heterologous pathways (Naqvi et al. 2011). Furthermore, the insertion of five
carotenogenic genes (PSY, from Zea mays; crtI from Pantoea ananatis, CHBX
and crtW from Paracoccus spp and LCYB from Gentiana lutea) under the control
of different endosperm-specific promoters into a white maize variety, generated
plants with significantly higher levels of “-carotene and other carotenoids, including
complex mixtures of hydroxycarotenoids and ketocarotenoids (Zhu et al. 2008).
These examples illustrate the potential of biotechnological transformation strategies
to enhance not only carotenoid content and composition, but also other nutrients
to deliver new superior maize cultivars. There are, however, vast germplasm
collections of maize cultivars available worldwide, and significant progress have
been done by conventional and marker-assistant breeding in the search of favorable
alleles and to fortify carotenoids in new maize lines (Pixley et al. 2013; Mellado-
Ortega and Hornero-Mendez 2015) that are discussed below.

12.2.2.3 Wheat

Wheat is also a staple food and its grain provides a fifth of the calories and the
protein for the world’s population (Shiferaw et al. 2013). Although wheat breeding
research has been intensively developed, numerous features of wheat grains remain
to be ameliorated as for example seed nutritional content. Lutein is the main
carotenoid found in the wheat endosperm and is, in most cases, accompanied by
lower amounts of zeaxanthin, “-cryptoxanthin and “-carotene that may be also
heavily esterified (Kaneko et al. 1995; Hentschel et al. 2002; Rodríguez-Suárez
et al. 2014; Mellado-Ortega and Hornero-Mendez 2015). Hence, the provitamin A
content in wheat seeds is quite low and consequently a number of strategies through
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conventional breeding and transgenic techniques have been carried out for the last
decades. In the hexaploid wheat variety EM12 cotransformed with the PSY (Zea
mays) and crtI (Pantoea ananatis) genes under the control of an endosperm-specific
promoter (1Dx5) or the constitutive CaMV 35S, total carotenoid content increased
around 11-fold (4.96 �g/g dry weight). Moreover, the yellow color of the transgenic
wheat lines was not due to the upregulation of the endogenous wheat carotenoid
biosynthetic pathway (Schaub et al. 2005; Cong et al. 2009). Another approach to
increase the carotenoid content of wheat seeds by biotechnological applications was
the insertion of crtB and crtI genes from Pantoea ananatis, which produced a similar
enhancement of total carotenoids content (4.76 �g/g dry weights). Importantly,
“-carotene was the predominant carotenoid, accounting for 67 % of the total. On
the other hand, transformation with either crtB or crtI alone was not sufficient to
enhance the accumulation of carotenoids in the seeds, indicating a reduced activity
of the endogenous pathway and that introgression of at least these two enzymes
is necessary to obtain carotenoid-enriched seeds by biotechnological modification
(Wang et al. 2014). A comprehensive review summarizes current genetic and
genomic resources and achievements in wheat in relation to carotenoid metabolism
(Wurtzel et al. 2012). Other attempts to get superior wheat lines with high carotenoid
concentration in the endosperm have been carried out by conventional breeding and
are discussed below in the chapter (see Sect. 12.3).

12.2.2.4 Sorghum

Sorghum and millet are two key components of the Africa Sub-Saharan diets.
Consumption of sorghum in African countries is very relevant among cereals,
with an average of 20 million Tm per year, which is one third of the total world
production. Sorghum seeds are rich in carbohydrates but poor in vitamins and other
essential nutrients. Hence, biofortified sorghum lines are being developed in order to
reduce the malnutrition associated to the seed-based diets. The primary target of the
Biofortified Sorghum project is to provide seeds with increased bioavailable vitamin
A, lysine, and iron and zinc (Lipkie et al. 2013; http://www.biosorghum.com).
For an efficient malnutrition control not only a sufficient amount of provitamin
A in the food should be provided but also appropriate bioaccessibility is required
for the assimilation of the compounds. Biotechnological modified sorghum with
enhanced levels of total carotenoids and “-carotene has been obtained and the
bioaccessibility of carotenoids was assessed, as well that of conventionally breed
lines, using porridge preparations. Bioaccessible “-carotene in transgenic sorghum
(Homo188-A) was near 5-times higher than that non-transformed. Bioavailability
and bioconversion of provitamin A in these sorghum grains should be confirmed
in vivo, but results provide direct evidences supporting the beneficial nutritional
effects of the “-carotene-enriched sorghum lines to enhance total and bioaccessible
provitamin A carotenoid levels (Lipkie et al. 2013).

http://www.biosorghum.com/
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12.2.3 Roots

12.2.3.1 Carrot

Carrot (Daucus carota) storage roots accumulate massive amounts of carotenoid
pigments, including “-carotene and, to a lower extent, ’-carotene. Carrot germplasm
display a variety of color (purple, red, yellow, white) envisaging a complex
regulation of carotenoid biosynthesis and accumulation. Moreover, carotenoid
accumulation and chromoplast formation in carrot is accomplished under dark,
contrary to the situation in aerial-growing tissues (Stange et al. 2008; Fuentes
et al. 2012; Rodriguez-Concepcion and Stange 2013, Chap. 7). Overexpression
of the Arabidopsis thaliana PSY gene in carrot resulted in roots of intense
color, enhanced total carotenoids and the formation of crystals. The content of “-
carotene was substantially increased but also other upstream carotenoids, such as
phytoene, phytofluene and —-carotene, suggesting that carotene desaturation may be
a rate-limiting step (Maass et al. 2009). Moreno et al. (2013) described that the
overexpression of Daucus carota LCYB (DcLLCYB1) correlated with the increase
in carotenoid levels in roots and leaves. Moreover, transgenic carrot with higher or
reduced levels of DcLCYB1 displayed increased or decreased, respectively, content
of total carotenoids and “-carotene in leaves and in storage roots. Alteration of the
transgene DcLcyb1 was accompanied by a modulation in the expression of endoge-
nous carotenogenic genes, indicating a tight regulation of carotenoid biosynthesis
in carrot root in which the cyclization of lycopene may be a essential step (Moreno
et al. 2013). On the other hand, transgenic carrot plants have been experimentally
tested for ketocaronoid production and accumulation. The ketocarotenoid pathway
was introduced by the insertion of the ˇ-carotene ketolase gene Haematococcus
pluvialis() under three different promoters. All the transformed lines presented
high root expression, and the expression of the endogenous “-carotene hydroxylase
genes was also enhanced in transgenic leaves and roots. Interestingly, up to 70 %
of the total carotenoids were converted to novel ketocarotenoids (2400 mg/g root
dry weight). The most predominant carotenoids were astaxanthin, adonirubin,
and canthaxanthin, and therefore demonstrated that high potential of carrots as
biopharming for the production of ketocarotenoid (Jayaraj et al. 2008).

12.2.3.2 Cassava

Cassava, in the Sub-Saharan Africa, is the second most important food crop after
maize in terms of total energy consumption and the first in land area planted
(www.faostat.fao.org). It is worth noting that cassava is more drought tolerant than
maize and their roots can be banked in the soil for up to 3 years with little loss due to
herbivory (Ihemere and Sayre 2008). Thus, cassava provides increased food security
in comparison to other major crops in Africa (Sayre et al. 2011a, b).

The BioCassava Plus program (BCC) was one of the projects funded by Bill
and Melinda Gatess Foundation to alleviate malnutrition in sub-Saharan African

http://dx.doi.org/10.1007/978-3-319-39126-7_7
http://www.faostat.fao.org/
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populations. In general, the aims of the project were to improve several limiting
nutrients for biofortification in cassava including protein, “-carotene iron and zinc
as well as value-added traits (low cyanogens, virus resistance, and increased shelf
life) (Njoku et al. 2011). Biofortification through conventional breeding in cassava
have generated several lines with increasing “-carotene and intensive studies have
demonstrated that the provitamin A activity is substantially higher to fulfill daily
requirements and is retained after processing (Montagnac et al. 2009; Ceballos et
al. 2012, 2013). Representative pictures of other carotenoid-enriched cassava roots
obtained by conventional breeding are shown in Fig. 12.1d, e, and discussed below.

Biotechnological transformation of cassava roots to enrich “-carotene accumu-
lation has been also addressed. Failla et al. (2012) reported the generation of
transgenic lines overexpressing two transgenes, the crtB from Pantoea, and the
Arabidopsis DXS under the control of a potato root-specific promoter. Carotenoid
content was between 15–34-fold greater in the new lines that in wild-type roots,
and “-carotene was the primary carotenoid, accounting for about 92 % of the total.
These results illustrate the potential for biotechnological enrichment of “-carotene
and indicate that cassava roots have the metabolic capability to drive the carotenoid
flux to the formation of “-carotene if enough precursors are provided. This assump-
tion is consistent with previous findings demonstrating that a single nucleotide
polymorphism in one of the PSY genes is able to enhanced catalytic activity,
leading to carotenoid accumulation and yellow-colored cassava root (Welsch et al.
2010). Then, similarly to rice PSY appears to be the rate-limiting for carotenoid
biosynthesis in cassava roots.

In addition to the concentration of “-carotene in a food matrix, as cassava roots,
the type of processing may affect its stability and the absorption by intestinal cells.
Analysis of the “-carotene bioavailability in cassava roots using a in vitro digestion
system and absorption in Caco-2 cells demonstrated that the amount of “-carotene
transformed is proportional to the concentration in the roots and then the quantity
provide by an enriched-cassava is higher that the corresponding wild-type (Thakkar
et al. 2007, 2009). Although all the methods of root processing decreased to different
extend the content and stability of “-carotene, the in vitro digestion system indicated
that the “-carotene-enriched cassava still provide greater amounts of bioaccessible
provitamin A to the consumers than conventional roots (Failla et al. 2012).

12.2.4 Tubers

12.2.4.1 Potato

Potato is the most widely consumed vegetable in the world and then a primary food
source for population of many countries. Potato tubers are rich in carbohydrates,
micronutrients and vitamin C, but unfortunately very poor in carotenoids and
provitamin A. Despite potato shows a great diversity in germplasm, “-carotene is not
available in commercial and wild species of potato although many tubers varieties
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may contain also anthocyanins (Morris et al. 2004; Brown et al. 2005). Because of
the relevance of potato for a large world population, intense effort has been done
in last decade first to decipher regulation of carotenoid biosynthesis (Taylor and
Ramsay 2005; Zhou et al. 2011) and second to enrich the tuber in nutritionally
important carotenoids, primary “-carotene to reduce vitamin A deficiency.

Because the negligible amount of early carotenes in potato tubers, a biotechno-
logical strategy to increase carotenoid content was to enhance the flux of precursors
by the introgression of early biosynthetic genes. Overexpression of the bacterial
DXS increased phytoene and total carotenoid content, but also shifted the flux of the
pathway to the accumulation of the cytokinine trans-zeatine riboside and produced
an early sprouting (Morris et al. 2006). An important increment (sixfold) in “-
carotene was obtained by the overexpression of the bacterial CrtB under the control
of the tissue-specific patatin promotor (Ducreux et al. 2005). Similar approaches
overexpressing the ˇ-carotene ketolase (CrtO) (Gerjets and Sandmann 2006) from
several organisms, as Synech ocistis, or green algae (Morris et al. 2006) or a
combination of the crtW and crtZ forma bacteria and the Or from cauliflower
(Campbell et al. 2015) substantially enhanced the concentration of astaxanthin and
also total ketocarotenoids, up to 12 % of total carotenoids.

The spontaneous cauliflower orange mutant Or, allowed the identification of
a gene, named as Or, that when mutated produces accumulation of “-carotene
in chromoplasts. The function of the gene is not yet defined by interacts with
plastid-associated proteins that modified the capability to sequesters carotenoids in
specialized structures originating accumulation of “-carotene head crystals (Li et al.
2001; Lu et al. 2006). Overexpression of the Or gene in potato produced the same
phenotype as in cauliflower and tubers accumulated more than tenfold the normal
levels of “-carotene. Moreover, Or-overexpressing potatoes also accumulated phy-
toene and phytofluene, and the amyloplast also accumulated “-carotene crystals that
were stable under cold (Lopez et al. 2008).

A major enhancement of carotenoid content in potato was accomplished by
Diretto et al. (2007a) overexpressing a mini-pathway from Erwinia composed
by the CrtB, phytoene synthase CrtI and lycopene “cyclase CrtY. Constitutive
expression of the genes interfered with the endogenous expression of the genes in
leaves and produced unusual accumulation of carotenoids. By contrast, coordinated
expression of the three genes under a tuber-specific promoter originated a massive
accumulation of total carotenoids (20-fold increment) and reached levels of “-
carotene as high as 47 � g/g dry weight. These tubers displayed a characteristic
deep-yellow color (Golden phenotype) and accumulated also xanthophylls.

Other rational to enhance carotenoid content in potato was the silencing of
genes of both branch of lycopene cyclization. Decreasing the expression of LCYE
increased the levels of upstream carotenoids but it interfered with the endogenous
expression of carotenoid biosynthetic genes (Diretto et al. 2006). A more severe
phenotype was obtained by silencing LCYE, which eliminates the competence
from the ’-carotene pathway, and also CHY in a tuber-specify manner, generating
tubers with a 38-fold increment in “-carotene and 4.5-fold in total carotenoids
(Diretto et al. 2007b). However, and as expected, a partial reduction in downstream
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xanthophylls was also detected, probably by modification of the endogenous
pathway. A similar strategy was adopted by Van Eck et al. (2007) in other potato
cultivars in which silencing only the CHBY gene generated potatoes enriched in “-
carotene. Finally, silencing a downstream gene in the pathway, as ZEP, increased
zeaxanthin content without affecting “-carotene and violaxanthin, but unexpectedly
there was also an increment in the concentration of tocopherol (Römer et al. 2002).
All these results illustrate the feasibility to modify carotenoid content in potato
tuber, and particularly, “-carotene, by different biotechnological strategies and it
is expected that may be the basis for further improvement of the nutritional value of
this crop.

12.2.4.2 Sweet Potato

Sweet potato (Ipomoea batatas L.) is also a nutritionally important staple food
for the population of many locations of Asia and Africa countries. Sweet potato
exhibit a large diversity in flesh coloration by the presence of different proportion
of the two pigments carotenoids or anthocyanins, and large germplasm collections
can be found in many sweet potato-producing countries. This tuber is a good
example of intensive international effort in biofortification by conventional genetic
breeding a many new orange-fleshed varieties have been obtained (Tunmegamire et
al. 2014). However, molecular studies of the regulation of carotenoid biosynthesis
and its manipulation are scarce. Park et al. (2015) overexpressed the homologues
of the Or gene in sweet potato and found an elevation of the carotenoid that are
present in non-transformed control, ’- and “-carotene, lutein, zeaxanthin and “-
cryptoxanthin. Moreover, the enriched-carotenoid sweet potato was more resistant
to salt and oxidative stress, indicating an enhanced antioxidant capacity. In other
recent study, genetic transformation of sweet potato with transcription factors of
anthocyanin biosynthesis resulted in tuber with an altered carotenoid biosynthesis
(Goo et al. 2015). Highly anthocyanin-pigmented tubers contained less carotenoid
and vice versa, indicating that both biosynthetic pathways may be connected. If this
relationship is by a directly metabolic connection or by an indirect mechanism, as
the antioxidant status remains to be elucidated.

12.2.5 Other Crops

12.2.5.1 Canola

Genetic engineering of canola for the production of carotenoids in seeds was one
of the pioneering works addressing the biotechnological enrichment of carotenoid
content in foods (Chap. 13). Earlier studies expressing the Crtb gene under a
seed-specific promoter were very efficient increasing carotenoid content in canola
seeds. Total carotenoids were enhanced by more than 50-times compared with

http://dx.doi.org/10.1007/978-3-319-39126-7_13
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un-transformed plants, increasing primary “-carotene and ’-carotene in a ratio
2:1 (Shewmaker et al. 1999). Thereafter, new strategies were developed to obtain
new canola transgenic lines with improved carotenoid content and composition.
Hence, the expression of additional bacterial genes for the enzymes geranylgeranyl
diphosphate synthase (crtE), phytoene desaturase (crtI), crtY and the plant LCYB
from Brassica napus were engineered in transgenic canola seed in combination
with phytoene synthase (crtB). From the different gene combination assayed, the
insertion of crtB, crtI and crtY from Pantoea ananatis was the only one increasing
significantly the ratio “- to ’-carotene, from 2:1 to 3:1 (Ravanello et al. 2003).
Silencing of the LCYE gene using RNAi in canola, revealed that this step may
be rate-limiting in carotenoid biosynthesis, because total carotenoid content as
well as “-carotene, zeaxanthin, violaxanthin and unpredictably lutein concentration
increased in the transgenic seeds (Yu et al. 2013).

Canola plants have been also successfully used to understand the role of
novel regulators of carotenoid biosynthesis initially identified in the model plant
Arabidopsis thaliana. Up to 41-fold increase in “-carotene content was detected
in seeds of canola plants transformed with the chloroplast signal recognition
particle 54 kDa subunit gene (cpSRP54, Arabidopsis) under the napin promoter
(Yu et al. 2012). Moreover, constitutive expression of AtmiR156b in Brassica napus
resulted in enhanced levels of lutein and “-carotene in the seed (Wei et al. 2010).
These results illustrated that additional genes and regulatory factors of unknown
function may be relevant in the regulation of carotenoid biosynthesis and they
modification would result in altered pigment content. Manipulation of canola to
produce ketocarotenoids has been also achieved by the insertion of seven key genes
involved in ketocarotenoid formation (Chap. 13), namely: IDI (Paracoccus sp.),
crtE, crtB, crtI and crtY (Pantoea ananatis) and crtZ and crtW (Brevundimonas
sp.). The total carotenoid content increased 19-30-fold and, in addition, the total
amount of ketocarotenoids ranged from 60–190 �g/g fresh weight (Fujisawa et al.
2009).

12.2.5.2 Soybean

Soybean contain an unusually complete aminoacid composition, and a diversity
of minerals, vitamins, isoflavones and a highly polyunsaturated fatty acid con-
tent that makes soy- derived products convenient for a healthy diet (Erdman
and Fordyce 1989). Because of the importance of soybean in the total world
production, researches and public companies pay attention to the generation of
nutritional-enhanced soybean early than in other crops. Despite insect and her-
bicide resistant soybean were created several decades ago (Hinchee et al. 1988),
carotenoid-enhanced soybean phenotypes were more recently generated. Insertion
of two carotenoid biosynthetic genes, PSY from Capsicum and crtI from Pantoea
in Korean soybean, increased total carotenoid contents up to 62-fold, being 77 %
“-carotene (Kim et al. 2012). Remarkably, the seed-specific overexpression of the
Pantoea ananatis crtB gene targeted to plastids resulted in the accumulation of

http://dx.doi.org/10.1007/978-3-319-39126-7_13
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high levels of “-carotene (over 1500-fold compared with un-transformed lines).
In addition, the transgenic seeds also displayed two collateral traits: elevated de-
saturated oil and increased protein content which are important to enhance the
nutritional value of the crop (Schmidt et al. 2014).

12.2.5.3 Lettuce

Lettuce is a leafy vegetable highly consumed in the world, but unfortunately it
has a low nutritional value (Mou 2009). Therefore, even small increases in the
concentrations of dietary constituents in lettuce could have widespread effects.
Metabolic engineering has been applied to generate lettuce plants enriched in
vitamin E and folate (Lee et al. 2007; Nunes et al. 2009; Yabuta et al. 2013). In
addition, the red pigment astaxanthin which has diverse clinical benefits against
age-related diseases, and muscle or eye fatigue (Guerin et al. 2003; Kidd 2011), was
also synthesized in transformed lettuce plants. The plastid genome of lettuce has
been site-specifically modified with the insertion of three transgenes from marine
bacterium, crtZ, crtW (Brevundimonas sp.) and ipi (Paracoccus). Astaxanthin is
naturally produced by a unicellular green alga Haematococcus pluvialis. This
carotenoid extracted from the green algae comprised a fatty acid diester (28 %), a
monoester (70 %), and the free form (2 %) (Okada et al. 2009). Astaxanthin has been
produced in the edible organs of several crops such as maize (Zhu et al. 2008), potato
(Morris et al. 2006; Gerjets and Sandmann 2006), tomato (Huang et al. 2013), carrot
(Jayaraj et al. 2008), and rapeseed (Fujisawa et al. 2009). In general, the free form
of astaxanthin may accumulate in all the crops with the exception of tomato fruits
(Huang et al. 2013). Transformed lettuce leaves produced astaxanthin fatty acid
(myristate or palmitate) diester (49.2 % of total carotenoids), astaxanthin monoester
(18.2 %), and the free form of astaxanthin (10.0 %) and other ketocarotenoids
(17.5 %). These results indicated that artificial ketocarotenoids account for up to
95 % of total carotenoids (230 µg/g fresh weight) while the native carotenoids
lactucaxanthin and lutein represented only the 3.8 and 1.3 %, respectively (Harada
et al. 2014).

12.3 Bio-fortification and Quantitative Trait Loci Related
to High Carotenoid Contents in Plants

As discussed in previous sections, bio-fortification is a conventional breeding
strategy to enhance the content in micronutrients, minerals, pigments or any other
element in a staple food to improve its nutritional value and its health-beneficial
effect for malnourish population. This genetic improvement of a food crops is
particularly suitable for rural-based population and in the case of carotenoid has
been very successful and has allowed the alleviation of vitamin A deficiency that is
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one of the major nutrition-related problems in many underdeveloped and developing
countries (Bouis et al 2011; Dwivedi et al 2012). Major achievement has been done
in selected crops by international networking strategies and collaborative projects,
in which the HarvestPlus (http://www.harvestplus.org) and other institutions have
been essential and played determinant roles. Staple food with enhanced “-carotene
content, such as maize (Pixley et al. 2013), cassava (Ceballos et al. 2012) or sweet
potato (Tunmegamire et al. 2014) have been obtained and locally adapted and spread
in Asian and Africa countries.

Other genetic analysis, as quantitative trait loci (QTL) has been applied to the
study of the DNA regions of a plant genome related to carotenoid accumulation.
QTL studies have improved the knowledge on DNA fragments involved in the
variation of carotenoid content and have provided information on the genetic
architecture of this trait in several plant species. Moreover, QTLs have led to
the identification of candidate genes that could participate in the regulation of
carotenoid concentration. A recombinant inbred (RI) population with 233 RI maize
lines derived from a cross between By804 and B73 was used to detect QTL revealing
that much of the phenotypic variation in carotenoids contents may be explained by
two loci (y1 and y9). A gene targeted marker (Y1ssr) in the candidate gene phytoene
synthase 1 (PSY1) tightly linked to a major QTL explained up to 27 % of phenotypic
variation for carotenoids content (Chander et al. 2007). Other experiment showed
that a 378-bp InDel upstream of the transcription start site and a SNP in the fifth
exon resulting in a Thr to Asn substitution may be functional sites associated with
total carotenoid levels in maize grain (Fu et al. 2013). PSY has also been studied in
wheat and the allelic variation at PSY1-A1 was associated with the yellow pigment
trait (YP). Hence, the PSY1-A1o allele was associated with elevated pigment in
a validation population comprising 93 diverse cultivars and breeding lines (Singh
et al. 2009).

Major QTLs for carrot color are positionally associated with carotenoid biosyn-
thetic genes and interact epistatically in a domesticated x wild carrot cross.
Based on the progeny of a wild white carrot (QAL), which doesn’t accumulate
pigments crossed with domesticated orange carrot (B493), one of the richest
sources of carotenoid pigments-mainly provitamin A “- and ’- carotenes, two
major interacting loci, Y and Y(2), associated with the carotenoid biosynthetic genes
zeaxanthin epoxidase and carotene hydroxylase, and carotenoid dioxygenase gene
family members, were found to control much variation for carotenoid accumulation
in carrot roots (Just et al. 2009).

Two QTLs for increased fruit lycopene content, inherited from a high-lycopene
S. pimpinellifolium accession, were detected in tomato chromosomes 7 and 12
using a S. lycopersicum � S. pimpinellifolium RIL population, and were identified
as potential targets for marker-assisted selection and positional cloning. Statistical
analyses revealed that while lyc7.1 did not significantly increase lycopene content
in the heterozygous condition, individuals harboring lyc12.1 (localized to tomato
chromosome 12) in the heterozygous condition contained 70.3 % higher lycopene
than the recurrent parent. The derived sub-NILs could be used for transferring

http://www.harvestplus.org/
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lyc12.1 to other tomato varieties (Kinkade and Foolad 2013). A major QTL for
pigment content in pepper fruit, pc8.1, is associated with variation in plastid
compartment size. Quantitative variation in pigment content was studied in a cross
between a dark-green Capsicum annuum pepper and a light-green C. chinense
pepper. QTL pc8.1, affected carotenoid content in the ripe fruit and found that the
QTL exerts its effect via increasing chloroplast compartment size in the dark-green
genotypes (Brand et al. 2012).

Other genetic strategies based on genome-wide association (GWAS) are now
being used to identify allelic variation for genes controlling carotenoid content
and composition. This technique requires wide allelic diversity and a high-density
genotyping, that are now only available for selected plant species, as maize (Owens
et al. 2014; Suwarno et al. 2015) but it may provide the basis to address similar
objectives in other agronomical important plants in the future.

12.4 Concluding Remarks

Biotechnological manipulation of carotenoid content and composition to enhance
the nutritional value and health related benefits of many foods have been suc-
cessfully addressed in past decades. Strategies have been based on the silencing
of particular genes to increase the concentration of upstream carotenoids of the
pathway or to overexpress key biosynthetic genes to challenge the pathway to
increase metabolic precursors. Evidences accumulate indicate that each plant
species and tissue may have particular regulatory and rate-limiting steps but, in
general, three points appears to be key in the pathway: first, early step regulating
the flux of entrance (phytoene synthase); second, the branching point diverging
from lycopene, particularly lycopene “-cyclase; and third, “-carotene hydroxylase,
that depletes the level of carotenes with provitamin A activity. Moreover, it
becomes evident that other accessory or side-associated steps of the pathway may
be also important regulating carotenoid accumulation and are potential targets to
enhance their content. Application of genetic engineering strategies has also strong
limitations, by scientific and technical reasons in many plants species and by
public concerns in many countries. Conventional breeding has becoming successful
enriching carotenoid content in important staple foods, and “-carotene-biofortified
maize, cassava and sweet potato varieties have been obtained and are spread in
countries with malnourished population affected of vitamin A deficiency. The rapid
development of new “omic” technologies, transformation of recalcitrant plants and
a better understanding of carotenoid biosynthesis and catabolism in different plants
species will open new avenues to enrich foods with carotenoid not only to alleviate
deficiencies but also to provide a better antioxidant balance and other health-related
benefits.
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