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Abstract

The cauliflower (Brassica oleracea L. var. botrytis) Or gene is a rare carotenoid gene mutation that confers a high level of b-carotene
accumulation in various tissues of the plant, turning them orange. To investigate the biochemical basis of Or-induced carotenogenesis,
we examined the carotenoid biosynthesis by evaluating phytoene accumulation in the presence of norflurazon, an effective inhibitor of
phytoene desaturase. Calli were generated from young seedlings of wild type and Or mutant plants. While the calli derived from wild type
seedlings showed a pale green color, the calli derived from Or seedlings exhibited intense orange color, showing the Or mutant pheno-
type. Concomitantly, the Or calli accumulated significantly more carotenoids than the wild type controls. Upon treatment with norflur-
azon, both the wild type and Or calli synthesized significant amounts of phytoene. The phytoene accumulated at comparable levels and
no major differences in carotenogenic gene expression were observed between the wild type and Or calli. These results suggest that Or-
induced b-carotene accumulation does not result from an increased capacity of carotenoid biosynthesis.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Carotenoids are a diverse group of pigments widely dis-
tributed in nature. They fulfill many functions in plants
such as in light harvesting and photoprotection (Dem-
mig-Adams and Adams, 1996; Frank and Cogdell, 1996);
in providing precursors for the biosynthesis of the plant
hormone, abscisic acid (ABA) (Schwartz et al., 1997),
and for production of the volatile fruit flavor/aroma (Sim-
kin et al., 2004). In addition, carotenoids play an important
role in human nutrition and health as the primary dietary
source of pro-vitamin A (Combs, 1998) and in reducing
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the incidence of certain diseases (Giovannucci, 1999; Krin-
sky et al., 2003).

In plants, carotenoids are synthesized de novo within
plastids (Fig. 1). The first committed step in carotenoid
biosynthesis is condensation of two molecules of geranyl-
geranyl pyrophosphate (1) to produce phytoene (2). A ser-
ies of desaturations and isomerizations converts phytoene
(2) to lycopene (4). The latter is cyclized to yield a- and
b-carotene (5) and (6). Subsequent oxygenation of these
carotenes via addition of hydroxyl, epoxy or keto groups
results in formation of xanthophylls, including lutein (7)
from a-carotene (5), and zeaxanthin (8), violaxanthin and
neoxanthin from b-carotene (6) (Cunningham and Gantt,
1998; Hirschberg, 2001; Fraser and Bramley, 2004). Lutein
(7), b-carotene (6), violaxanthin and neoxanthin are the
most abundant carotenoids in green tissue of many higher
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Fig. 1. An outline of the carotenoid biosynthetic pathway in plants.
Abbreviations. GGPP, geranylgeranyl diphosphate; PSY, phytoene syn-
thase; PDS, phytoene desaturase; ZDS, f-carotene desaturase; CRTISO,
carotenoid isomerase; LCYe, lycopene e-cyclase; LYCb, lycopene b-
cyclase; CHYe, e-ring hydroxylase; CHYb, b-ring hydroxylase.
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plants (Goodwin and Britton, 1988). The relative composi-
tion of these carotenoids is remarkably conserved and is
required for optimal function of photosynthesis (Pogson
et al., 1998).

Carotenoids are accumulated in large quantity in chro-
moplasts (Goodwin and Britton, 1988). They are responsi-
ble for the red, orange, and yellow colors found in many
flowers, fruits, and roots. Chromoplasts are often derived
from fully developed chloroplasts during fruit ripening.
Fig. 2. Effect of the Or gene on the curds and calli of cauliflower. (a) Curds of
Callus cultures derived from WT and Or mutant seedlings. The calli were gro
In many cases, they can also directly arise from proplastids
in dividing tissues and from other non-photosynthetic plas-
tids, such as leucoplasts and amyloplasts (Marano et al.,
1993).

Carotenoid mutants provide excellent tools to study
carotenoid metabolism (Tian et al., 2004; Isaacson et al.,
2002; Park et al., 2002). The cauliflower (Brassica oleracea

var. botrytis) Orange (Or) gene represents a rare carotenoid
gene mutation (Crisp et al., 1975; Dickson et al., 1988). It
confers a high level of b-carotene accumulation in many
normally white tissues of the plant, turning them orange
(Fig. 2a). Our previous studies showed that the orange
color is due to a massive b-carotene (6) accumulation in
one or two large chromoplasts per cell and the Or gene
appears to represent a novel gene in regulating carotenoid
accumulation (Li et al., 2001). We are working on func-
tional analysis of the Or gene to gain insights into the reg-
ulatory control of carotenogenesis in the plant (Li et al.,
2003).

To investigate whether the Or gene caused an increased
carotenoid accumulation by altering the capacity of bio-
synthesis, we examined the carotenoid biosynthesis in wild
type (WT) and Or callus cultures. Our initial tissue cul-
ture experiments revealed that calli derived from the Or

mutant plant unexpectedly exhibited this orange pheno-
type like the Or mutant plants. Therefore, we took the
advantage of this simplified system and investigated the
the WT and Or mutant cauliflower. Or, commercial hybird cauliflower (b)
wn under a 16 h light/8 h dark cycle.
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effect of a phytoene desaturase inhibitor, norflurazon (9)
in blocking phytoene (2) desaturation in the carotenoid
biosynthetic pathway (Fig. 1) (Boeger and Sandmann,
1998). Evaluating the accumulation of phytoene (2) in
the presence of norflurazon (9) provides a convenient
way to monitor carotenoid biosynthesis from overall
carotenoid metabolism (Simkin et al., 2003). Thus, we
compared phytoene (2) accumulation between WT and
Or calli in the presence of norflurazon (9). Our results
showed that the Or-induced b-carotene (6) accumulation
in the callus cultures is not associated with an increased
capacity of carotenoid biosynthesis.
2. Results and discussion

2.1. The Or gene confers distinctive orange coloration in the

callus cultures

To obtain uniform starting materials for the biochemical
study of the effects of the cauliflower (Brassica oleracea var.
botrytis) Or gene on carotenoid metabolism, as well as in
providing a simpler system than whole plants for future cel-
lular and molecular studies, we generated callus cultures
from both young seedlings of an Or homozygous line
(1227) and a wild type control line ‘‘Stovepipe’’. In this
regard, calli formed quickly from the explants on the cal-
lus-generating BCS medium, as a uniform healthy-looking
calli were usually obtained after three to four subcultures.

The most noticeable effect of the Or gene mutation on
cauliflower plants is the alteration of the color of curds,
especially the very outer surface of the rapidly dividing
cells of the curd tissue (Fig. 2a) (Crisp et al., 1975;
Dickson et al., 1988). The Or gene mutation also exerts
strong effect on other tissues, such as on the vegetative
shoot apical meristems and leaf base interiors (Li et al.,
2001). Interestingly, while calli derived from roots,
hypocotyls, and leaves of the white cauliflower young
seedlings showed green color under a 16 h light/8 h dark
cycle, the calli derived from various tissues of young Or

seedlings all exhibited an intense orange coloration
(Fig. 2b). When they were grown in the dark over 2–3
weeks, the wild type calli turned pale white and the Or

calli became light orange. However, the overall growth
of the calli was not as healthy or vigorous as those grown
under light. In a preliminary study, we also isolated pro-
toplasts from mature leaves of the Or mutant plants. Calli
derived from protoplasts also showed an intense orange
coloration (L. Li, D. Garvin, E. Earle, unpublished
results). Thus, the Or gene exerts its effect on callus cul-
tures derived from both photosynthetic and non-photo-
synthetic tissues.

Since callus cultures consist of undifferentiated cells,
and the cauliflower curds of the very outer surface and
the apical shoots represent inflorescence meristems and
apical meristems, respectively, it suggests that the Or gene
has a strong effect on tissues containing large numbers of
dividing cells. Normally, the shoot meristematic cells con-
tain many proplastids (Pyke, 1999) and the cells of the
outer surface of cauliflower curds are enriched with leu-
coplasts (Paolillo et al., 2004). The Or mutation changes
the plastid type in these cells and induces carotenoid accu-
mulation in one or two large chromoplasts per cell in the
affected tissues of the plant (Li et al., 2001). As suggested
previously (Paolillo et al., 2004), it appears that in the Or

mutant plant, the Or gene is capable to initiate differenti-
ation of chromoplasts at an early stage in the apical mer-
istematic cells, converting non-colored plastids into
chromoplasts. The Or gene may extend its effect on the
differentiation of chromoplasts in the outer surface of
the curds as the curd tissue could be regarded as a prolif-
eration of apical meristems (Sadik, 1962). Evidently, in
green tissues, the developmental program overcomes the
effect imposed by Or and redifferentiates chromoplasts
into the chloroplasts, as shown in other studies (Hor-
maetxe et al., 2004). In the callus cultures, because the
development of plastids is relatively less synchronized in
comparison to shoot meristems (Kumar and Neumann,
1999), the apparent effect of the Or gene on plastid differ-
entiation in the tissue is maintained, leaving the Or calli
orange. In plants, chromoplasts have been shown to be
able to derive from proplastids and other non-photosyn-
thetic plastids (Marano et al., 1993).

2.2. Calli derived from the Or mutant synthesized

predominantly b-carotene

The Or gene mutation causes carotenoid accumulation
in the low-pigmented tissues of cauliflower plants with b-
carotene (6) as the major accumulated carotenoid (Li
et al., 2001). To examine the pigments synthesized in the
callus tissues, carotenoids from both WT and Or calli were
extracted and analyzed by reversed-phase HPLC. Like the
carotenoid composition in green tissues of almost all higher
plants (Goodwin and Britton, 1988), the green calli derived
from wild type cauliflower young seedlings contained lutein
(7) (40%), b-carotene (6) (30%), violaxanthin (25%), and
neoxanthin (5%). Chlorophylls were also present in the
WT calli (Fig. 3a). In contrast, the orange calli derived
from Or mutant plants accumulated predominantly b-car-
otene (6) with small amount of lutein (7) (Fig. 3b). No
chlorophylls were detected. The total carotenoids accumu-
lated in the Or calli were calculated to be over 2.5-fold
higher than those in the WT calli.

Since the pigment composition of the WT callus cultures
was similar to a typical carotenoid composition of green
leaf tissues (Goodwin and Britton, 1988), the green color
in the WT calli implies that chloroplast differentiation
occurred during callus cultures. Such a differentiation has
also been observed in other callus cultures (Abe et al.,
2002). When the Or gene was present in the callus tissue,
no chlorophyll pigments were detected. The result suggests
that the possible effect of the Or gene on chromoplast
differentiation is incapable to be overcome by the
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developmental program of chloroplast differentiation in the
Or callus cultures. Despite the significant amount of total
carotenoids deposited in the WT calli due to chloroplast
differentiation, the Or calli accumulated significantly more
carotenoids. Thus, the Or calli with distinctive orange
phenotype provide us with a much simplified, but fully
functional model system to study carotenoid metabolism.

2.3. The Or-induced b-carotene accumulation in the callus
cultures is not associated with an increased capacity of

biosynthesis

Carotenoid accumulation is a net result of biosynthesis,
degradation, and sequestration of the end products.
Mechanisms such as modifications of substrate abun-
dance, changes in carotenogenic activity, reduction of
catabolism, or facilitation of a metabolic sink formation
could all account for a high level of carotenoid accumula-
tion in the Or mutant. For example, although our previ-
ous studies indicated that Or does not encode a
carotenogenic enzyme and the Or mutation did not alter
the gene expression of b-carotene hydroxylase (Li et al.,
2001), the immediate downstream gene of b-carotene (6)
accumulation, there is the possibility that Or is responsi-
ble for modification or impairing of the b-carotene
hydroxylase activity, which results in blocking down-
stream metabolism and leading to the accumulation of
b-carotene (6). In addition, the post-transcriptional mod-
ification of the other carotenoid enzymes could lead to an
increased catalytic activity of this pathway, resulting in
enhanced carotenoid biosynthesis. There is evidence that
post-transcriptional regulation of carotenogenic enzymes
is involved in enzyme activation in plants. In daffodil
flowers, the soluble forms of phytoene synthase and phy-
toene desaturase are enzymatically inactive and only
become functional when they are associated with chromo-
plast membrane (Al Babili et al., 1996; Schledz et al.,
1996). Post-transcriptional modification of enzymes has
been demonstrated to be a general and important control
mechanism in many other cases in plants (Chae et al.,
2003; Devarenne et al., 2002; Tiessen et al., 2002; Smith
et al., 2004).

Radiolabeled precursors are very useful for determin-
ing the rate of biosynthesis and turnover of metabolites.
Since cauliflower WT curds do not accumulate carote-
noids and there is limited information available for the
colorless apocarotenoid production, except ABA, it is dif-
ficult to monitor the rate of biosynthesis or degradation
of carotenoids in WT curds following radioactive labeling
in order to compare with that in the Or mutant. Further,
ABA, the catalytic product, may not be a good indicator
of catabolism of carotenoids as completely blocking of
carotenoid pathway by lycopene cyclase inhibitor CPTA
still resulted in increased concentration of ABA (Al Babili
et al., 1999). To investigate whether the Or-induced carot-
enoid accumulation resulted from an increased capacity of
carotenogenesis, we sought an alternative approach by
evaluating the accumulation of phytoene (2) in the callus
cultures in the presence of phytoene desaturase inhibitor,
norflurazon (9). This herbicide inhibits phytoene desatur-
ase, leading to the accumulation of the colorless caroten-
oid metabolic intermediate phytoene (2). The site and
mechanism of norflurazon (9)-mediated inhibition have
recently been elucidated to be due to competition of the
cofactors of phytoene desaturase (Breitenbach et al.,
2001). To ensure maximum inhibition of phytoene desat-
urase activity, a high concentration of norflurazon (9)
(0.1 mM) was employed in this study (Simkin et al.,
2003).

When the calli from WT and Or mutant seedlings were
exposed to norflurazon (9) in the BCS medium, the grow-
ing calli became white under a 16 h light/8 h dark condi-
tion due to the blocking of the biosynthesis of colored
carotenoids. Nevertheless, the calli appeared to grow as
vigorously as those grown on norflurazon-free medium
during the norflurazon (9) treatment period. HPLC anal-
ysis of the carotenoids showed that both WT and Or calli
accumulated phytoene (2) in the presence of norflurazon
(9) (Fig. 3c). The relative concentration of phytoene (2)
increased with extended period of exposure to norflurazon
(9) (Fig. 4). Although the Or calli accumulated signifi-
cantly higher levels of total carotenoids than the WT con-
trols, comparable amounts of phytoene (2) accumulation
were observed between the WT and Or calli. A similar
result was also obtained when the calli of WT and Or
were grown and treated in dark despite that the WT calli
synthesized only trace amounts of carotenoids in dark
(data not shown). In contrast, when white, a conventional
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yellow, and a deep yellow potato tubers which exhibit dif-
ferent levels of carotenoid accumulation (kindly provided
by Dr. W. De Jong, Cornell University) were treated with
norflurazon (9), the accumulation of phytoene (2) was
positively correlated with the total carotenoids synthesized
in the non-treated tubers. The deep yellow potato tubers
accumulated significantly more phytoene (2) than the
white ones (data not shown), suggesting a different capac-
ity of carotenoid biosynthesis in these cultivars. Thus, the
fact that a comparable phytoene (2) accumulation
occurred in the WT and Or calli offers clear evidence that
the Or-induced carotenoid accumulation is not due to an
increased capacity of carotenoid biosynthesis.

Taken together, these results suggest that carotenoid
accumulation is not dependent solely upon the capacity
of biosynthesis. Control of other metabolic processes
may play an important role in regulating carotenoid
accumulation. Indeed, previous studies have shown that
sequestration of carotenoid end products play a signifi-
cant role for carotenoid accumulation (Vishnevetsky
et al., 1999). In some cases, it has been established that
carotenoid accumulation is more directly associated with
the formation of carotenoid sequestering structures than
with the changes of carotenoid biosynthetic gene expres-
sion or enzyme abundances (Al Babili et al., 1999;
Rabbani et al., 1998). Experiments are under way to deci-
pher the control mechanism by which Or induces
carotenogenesis.

2.4. Expression of carotenoid biosynthetic genes in response

to norflurazon (9) treatment

To examine the regulation of carotenoid biosynthesis
in the callus cultures, the expression of carotenogenic
genes in the norflurazon-treated calli was analyzed by
RT-PCR. A very similar pattern of expression was
obtained between WT and Or calli. Examination of the
effect of norflurazon (9) on carotenogenic gene expression
showed that while the transcript levels of phytoene desat-
urase and carotenoid isomerase appear to be slightly stim-
ulated during initial norflurazon treatment, the mRNA
levels of other carotenogenic genes seem to remain consis-
tent. In tomato, a significant upregulation of phytoene
desaturase was observed in norflurazon-treated plants,
and it was suggested that the gene expression is regulated
by the end-product of carotenoid biosynthesis (Corona
et al., 1996; Giuliano et al., 1993). However, in Arabidop-

sis and pepper, the expressions of carotenogenic genes are
not affected by norflurazon (9) treatment (Wetzel and
Rodermel, 1998; Simkin et al., 2000). It appears that in
the cauliflower callus cultures, the effect of norflurazon
(9) treatment on the expression of carotenogenic genes
was minimal (see Fig. 5).
3. Conclusions

The Or gene mutation exerts its strong effect on tissues
containing large number of dividing cells and results in
tissue-specific carotenoid accumulation mainly in the
curds and apical shoots of the cauliflower plant. As the
cells of the Or young seedlings become undifferentiated
during callus cultures, the Or gene induces high levels of
b-carotene (6) accumulation, turning the calli orange.
The discovery of the Or calli showing the orange pheno-
type of the Or mutant facilitated investigation of the
biochemical basis of Or in controlling carotenoid accumu-
lation. Our results obtained here clearly demonstrate that
the Or gene does not directly affect on the capacity of
carotenoid biosynthesis. The ultimately unveiling of the
biochemical and molecular basis of Or-induced caroteno-
genesis should provide important information for a better
understanding of the regulatory mechanisms underlying
carotenoid accumulation in plants. In addition, the infor-
mation should aid the identification of potential control
points to enrich carotenoid contents in important crops.
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4. Experimental

4.1. General experimental procedures

The solvents used for carotenoid analysis were HPLC
grade from Fisher Scientific Inc. (Pittsburgh, PA). Norflur-
azon (9) was purchased from Crescent Chemical Co. Inc.
(Islandia, NY).

4.2. Establishment of callus cultures

Seeds of a cauliflower (Brassica oleracea L. var. botrytis)
white variety ‘‘Stovepipe’’ and an Or homozygous mutant
line (1227) were surface-sterilized with 70% ethanol for
1 min, 30% Clorox for 20 min, and then rinsed five times
with sterile H2O. The sterilized seeds were placed in
Magenta boxes containing 0.5 · MS salts (Murashige and
Skoog, 1962) with 3% sucrose, and germinated in an incu-
bator at 24 �C with a 16 h light/8 h dark photoperiod for
7–10 days. Callus cultures were initiated from germinating
young seedlings by cutting the roots, hypocotyls, and
leaves into small pieces and placing them directly onto
plates of BCS medium containing MS salts supplemented
with 3% sucrose, 1 mg/l NAA, 5 mg/l BAP, 0.2 mg/l 2,4-
D, 200 mg/l casein hydrolysate, and 2.2 g/l Gelrite (Brants
and Earle, 2001). Callus tissues were subcultured onto fresh
BCS plates every two weeks.

4.3. Norflurazon (9) treatment

To treat the callus cultures with the phytoene desaturase
inhibitor, norflurazon (9), two-month-old calli from both
WT and the Or mutant cauliflowers were cut into small
pieces at approximately the same size and placed onto
BCS plates with or without 0.1 mM norflurazon (9). The
calli were allowed to grow for various times in the incuba-
tor, harvested, and stored at�80 �C until use. The calli were
transferred onto fresh plates after two weeks of treatment.

4.4. Carotenoid extraction and analysis

The procedure for extraction and analysis of carote-
noids was performed essentially following the method of
Norris et al. (1995). Callus samples (approximately 0.3 g)
of at least three replicates were ground in acetone–H2O
(4:1, 0.6 ml), extracted with ethyl acetate (0.4 ml), and par-
Table 1
Primers used for amplifying fragments of carotenoid biosynthetic genes from

Gene Primers

Forward (50 ! 30)
Actin ccgagagaggttacatgttcaccac
PSY gaggaagagtttatctgccccaagatgag
PDS ggagaacttgggatcaatgatcggttgc
CRTISO cctccaggagctctcccagattca
LCYb ggagagataagcatcttgacgcgtaccc
LCYe ggctattcagttgtgagatctttgtctgaag
titioned with the addition of H2O (0.4 ml). The mixture was
centrifuged at 12,000g for 5 min. The carotenoid-contain-
ing upper phase was transferred to new tubes, dried under
a stream of nitrogen or with a Speed-Vac (Labconco, Kan-
sas City, MO), and redissolved in ethyl acetate (200 ll).
Carotenoids (40 ll) were analyzed on a Spherisorb ODS2
(5 lm particle size) reversed-phase C18 column using a
Waters HPLC system (Waters, Milford, MA) equipped
with a photodiode array detector. The pigments were sep-
arated by a linear gradient between solvent A (acetoni-
trile:H2O:triethylamine at 9:1:0.01) and solvent B (100%
ethyl acetate) over 30 min at a flow rate of 1.0 ml/min.
Carotenoids were identified by their characteristic absorp-
tion spectra and their retention times in comparison with
standards and published spectra. Quantification of individ-
ual carotenoids was carried out based on peak areas and
calibration curves generated with the commercial b-caro-
tene (6) and lutein (7) standards (Sigma, St. Louis, MO).
Phytoene (2) levels were calculated as relative concentra-
tion to b-carotene (6) due to lack of pure phytoene
standard.

4.5. Carotenoid gene expression by RT-PCR

Total RNA from the callus tissues was extracted using
Trizol reagent according to the manufacturer’s instruction
(Invitrogen, Carlsbad, CA). Reverse transcription of total
RNA (1 lg) was carried out using oligo-dT (Promega,
Madison, WI) as a primer and SuperScript� III reverse
transcriptase (Invitrogen, Carlsbad, CA) to generate the
first strand cDNA templates. The synthesized cDNAs were
normalized using primers for Actin. Amplification of sam-
ples with cauliflower carotenogenic gene specific primers
(Table 1) included 2 min denaturation at 94 �C, followed
by 25 or 30 cycles of 30 s at 94 �C, 30 s at various temper-
atures depending on gene-specific primers, and 1 min at
72 �C. PCR products were analyzed by agarose gel.
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calli of cauliflower

Reverse (50 ! 30)
gctgtgatctctttgctcatacggtc
ctgatttagcataagccaatggcagagctg
ctcgcctgctttcgcatccattgttc
ggcacttttcctgtcaagaccttccc
cgtttgcaactatcggagcagctgc

c gatgttaatgttgatcctagaaaccctctccac
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