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Carotenoids fulfill many processes that are essential for normal growth and development in plants, but
they are also responsible for the breathtaking variety of red-to-yellow colors we see in flowers and fruits.
Although such visual diversity helps to attract pollinators and encourages herbivores to distribute seeds,
humans also benefit from the aesthetic properties of flowers and an entire floriculture industry has devel-
oped on the basis that new and attractive varieties can be produced. Over the last decade, much has been
learned about the impact of carotenoid metabolism on flower color development and the molecular basis
of flower color. A number of different regulatory mechanisms have been described ranging from the tran-
scriptional regulation of genes involved in carotenoid synthesis to the control of carotenoid storage in
sink organs. This means we can now explain many of the natural colorful varieties we see around us
and also engineer plants to produce flowers with novel and exciting varieties that are not provided by
nature.

� 2010 Elsevier Inc. All rights reserved.
Carotenoids are organic molecules comprising a C40 polyene
backbone that is often cyclized to generate terminal ionone rings.
This structure allows carotenoids to absorb short-wave visible
light, and the wavelengths that are absorbed depend on the num-
ber and nature of the double bonds. Carotenoids are therefore pig-
ments that range in color from yellow through orange to red. They
are produced mainly by photosynthetic organisms, and in plants
they are synthesized in both chloroplasts and chromoplasts,
imparting color to photosynthetic tissues as well as fruits, storage
organs and flowers [1].

In mature chloroplasts, carotenoids fulfill a number of functions
essential in photosynthesis such as photosystem assembly, light
harvesting and protection from photo-oxidation at high light
intensities [2,3]. In contrast, carotenoids in chromoplasts appear
to be synthesized primarily for the purpose of attracting other
organisms, such as pollinating insects and seed-distributing herbi-
vores [4]. Carotenoids are also important substrates for a class of
ll rights reserved.
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carotenoid cleavage dioxygenases (CCDs)1 that generate biologi-
cally active apocarotenoids such as pro-vitamin A [5], abscisic acid
[6] and the recently-discovered hormone strigolactone [7,8]. Other
apocarotenoids are well known as food colorings, cosmetics, flavors
and fragrances, such as bixin, crocetin and b-ionone [9–12].

There is considerable interest in chromoplast-derived carote-
noids because of their two direct benefits to humans – as antioxi-
dants and pigments. When expressed in fruits and storage organs,
carotenoids are primarily valued for their antioxidant properties,
and we have discussed recent advances in the nutritional improve-
ment of cereals, fruits and root vegetables by carotenoid metabolic
engineering in other review articles [13–15]. Other excellent re-
views have covered carotenoid metabolism and metabolic engi-
neering [16–18], and the regulation of carotenoid biosynthesis
using promoters, transcription factors, chromatin regulation and
compartmentalization [19]. Here we focus on carotenoids as pig-
ments in flowers. This has a strong impact in the cut flower indus-
try purely for aesthetic reasons, but also in the areas of traditional
medicines and nutrition because certain carotenoids are extracted
1 Abbreviations used: CCDs, carotenoid cleavage dioxygenases; IPP, isopentenyl
diphosphate; DMAPP, dimethylallyl diphosphate; MEP, methylerythritol 4-phos-
phate; GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; PSY, phytoene
synthase; PDS, phytoene desaturase; Z-ISO, f-carotene isomerase; ZDS, f-carotene
desaturase; CRTISO, carotenoid isomerase; LYCB, lycopene b-cyclase; LYCE, lycopene
e-cyclase; ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NXS, neoxan-
thin synthase; ABA, abscisic acid; CCS, capsanthin–capsorubin synthase; DXS, 1-
deoxy-D-xylulose 5-phosphate synthase.

http://dx.doi.org/10.1016/j.abb.2010.07.028
mailto:christou@pvcf.udl.es
http://dx.doi.org/10.1016/j.abb.2010.07.028
http://www.sciencedirect.com/science/journal/00039861
http://www.elsevier.com/locate/yabbi


Table 1
Carotenoid composition in petals of fully open flowers.

Species Cultivars or
mutants

Major carotenoids Minor carotenoids References

Solanum lycopersicum Wild type Violanxanthin and neoxanthin Lutein [44]
Solanum lycopersicum old-gold (og)a Violanxanthin and neoxanthin Lutein and lycopene [52]
Solanum lycopersicum tangerine3183b Neoxanthin, violaxanthin, phytoene and

rubixanthin
Prolycopene, phytofluene, f-carotene,
neurosporene, lycopene, c-carotene, b-carotene, b-
cryptoxanthin and lutein

[56]

Solanum lycopersicum tangerinemicc Prolycopene, phytoene, neoxanthin,
phytofluene and f-carotene

cis-Neurosporene, neurosporene, di-cis-lycopene,
b-carotene and rubixanthin

[56]

Solanum lycopersicum white-flower (wf)d b-Carotene and neoxanthin, Violaxanthin, lutein and phytoene [44]
Solanum lycopersicum high-pigment 3

(hp3)e
Zeaxanthin Antheraxanthin, neoxanthin, violaxanthin and

lutein
[57]

Narcissus pseudonarcissus Lutein b-Carotene [58]
Tagetes erecta Lady Lutein [42]
Gentiana lutea Lutein, violaxanthin, b-carotene and

antheraxanthin
Neoxanthin, zeaxanthin and b-cryptoxanthin [59]

Ipomoea sp. b-Cryptoxanthin and zeaxanthin Lutein, neoxanthin and violaxanthin [60]
Ipomoea obscura Zeaxanthin, lutein, neoxanthin and violaxanthin [60]
Lilium spp.f Connecticut King Antheraxanthin, (9Z)-violaxanthin and cis-

lutein
Violaxanthin, lutein and b-carotene [61]

Lilium spp.f Montreux Violaxanthin, lutein and b-carotene Antheraxanthin, (9Z)-violaxanthin and cis-lutein [61]
Lilium spp.f Saija Capsanthin Antheraxanthin [61]
Chrysanthemum morifolium

Ramat.
Yellow Paragon Lutein [62]

Cucumis sativus var. Anguria Lutein, b-carotene, flavoxanthin, auroxanthin
and zeaxanthin

b-Crytoxanthin, a-carotene and violaxanthin [63]

Nicotiana glauca Lutein and b-carotene Violaxanthin, antheraxanthin and b-cryptoxanthin [64]
Lotus japonicus Violaxanthin and antheraxanthin Neoxanthin, lutein, zeaxanthin and b-carotene [65]
Oncidium Gower Ramseyg All-trans violaxanthin and 9-cis-violaxanthin All-trans neoxanthin, 9-cis-neoxanthin and lutein [66]
Crocus sativush Zeaxanthin, f-carotene and b-carotene b-Cryptoxanthin, lycopene and phytofluene [67]
Adonis aestivalis Astaxanthin 3-Hydroxyechinenone, adonixanthin and

adonirubin
[68,69]

a Accumulation of �20% lycopene in the petals of og (null mutant of CrtL-b2 encoding LYCB) compared with that of the wild type.
b Prolycopene (CRTISO substrate), phytofluene, f-carotene and neurosporene accumulate because CRTISO gene expression is impaired in tangerine3183.
c Prolycopene, phytoene, phytofluene, f-carotene, cis-neurosporene and di-cis-lycopene accumulate due to loss of CRTISO function in tangerinemic.
d The elimination of CrtR-b2 (encoding BCH2) in wf petals results in an 80% reduction in total carotenoid concentration, possibly due to the inability of petals to store high

concentration of carotenoids other than xanthophylls, and by degradation of b-carotene which accumulates as a result of the wf mutation.
e Petals of hp3 accumulate large amounts of zeaxanthin, minute quantities of violaxanthin and neoxanthin compared to that of wild type since a substitution mutation in

ZEP, which results in the reduction activity of ZEP in hp3.
f Fully developed tepals.
g Fully developed lips.
h Fully developed stigmata.
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from dried flowers and used as food colorings and flavors.
Although the leaves of most plants have a similar carotenoid com-
position, flowers offer distinct carotenoid profiles that depend on
the species and variety, in the latter case often reflecting the effects
of single-gene mutations (Table 1) [20]. In this review, we provide
an overview of the molecular basis of carotenoid synthesis in flow-
er chromoplasts and discuss recent advances in metabolic engi-
neering that have been used to alter the carotenoid content of
flowers.
Overview of carotenoid synthesis and metabolism in plants

In plants, carotenoids are synthesized de novo from the isomeric
C5 precursors isopentenyl diphosphate (IPP) and dimethylallyl
diphosphate (DMAPP) [21]. The reaction occurs in plastids and
both precursors are derived primarily from the plastidial meth-
ylerythritol 4-phosphate (MEP) pathway [22,23] as shown in
Fig. 1. The condensation of three IPP units and one molecule of
DMAPP produces geranylgeranyl diphosphate (GGPP, C20), a reac-
tion catalyzed by the enzyme GGPP synthase (GGPPS). The first
committed step in the pathway is the condensation of two mole-
cules of GGPP into the colorless carotenoid precursor 15-cis-phyto-
ene (C40) by phytoene synthase (PSY) [24]. This is converted into
bright red all-trans lycopene, the first pigmented carotenoid, in a
series of four desaturation reactions catalyzed by phytoene desat-
urase (PDS), f-carotene isomerase (Z-ISO), f-carotene desaturase
(ZDS) and carotenoid isomerase (CRTISO). The product of the first
desaturation is 9,15,90-tri-cis-f-carotene, which is isomerized by
the recently characterized Z-ISO [25] and/or light to yield 9,90-di-
cis-f-carotene, the substrate for ZDS (Fig. 1) [26]. The end product
of the desaturation reactions, 7,9,70,90-tetra-cis-lycopene (prolyco-
pene), is converted to all-trans lycopene by CRTISO in non-green
tissue, but by light in green tissue [26,27].

Lycopene represents the branch point of the carotenoid pathway
because it acts as the substrate for two competing enzymes, lyco-
pene b-cyclase (LYCB) and lycopene e-cyclase (LYCE). Both enzymes
cyclize the linear backbone to generate terminal ionone rings, but
the structures of these rings are distinct. The addition of one b-ring
to lycopene by LYCB generates c-carotene, and the addition of a sec-
ond b-ring to the free end by the same enzyme produces the orange
pigment b-carotene, which is further converted to the yellow pig-
ment zeaxanthin by the di-iron non-heme b-carotene hydroxylase
BCH and/or the P450-type b-carotene hydroxylase CYP97A and
CYP97B, in a two-step reaction via b-cryptoxanthin [28–33]. Alter-
natively, the addition of one e-ring to lycopene by LYCE generates
d-carotene. This is a poor substrate for LYCE so it is unusual for the
second e-cyclization to take place, but it is a good substrate for LYCB
which adds a b-ring to the free end generating the orange pigmenta-
carotene. In turn, a-carotene is converted into zeinoxanthin by BCH
and/or CYP97A and CYP97B, and then into the yellow pigment lutein
by the P450-type e-hydroxylase, CYP97C [32–34] (Fig. 1). Whereas
lutein represents the natural end point of the a-carotene branch,
zeaxanthin enters the xanthophyll cycle [35] through the stepwise



Fig. 1. Carotenoid biosynthetic pathway in higher plants. Abbreviations: IPP, isopentenyl diphosphate; IPPI, isopentenyl diphosphate isomerase; DMAPP, dimethylallyl
diphosphate; GGPP, geranylgeranyl diphosphate; GGPPS, GGPP synthase; PSY, phytoene synthase; PDS, phytoene desaturase; Z-ISO, f-carotene isomerase; ZDS, f-carotene
desaturase; CRTISO, carotenoid isomerase; LYCB, lycopene b-cyclase; LYCE, lycopene e-cyclase; CCS, capsanthin–capsorubin synthase; CYP97C, carotene e-ring hydroxylase;
HYDB, b-carotene hydroxylase (BCH, CYP97A or CYP97B); ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NXS, neoxanthin synthase; NCED, 9-cis-
epoxycarotenoid dioxygenase.
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activities of zeaxanthin epoxidase (ZEP) and violaxanthin de-epoxi-
dase (VDE). The resulting yellow pigments antheraxanthin and vio-
laxanthin are then converted to yellow neoxanthin by neoxanthin
synthase (NXS) [36,37]. Finally, the enzyme 9-cis-epoxycarotenoid
dioxygenase (NCED, VP14) cleaves the 11,12(110,120) double bonds
of the 9-cis isomers violaxanthin and neoxanthin to produce xanth-
oxin, the precursor of abscisic acid (ABA) (Fig. 1) [38,39].

In some plants, the biosynthesis pathway extends further reflect-
ing an ability to synthesize specialized ketocarotenoids. One such
example is the red fruits of chili peppers, in which the red ketocarot-
enoids capsanthin and capsorubin are synthesized from anthera-
xanthin and violaxanthin by capsanthin–capsorubin synthase
(CCS) (Fig. 1) [40]. Another example, which we consider in more de-
tail later, is the ornamental plant Summer pheasant’s-eye (Adonis
aestivalis) whose petals synthesize the red ketocarotenoid astaxan-
thin (Fig. 2), which is usually found only in microbes [41].

The quantity and diversity of carotenoids varies widely in the
chromoplasts of different plants even within a single species
(Table 1), and this reflects the different regulatory mechanisms
affecting the carotenoid biosynthesis pathway. Many flowers with
white petals contain few carotenoid molecules, whereas the dark
orange petals of some marigold (Tagetes erecta) flowers contain up
to 20-fold the carotenoid content of leaves [42]. Three major mech-
anisms are known to affect carotenoid accumulation in chromop-
lasts: (1) the transcriptional or post-transcriptional regulation of
genes controlling carotenoid biosynthesis; (2) the transcriptional
or post-transcriptional regulation of genes controlling carotenoid
degradation; and (3) the regulation of lipoprotein-sequestering
structures that act as carotenoid sinks. These mechanisms are
discussed in more detail below using specific case studies.
Carotenoid biosynthesis and accumulation controlled by
transcription of carotenogenic genes

The transcriptional regulation of carotenogenic genes is an
important mechanism that contributes to the accumulation of spe-
Fig. 2. Astaxanthin biosynthesis pathway from b-carotene. Arrow with inset square repr
b-carotene hydroxylase (HYDB) – BCH, CYP97A, CYP97B or CRTZ.
cific carotenoids during flower development. The next section looks
at specific case studies to illustrate how transcriptional regulation
affects carotenoid accumulation in the flowers of different species.

Tomato

Tomato (Solanum lycopersicum L.) is widely regarded as the
most important model plant species for studying carotenoid accu-
mulation because of its diverse germplasm and the different carot-
enoid profiles in leaves, flowers and fruits [43]. The red color of ripe
fruits reflects the accumulation of lycopene, whereas the intense
yellow color of the flowers reflects accumulation of the xantho-
phylls violaxanthin and neoxanthin [44]. As in other species, the
color of tomato flowers is thought to attract pollinating insects
and that of the fruit is thought to attract herbivores for seed dis-
persal [45].

Carotenoid biosynthesis is controlled by different regulatory
mechanisms in tomato tissues containing chloroplasts and chro-
moplasts [46]. Underlying this fact, at least four of the caroteno-
genic genes in tomato come in pairs, one set expressed
preferentially in leaves (containing chloroplasts) and the other in
flowers and fruit (containing chromoplasts) [44]. The enzymes
GGPPS, PSY and BCH are thus represented by GGPPS1, PSY2 and
CRTR-b1, which are expressed preferentially in photosynthetic tis-
sue, and by GGPPS2, PSY1 and CRTR-b2, which are expressed more
strongly in flowers and fruits [44,47–50]. In the case of LYCB, CRTL-
b1 is expressed in leaves and at very low levels in flowers whereas
CRTL-b2 (CYC-B) is expressed strongly in flowers and at very low
levels in fruits [51,52]. The carotenoid content of tomato flowers
increases approximately 10-fold during development and this is
coincident with strong increases in the steady state levels of
PSY1 and PDS mRNAs [53]. This evidence indicates that carotenoid
accumulation in tomato flowers is predominantly controlled at the
level of transcription. Galpaz et al. [44] concluded that there has
been strong selection pressure to maintain separate chromoplast
isoforms of the carotenogenic enzymes to regulate the pigmenta-
tion of flowers and fruit. The regulation of carotenoid biosynthesis
esents b-carotene ketolase – BKT, CRTW or CRTO. Arrow with inset circle represents
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tomato flowers and fruits has been elucidated by functional analysis
of the PDS and CYC-B promoters, both of which are preferentially
expressed in chromoplast-containing tissues [54,55]. PDS is upregu-
lated in the chromoplast-rich anthers of flowers, and in fruits at dif-
ferent stages of ripening [54]. The CYC-B promoter contains
conserved cis-acting elements such as RAP2.2 and ERE (ethylene
responsive element), which are responsible for a common regula-
tion of carotenoid accumulation in flowers and fruits [55]. It will
be interesting to characterize the signal transduction components
and transcription factors that control CYC-B expression in order to
provide further insight into carotenoid metabolism in tomato.

Marigold

Marigold flowers are a major commercial source of lutein,
which is responsible for the orange to yellow hues of marigold pet-
als. Carotenoid yields vary approximately 100-fold between white
flowers and the most pigmented varieties [42], the latter of which
are ground up and added to poultry feed [70] in order to improve
the quality of egg yolks [71]. As in tomato, carotenoid accumula-
tion in marigold appears to be regulated primarily at the level of
transcription, but there is conflicting evidence as to which genes
represent the primary bottlenecks in carotenoid biosynthesis.

Moehs et al. [42] cloned many of the relevant carotenogenic
genes, i.e. those encoding PSY, PDS, LYCB, LYCE, BCH, and also the
genes coding for 1-deoxy-D-xylulose 5-phosphate synthase (DXS)
responsible for the first and rate-limiting step of the mevalonate-
independent MEP pathway, isopentenyl diphosphate isomerase
(IPP) and geranylgeranyl diphosphate (GGPP) synthase. They also
cloned two genes involved in plastid division and replication (MinD
and FtsZ). They surveyed mRNA levels in four marigold cultivars
ranging in color from white to dark orange, with approximately
equal carotenoid levels in green tissue. The clear finding was that
the abundance of PSY mRNA correlated precisely with the caroten-
oid levels in flowers [42]. They also found that the mRNA for LYCE
was expressed strongly whereas that for LYCB was not induced in
the more pigmented flowers, indicating that the amount of lutein
was determined predominantly by LYCE activity. In contrast to
the above, Del Villar-Martinez et al. [72] found that the amount
of PSY mRNA was not related to carotenoid content, e.g. there
was more PSY mRNA in the yellow Alcosa variety than the deep or-
ange Crackerjack variety. They also found that the mRNA for LYCB
was barely detectable in the white variety Snowdrift, but was
strongly expressed in Alcosa and Crackerjack [72]. It is possible
that these differences are attributable to distinct regulatory mech-
anisms in different varieties with similar phenotypes, e.g. Moehs
et al. [42] used the non-pigmented variety French Vanilla rather
than the Snowdrift variety used by Del Villar-Martinez et al. [72].

Gentian

Gentian (Gentiana lutea) is a perennial plant with medicinal
properties that has been adopted as model for carotenogenesis be-
cause of its bright yellow flowers, which are rich in b-carotene and
xanthophylls [59]. Genes encoding all the major carotenogenic en-
zymes have been cloned from a yellow petal cDNA library, and the
corresponding enzyme activities (i.e. GGPPS, PSY, PDS, ZDS, LYCB,
LYCE, BCH and ZEP) have been verified by complementation in
Escherichia coli [59,73].

Flower development involves the upregulation of carotenoid
synthesis and a switch in emphasis from the e-branch to the b-
branch, with a corresponding shift in carotenoid profile from lutein
to zeaxanthin, antheraxanthin and neoxanthin [59,73]. Underlying
this, the PSY and ZDS mRNAs are strongly upregulated (6- to 7-fold)
during development, coincident with a moderate upregulation of
LYCB, BCH and ZEP (2-fold) and a fall in the level of LYCE mRNA
to approximately 50% of its original level [59]. Interestingly, the le-
vel of GGPPS mRNA decreases over the same period, which sug-
gests carotenoid synthesis utilizes an exclusive pool of GGPP that
accumulates in the early stages of development [73].

Morning glory

The genus Ipomoea (morning glory) is renowned for its diverse
flower colors including many species with carotenoid-rich yellow
and orange petals. But the Japanese morning glory (Ipomoea nil)
lacks a yellow cultivar and does not accumulate carotenoids. A re-
cent study by Yamamizo et al. [60] compared Japanese morning
glory with two yellow-flowered species in an attempt to determine
the molecular basis of this phenomenon. During early flower
development, all the species accumulated lutein, violaxanthin
and b-carotene in the petals, the same carotenoids that accumulate
in leaves. However, the yellow flowers switched to chromoplast-
type carotenoid accumulation later in development (b-cryptoxan-
thin, zeaxanthin and b-carotene) and also contained esterified
b-cryptoxanthin and zeaxanthin, as also seen in marigold and
Eustoma [42,74]. The white flowers, however, did not accumulate
any chromoplast-type carotenoids [60].

Genes encoding the enzymes involved in isoprenoid and caroten-
oid biosynthesis (IPPI, GGPPS, PSY, PDS, ZDS, CRTISO, LYCB, LYCE and
BCH) and carotenoid cleavage (ccd1 and ccd4) were isolated from
immature petals [60] and it was noted that many of the genes were
expressed at lower levels in the white petals compared to the yellow
ones, particularly BCH. However, the expression of CCD1 and CCD4
did not correlate with the carotenoid level in petals [60]. These re-
sults suggest that the white color in petals is due to the lack of the
ability to synthesize chromoplast-type carotenoids because of the
transcriptional down-regulation of carotenogenic genes [60].

Lilies

The Asiatic hybrid lily (Lilium spp.) is another commercially
valuable ornamental plant with flower colors ranging from red, or-
ange and yellow (carotenoids), through pink (anthocyanins) to
white. Carotenoid profiling has shown that most of the carotenoids
in yellow petals are antheraxanthin, (9Z)-violaxanthin, cis-lutein
and violaxanthin, whereas red petals are unusual in that they accu-
mulate capsanthin (Table 1) [61,75]. The increase in carotenoid
content in yellow cultivars was mirrored by the induction of PSY,
PDS, ZDS, CRTISO and BCH mRNA expression, while LYCB expression
remained constant and LYCE expression diminished, suggesting
that transcriptional regulation is the predominant control mecha-
nism [61]. However, the steady state levels of PSY, PDS, ZDS, CRTISO
and BCH were similar in red and white petals, indicating another
mechanism was probably responsible for the lack of carotenoids
in white petals, perhaps the expression of CCDs although this re-
mains to be demonstrated [61].
Carotenoid biosynthesis and accumulation controlled by
carotenogenic enzyme levels

Post-transcriptional regulation of carotenogenic enzyme activity
also plays a role in controlling carotenoid biosynthesis and accumu-
lation in flowers. The yellow flowers of the wild daffodil Narcissus
pseudonarcissus reflect the accumulation of large amounts of lutein
and lower amounts of b-carotene and its derivatives [58]. Isolated
chromoplasts can be used to synthesize b-carotene when fed with
IPP, but upon disintegration they also yield significant amounts of
a-carotene and f-carotene [76]. As is the case in tomato, there is
evidence that carotenogenic genes in daffodil are transcriptionally
upregulated during flower development [77] but several studies
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have also shown that the corresponding enzymes are regulated
post-transcriptionally by compartmentalization.

Daffodil flower development is characterized by the production
of chromoplasts from chloroplast-like precursors, a process that in-
volves the disassembly of thylakoids and the photosynthetic appa-
ratus, the enhanced synthesis of membrane lipids and enhanced
carotenoid biosynthesis [78]. Carotenoid accumulation is strongly
induced during daffodil flower development and steady-state PSY
transcript levels remain constant or even decrease from stage 1
to stage 4 [81]. In contrast to PSY expression there is an increase
in PSY protein levels during flower stages 1 and 2 [81]. The level
of PDS protein also increases to some extent during flower devel-
opment [80]. However, the increases in PSY and PDS expression
do not appear to be related to functionality, as the proteins de-
tected include one soluble, complexed and inactive form, and a
second, membrane-bound and active form [80,81]. The caroteno-
genic enzymes, which are all encoded by nuclear genes, are im-
ported into the chromoplast and assembled into oligomeric
complexes. The plastid molecular chaperones Cpn60 and Hsp70
are strongly upregulated during this process to facilitate the cor-
rect folding of the imported enzymes and the assembly of the mul-
ti-protein complex [79]. The carotenogenic complex is functional
only when it is associated with the chromoplast membrane, but
Al-Babili et al. [80] reported that the enzymes PSY and PDS could
either be found associated with the membrane or as free, soluble
proteins in the chromoplast milieu. The soluble forms of both
PSY and PDS were non-functional, but could become activated by
membrane association [80,81]. The PDS enzyme was localized cor-
rectly with respect to the membrane-bound lipophilic substrate
and lipophilic co-factors such as quinones [80]. It has been specu-
lated that the posttranslational mechanisms, a redox mechanism,
in which PDS in conjunction with a membrane-localized redox
chain employing quinones as intermediate electron acceptors
[82] and oxygen as the final electron acceptor [76], may contribute
to color formation, given the very low expression of PDS in carot-
enoid-overaccumulating chromoplasts [80].

Regulating carotenoid degradation

The abundance of CCDs

The enzyme 9-cis-epoxycarotenoid dioxygenase (NCED) has
been isolated from many different plants, the first being the corn
viviparous14 (vp14) gene product [6,83]. It is not yet clear whether
this enzyme significantly affects carotenoid metabolism in flowers.
For example, Zhu et al. [84] recently cloned two NCED cDNAs from
gentian, one of which (GlNCED1) was expressed in flowers (strongly
in the stamens, less strongly in the petals) but its impact on caroten-
oid accumulation is unknown. There are nine NCED homologs in
Arabidopsis, with complex spatiotemporal expression patterns
[85], and AtNCED6 is the most closely related to GlNCED1. The first
Arabidopsis NCED to be discovered (AtNCED1 or AtCCD1) has many
orthologs including genes in petunia [11], tomato [12], crocus [9,86],
grape [87] and rose [88]. The expression of CCD1 is temporally asso-
ciated with the emission of apocarotenoid volatiles in petunia corol-
la [11], grape berries [89] and tomato fruits [12]. The highest CCD1
mRNA levels were detected in flower tissue, specifically in corollas,
and CCD1 regulation appears to fit with similar oscillations in the
expression of PDS and ZDS indicating a circadian rhythm [11]. The
examples below discuss specific case studies where CCDs are known
to have a significant impact on carotenoid levels in flowers.

Regulating carotenoid degradation in crocus

Crocus (Crocus sativus) is a triploid sterile plant characterized by
its long red stigmata, which when desiccated give rise to the
expensive spice saffron [89]. The intense color of saffron is caused
by apocarotenoids such as cis- and trans-crocins (crocetin digenti-
obiose ester), picrocrocin and its degradation product safranal,
which represents 70% of total volatiles and gives saffron its distinct
aroma [90]. These saffron apocarotenoids are generated by the
cleavage and glucosylation of zeaxanthin [91]. The ability to syn-
thesize these compounds is not common in plants. Crocin and
picrocrocin are only found in crocus stigmata, in fruits of the genus
Gardenia [92], in flowers of the genus Buddleja [93], and in two fur-
ther species, Jacquinia angustifolia [94] and Coleus forskolii [95].

As is the case for other flowers, the accumulation of carotenoids
in crocus appears to be controlled by the transcriptional regulation
of corresponding carotenogenic genes during flower development,
in this case the genes encoding PSY, LYCB and BCH [67]. Two differ-
ent lycopene cyclase genes have been identified (LYCB1 and LYC-
B2a), and the expression of LYCB2a in different crocus species
indicates that transcriptional regulation of this gene affects both
the carotenoid and apocarotenoid content in the stigmata [96].
The absence of LYCB2a orthologs in plants that do not accumulate
high levels of carotenoids suggests that LYCB2a is a LYCB1 paralog
that has acquired a new expression pattern by sub-functionaliza-
tion, allowing the tight control of carotenoids in very specific tis-
sues. A positive correlation between zeaxanthin accumulation
and BCH expression in fully developed stigmata suggests that zea-
xanthin production is regulated at the transcriptional level, and
that BCH enzyme activity could be the rate-limiting step in the for-
mation of saffron apocarotenoids in the stigma [67].

The predominant apocarotenoid product in developing crocus
stigmata is crocetin, although this is converted into its glucoside
derivatives and picrocrocin as each stigma matures [97]. The vola-
tiles profile undergoes significant changes during development,
and in red stigmata the predominance of b-cyclocitral suggests
that both b-carotene and zeaxanthin are involved in the synthesis
of crocetin. As the stigmata mature, hydroxy-b-ionone and b-io-
none are produced along with very low quantities of safranal
[97]. These important volatiles are derived from carotenoids by
the action of CCDs [98].

The crocus zeaxanthin 7,8(70,80) cleavage dioxygenase gene
(ZCD) encodes a chromoplast enzyme that catalyses the synthesis
of crocetin dialdehyde (C20) and hydroxy-b-cyclocitral (C10) from
zeaxanthin [9]. More recently, Rubio et al. [86] identified four stig-
ma-specific CCD genes (CsCCD1a, CsCCD1b, CsCCD4a and CsCCD4b),
which belong to two different families, CCD1 and CCD4. They have
the same enzymatic activity even though they are localized in dif-
ferent compartments. It has been suggested that each enzyme class
is responsible for carotenoid metabolism in a different subcellular
compartment, during both normal development and in response to
stress [86].

The subsequent step in apocarotenoid synthesis involves glu-
cosylation of the crocetin and picrocrocetin cleavage products.
Two crocetin GTase activities (UDP-glucose:crocetin 8,80-O-gluco-
syltransferase and UDP-glucose:crocetinglucosylester 60-O-gluco-
syltransferase) are thought to be present in saffron [99]. A
glycosyltransferase gene (UGTCs2) encoding an enzyme that adds
glucose to crocetin has also been isolated [100].

Regulating carotenoid degradation in chrysanthemum

Chrysanthemum (Chrysanthemum morifolium Ramat.) is a com-
mercially valuable ornamental plant with bright yellow petals,
mainly reflecting the accumulation of lutein [101]. Flower develop-
ment involves a switch from lutein, b-carotene and violaxanthin
synthesis to the predominant synthesis of lutein, which appears
to involve the transcriptional upregulation of LYCE [102]. In con-
trast to the flowers, LYCB expression is higher in leaves, favoring
the accumulation of b-carotene and its derivatives.
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Interestingly, the yellow color of chrysanthemum is a recessive
trait, with the dominant white trait apparently resulting from an
allele that blocks carotenoid biosynthesis [103,104]. In this domi-
nant white variety, the early accumulation of lutein, b-carotene
and violaxanthin proceeds as normal, but the later accumulation
of lutein is inhibited, resulting in the loss of pigmentation. In order
to identify genes responsible for the loss of carotenoid accumula-
tion in white flowers, Ohmiya et al. [62] cloned cDNAs that were
differentially expressed in the yellow and white varieties, leading
to the isolation of CmCCD4a, encoding a CCD homolog. The gene
was petal-specific and was strongly expressed in white flowers
but weakly expressed in yellow ones. RNAi constructs targeting
the endogenous CmCCD4a mRNA were expressed in the white vari-
ety, resulting in a strong yellow color (Fig. 3a). This experiment
confirmed that white chrysanthemums do synthesize carotenoids,
but they are immediately degraded into colorless apocarotenoids.

‘Jimba’ is the most popular white-flowered chrysanthemum
cultivar in Japan. A yellow-flowered cultivar with the same growth
properties as ‘Jimba’ will benefit growers because both forms could
be produced under the same conditions. Ohmiya et al. [105] re-
cently succeeded in altering the petal color of ‘Jimba’ from white
to yellow by introducing two separate CmCCD4a RNAi constructs.
The transgenic ‘Jimba’ line with the deepest yellow flowers con-
tained 102 lg/g FW carotenoids in the petals, and the expression
level of CmCCD4a was 0.4% of the wild type level. Although the
transformed plants were significantly smaller than the wild type,
flower size was unchanged [105].
Extended ketocarotenoid synthesis in Adonis

Adonis (A. aestivalis), also known as Summer pheasant’s-eye, has
long petals which are orange for most of their length but have a deep
red basal patch which gives the flower a striking, ocellar appearance.
The color is caused by carotenoid accumulation, but unlike all
other known flowering plants the pigments that accumulate
are ketocarotenoids (Fig. 2) [68,69], predominantly astaxanthin
Fig. 3. (a) Suppression of endogenous carotenoid cleavage dioxygenase 4a (CmCCD4a) b
yellow flowers resulting from the inhibition of CmCCD4a (right) (from [62] with permissio
old-gold (og) and old-gold crimson (ogc) and with transgenic plant expressing antisense CR
used with permission). (c) Nicotiana glauca flowers, wild type on left, transgenic plant
provided by C. Zhu and G. Sandmann). (d) The upper row shows a wild type Lotus japoni
opened petal (bar = 10 mm). The bottom row shows the same stages for a transgenic flow
[65] with permission from Plant Cell Reports).
(3,30-dihydroxy-4,40-diketo-b,b-carotene) with lesser amounts of
3-hydroxyechinenone (3-hydroxy-4-keto-b,b-carotene), adoniru-
bin (3-hydroxy-4,40-diketo-b,b-carotene) and adonixanthin (3,30-
dihydroxy-4-keto-b,b-carotene) [41]. The ability of Adonis flowers
to synthesize and accumulate astaxanthin in such large quantities
is therefore unique in the plant kingdom [106,107].

The ketocarotenoids are derived from zeaxanthin (3,30-dihy-
droxy-b,b-carotene) which is present in the green tissues of most
higher plants. Yu et al. [108] isolated the CRTH1 (BCH1) gene,
whose product was able to catalyze the formation of zeaxanthin
and its intermediate precursor b-cryptoxanthin from b-carotene
in functional assays carried out in E. coli. This gene is highly ex-
pressed in petals, roots and stems, with relatively low expression
in leaves and developing seeds. The formation of astaxanthin from
zeaxanthin requires only that a carbonyl group be introduced at
the number 4 carbon of each b-ring, but it is thought this addition
must occur prior to hydroxylation, i.e. b-carotene must be the sub-
strate and echinenone (4-keto-b,b-carotene) and canthaxanthin
(4,40-diketo-b,b-carotene) would be the immediate products
[109,110]. The genes for two b-carotene 4-ketolases required for
this enzymatic step have been identified in Adonis and are named
Adketo1 and Adketo2. Sequence analysis suggested they were
homologous to plant-type b-carotene 3-hydroxylases, but despite
this similarity the enzymes demonstrated neither 4-ketolase nor
3-hydroxylase activity when presented with b-carotene as the sub-
strate in E. coli [41]. Further investigation showed that they add
carbonyl groups at the appropriate site via an indirect route that
involves keto-enol tautomerization, i.e. desaturation at the 3,4 po-
sition and hydroxylation of the number 4 carbon.
Coupling carotenogenesis to chromoplast development and
carotenoid storage

As stated above, Moehs et al. [42] cloned many of the caroteno-
genic genes from marigold to investigate their impact on flower
color, and also found that the MinD and FtsZ genes were upregu-
y RNAi in chrysanthemum, showing fully open wild type white flowers (left) and
n from Plant Physiology). (b) Wild type (wt) tomato flowers compared with mutants
TL-b2 (LYCB2) mRNA (from [52], Copyright 2000 National Academy of Sciences, USA,
expressing Synechocystis sp. PCC 6803 b-carotene ketolase (CRTO) on right (photo

cus flower, four developmental stages with sepals removed (bar = 2 mm) and a fully
er expressing the Agrobacterium aurantiacum b-carotene ketolase gene (CRTW) (from
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lated in the most pigmented varieties during development while
remaining at basal levels in paler varieties, suggesting a correlation
between carotenogenesis and plastid replication. A full-length FtsZ
cDNA has also been isolated from gentian petals but in this case the
opposite expression profile was observed, with expression gradu-
ally declining during development [111]. There is only limited
plastid replication during petal development in marigold [72]
and gentian [111] because most chromoplasts arise from proplast-
ids or pre-existing fully developed chloroplasts [112], so a link be-
tween plastid replication and carotenogenesis remains unlikely.

Although there is no definitive link between plastid replication
and carotenoid accumulation, it is very likely that accumulation
goes hand in hand with chromoplast differentiation. In support
of this, a novel dominant mutation (Orange, Or) has been identified
recently in cauliflower which causes the curd (edible inflorescence)
to develop with a deep orange color [113]. The corresponding gene
encodes a DnaJ homolog, not a carotenogenic enzyme, so it appears
to be involved in protein folding and assembly. Further investiga-
tion has shown that the cellular phenotype of the mutation in-
volves the arrest of plastid division and the differentiation of
plastids into carotenoid-accumulating chromoplasts that act as a
sink for carotenoid molecules [113]. Expression of an Or transgene
in potato tubers did not affect the expression of endogenous
carotenogenic genes, but nevertheless resulted in a 6-fold increase
in carotenoid levels by increasing the capacity for carotenoid stor-
age [114].

In chloroplasts, almost all carotenoid molecules are associated
with functional light-harvesting complexes [115]. In contrast,
chromoplasts have evolved as specialized structures whose major
function is the storage and accumulation of carotenoids and other
pigments [116,117]. Storage in certain chromoplast-types is
achieved by carotenoid esterification which allows their associa-
tion with specialized proteins known as fibrillins or plastid lipid
associated proteins. Hydroxylation is an important process for
the esterification of carotenoids, and the upregulation of BCH activ-
ity has been shown to accelerate carotenoid accumulation in many
flowers, including morning glory [60], tomato [44] and lily [61].

The fibrillin-carotenoid conjugates are assembled into crystal-
line, membranous, fibrillar or tubular structures [116], or they
may be packaged into plastoglobuli (lipid bodies), which consist
of a layer of polar lipids and proteins covering the surface, with
non-polar components (15–25% carotenoids) in the center. The
fibrillar and tubular chromoplasts consist of equal parts proteins
and lipids, and the non-polar compounds are mainly esterified
xanthophylls [116]. The membranous chromoplasts are less well
characterized. The crystalline chromoplasts contain pure caroten-
oid crystals [116].

Recent research has provided new information about specific
fibrillins, which are also known as chromoplast proteins. CHRC
(chromoplast protein C) is an abundant 35-kDa carotenoid-associ-
ated protein found in the corolla of cucumber flowers; it is not
present in chloroplasts, and is therefore undetectable in cucumber
leaves and fruits. Its abundance increases during flower develop-
ment, peaking in mature flowers before rapidly disappearing
[118]. Using an in vitro flower bud culture system that mimics
flower development, Vainstein et al. [119] and Vishnevetsky
et al. [120] showed that the accumulation of carotenoids, CHRC
mRNA and CHRC protein was markedly enhanced when gibberellin
(GA3) was added to the medium, but was inhibited by ABA and eth-
ylene. A similar developmental profile and hormone response was
demonstrated for the 14-kDa CHRD (chromoplast protein D) [121].
CHRC promoter analysis revealed a GA response element whose
deletion prevented GA3 induction, and also led to the identification
of MYBYS, a flower-specific MYB-like transcriptional activator with
a similar expression profile to CHRC and CHRD. MYBYS activates
the CHRC gene in flowers accumulating carotenoids and flavonoids
[122,123]. Inhibiting carotenoid biosynthesis affects CHRC and
CHRD expression at the post-transcriptional and translational lev-
els, indicating some form of feedback circuit dependent on carot-
enoid abundance [117]. The inhibition of CHRC by RNAi in
transgenic tomato plants reduced total carotenoid levels by 30%,
indicating that carotenoid accumulation also depends on the pres-
ence of this protein [122,123]. A flower-specific CHRC ortholog was
recently isolated from the hybrid orchid, Oncidium Gower Ramsey
[124].
Carotenoid metabolic engineering to introduce new flower
colors

Modulating the existing carotenoid pathway

Flowers evolved to attract pollinators but they are also aesthet-
ically pleasing to humans, and breeding flowers to generate visu-
ally appealing color varieties has been an important aspect of
floriculture for hundreds of years [20]. One of the obstacles faced
by flower breeders is that, for many species, there are colors that
cannot be accessed by conventional breeding because the pig-
ments cannot be synthesized using available genotypes, e.g. vivid
red petunias and delphiniums, and the elusive blue rose.

Metabolic engineering can overcome these limitations by
allowing genes for the appropriate metabolic enzymes to be trans-
ferred to flowering plants under the control of a flower-specific
promoter, thus altering the color phenotype of the engineered
flower without affecting other traits. Until recently, research has
focused on flavonoids rather than carotenoids, but the information
now available about carotenogenesis in flowers means that carot-
enoid engineering is becoming a realistic prospect.

In the first report of carotenoid engineering in flowers, Bird et al.
[125] generated transgenic tomato plants with an antisense TOM5
(PSY1) gene under the control of the constitutive CaMV 35S pro-
moter. As anticipated, this reduced the total carotenoid content by
80%, resulting in yellow ripe fruits and pale yellow flowers. How-
ever, leaf carotenoid levels were not affected because (as stated ear-
lier) PSY1 is not involved in carotenoid synthesis in green tissues, a
function fulfilled by PSY2 [48,126]. Since LYCB enzyme activity in to-
mato is also represented by different genes for photosynthetic and
non-photosynthetic tissues, an antisense fragment of the CRTL-b2
gene expressed under the control of the CaMV 35S promoter had a
similarly negligible impact on vegetative growth while causing
marked changes in the flower phenotype [52]. Transgenic flowers
displayed a tawny-orange color (Fig. 3b), typical of the old-gold
mutant (a natural loss-of-function mutation affecting CRTL-b2; see
Table 1) resulting from the accumulation of up to 12% lycopene in
flowers. The fruit color was not affected significantly because the
fruits normally accumulate large amounts of lycopene.
Extending the pathway to include ketocarotenoids

Most plants do not produce ketocarotenoids such as astaxan-
thin and canthaxanthin, so metabolic engineering that aims to
achieve ketocarotenoid synthesis in flowers can introduce vivid
red and scarlet colors that would otherwise be unachievable. As
stated earlier, astaxanthin is derived from b-carotene by 3-hydrox-
ylation and 4-ketolation at both ionone end groups, reactions cat-
alyzed by b-carotene hydroxylase (HYDB) and b-carotene ketolase,
respectively (Fig. 2). The hydroxylation reaction is widespread in
higher plants but ketolation only occurs naturally in Adonis petals.
Even so, the substrates for ketolation are abundant in both green
and non-green tissue, such that ketocarotenoid production can
be achieved simply by the introduction of a single heterologous
enzyme.
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When tobacco was transformed with the b-carotene ketolase
(BKT) gene from the alga Haematococcus pluvilis under the control
of the tomato PDS promoter [54], high levels of astaxanthin and
other ketocarotenoids were produced in the nectary, the only to-
bacco tissue that contains chromoplasts [127]. These results were
improved still further when Ralley et al. [128] simultaneously ex-
pressed Paracoccus sp. b-carotene ketolase (CRTW) and b-carotene
hydroxylase (CRTZ) genes, increasing the ketocarotenoid content of
the nectary tissue 9-fold. Constitutive expression of a Synechocystis
sp. PCC 6803 ketolase gene (CRTO) shifted the pathway towards
the formation of 30-hydroxyechinenone, 3-hydroxyechinenone,
4-ketozeaxanthin (adonixanthin) esters, 4-ketolutein and 40-ketol-
utein esters, representing more than 50% of the total carotenoid
content [129].

Unlike cultivated tobacco, the wild tobacco species Nicotiana
glauca has carotenoid-pigmented petals, sepals, pistils, ovaries
and nectary tissues. The constitutive expression of a Nostoc sp.
73102 ketolase gene (CRTW) resulted in the accumulation of
4-ketozeaxanthin (adonixanthin) as the only detectable ketocarot-
enoid [129], whereas the expression of a Synechocystis sp. PCC 6803
CRTO gene resulted in a wider spectrum of ketocarotenoids com-
prising 40-ketolutein, echinenone, 30-hydroxyechinenone and 4-
ketozeaxanthin [64]. The total ketocarotenoid content in petals
was more than three times greater in the latter plants, due in part
to the unexpected upregulation of the entire carotenoid pathway
in leaves and even more so in flowers – consequently the color
of flower petals changed from the original light yellow to deep or-
ange (Fig. 3c). Likewise, the petals of Lotus japonicus plants over-
expressing an Agrobacterium aurantiacum CRTW gene changed
from yellow to deep yellow or orange (Fig. 3d) [65].
Outlook and conclusions

Over the last decade we have learned a great deal about the
accumulation of carotenoid pigments in flowers, the genes and en-
zymes responsible for carotenoid synthesis and degradation, the
cellular mechanisms responsible for carotenoid storage, and how
all these processes are regulated during development and in re-
sponse to external stimuli. The availability of efficient genetic
transformation methods for commercially important cut flower
varieties and flower-specific promoters [54,55,124] means that a
full armory of molecular biology techniques can now be brought
to bear, including the overexpression of heterologous enzymes
and the abolition of endogenous enzyme activity using antisense
suppression and RNAi, to modulate carotenoid metabolism in
flowers.

The future therefore looks colorful, as we embark on an era in
which it will become possible not only to dissect carotenoid
metabolism using molecular biology techniques but also to engi-
neer flowers expressing pigments ranging from pale yellow
through to deep scarlet by modulating carotenoid metabolism. It
may also be possible to use flowers as a source of nutritionally
important carotenoid molecules, including those rarely produced
in significant quantities by flowering plants.
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