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The accumulation of three major carotenoid derivatives—crocetin glycosides, picrocrocin, and safranal—is in large
part responsible for the color, bitter taste, and aroma of saffron, which is obtained from the dried styles of Crocus. We

 

have identified and functionally characterized the Crocus zeaxanthin 7,8(7

 

�

 

,8

 

�

 

)-cleavage dioxygenase gene (

 

CsZCD

 

),
which codes for a chromoplast enzyme that initiates the biogenesis of these derivatives. The Crocus carotenoid
9,10(9

 

�

 

,10

 

�

 

)-cleavage dioxygenase gene (

 

CsCCD

 

) also has been cloned, and the comparison of substrate specificities
between these two enzymes has shown that the CsCCD enzyme acts on a broader range of precursors. 

 

CsZCD

 

 ex-
pression is restricted to the style branch tissues and is enhanced under dehydration stress, whereas 

 

CsCCD

 

 is ex-
pressed constitutively in flower and leaf tissues irrespective of dehydration stress. Electron microscopy revealed that
the accumulation of saffron metabolites is accompanied by the differentiation of amyloplasts and chromoplasts and by
interactions between chromoplasts and the vacuole. Our data suggest that a stepwise sequence exists that involves
the oxidative cleavage of zeaxanthin in chromoplasts followed by the sequestration of modified water-soluble deriva-
tives into the central vacuole.

INTRODUCTION

 

Carotenoids are isoprenoid pigments that have key biologi-
cal functions in organisms of all major taxa. The oxidation of
the rigid backbone of carotenoids by specific dioxygenases
leads to the formation of diverse bioactive derivatives such
as vitamin A (von Lintig and Vogt, 2000; Wyss et al., 2000),
the plant hormone abscisic acid (Schwartz et al., 1997), and
several aroma compounds (Enzell, 1985; Buttery et al.,
1988; Sefton et al., 1989; Winterhalter and Rouseff, 2002)
and apocarotenoid pigments (Winterhalter and Rouseff,
2002). In plants, this metabolic process generally is stimu-
lated during flowering (Eugster and Märki-Fischer, 1991),
fruit ripening (Gross and Eckhardt, 1981; Lutz and Winterhalter,
1992; Maoka et al., 2001; Fleischmann et al., 2002), indus-
trial curing of tobacco (Wahlberg et al., 1977), and tea fer-
mentation (Kawakami and Kobayashi, 2002).

Crocus, a cultivated sterile plant, offers a convenient

model with which to further our understanding of this caro-
tenoid catabolic pathway. Upon flowering in autumn, Cro-
cus displays red style branches (Figures 1A and 1B), which
once dry constitute the spice saffron (Mathew, 1983). Saf-
fron is the most expensive spice known and also is a valu-
able herbal medicine (Gainer and Brumgard, 1982; Sampathu
et al., 1984; Holloway and Gainer, 1988). The accumulation
of three major carotenoid derivatives—crocetin glycosides,
picrocrocin, and safranal—is in large part responsible for the
unique color, bitter taste, and aroma of saffron (Figure 1C)
(Winterhalter and Rouseff, 2002). Stereochemical configura-
tions (Buchecker and Eugster, 1973) and a highly reduced
carotenoid level in saffron suggest that these secondary me-
tabolites are formed by an unusual sequence that involves the
cleavage of zeaxanthin (Pfander and Schurtenberger, 1982)
followed by oxidative modifications and glycosylations (Fig-
ure 1C). Although these compounds generate much inter-
est, enzymes that initiate the reaction sequence have not
been identified.

The limited occurrence of crocetin and related apocaro-
tenoids in nature (Eugster et al., 1969; Tandon et al., 1979;
Pfister et al., 1996; Liao et al., 1999) argues against their
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synthesis via an enzymatic cooxidation mechanism involv-
ing ubiquitous lipoxygenases (Wu et al., 1999) or xanthine
oxidases (Bosser and Belin, 1994). Two types of carotenoid
cleavage dioxygenases have been identified in plants. The
first is the maize Vp14 (Schwartz et al., 1997), which cata-
lyzes the conversion of epoxy-xanthophylls to the abscisic
acid precursor xanthoxin. The second is the Arabidopsis
broad-substrate-specificity carotenoid dioxygenase (AtCCD1),
which cleaves the 9,10 and 9

 

�

 

,10

 

�

 

 double carbon-carbon
bonds of carotenoid chromophores (Schwartz et al., 2001).
However, none of these enzymes cleaves the carotenoid
chromophore at the 7,8 and 7

 

�

 

,8

 

�

 

 positions (Figure 1C).
These two positions have the highest electron density in the
carotenoid chromophore (El-Tinay and Chichester, 1970)
and represent potential targets of Crocus dioxygenase,
which leads to the formation of secondary saffron metabo-
lites.

 

Here, we report the discovery and the functional charac-
terization of two Crocus carotenoid cleavage dioxygenases,
CsCCD (carotenoid cleavage dioxygenase) and CsZCD (ze-
axanthin cleavage dioxygenase). We demonstrate that CsCCD
is a member of the broad-substrate-specificity 9,10(9

 

�

 

,10

 

�

 

)-
carotenoid cleavage dioxygenase involved in the synthesis
of several carotenoid-derived metabolites (Schwartz et al.,
2001; Winterhalter and Rouseff, 2002), whereas, CsZCD
specifically catalyzes the synthesis of crocetin dialdehyde
and hydroxy-

 

�

 

-cyclocitral from zeaxanthin. Thus, CsZCD is
the Crocus 7,8(7

 

�

 

,8

 

�

 

)-zeaxanthin cleavage dioxygenase that
initiates the synthesis of saffron pigment and aroma (Figure
1C). Further immunological and gene expression analyses
revealed that unlike CsCCD, CsZCD is expressed specifi-
cally in the chromoplasts of style cells during the active pe-
riod of zeaxanthin cleavage. We also investigated the ultra-
structural changes in the style during the synthesis of
secondary saffron metabolites. Our results have led to the
hypothesis that in Crocus styles, the carotenoid-derived
metabolites are sequestered in the vacuole, consistent with
their water-soluble nature.

 

RESULTS

Carotenoid Analysis of Crocus Style Branches

 

We analyzed the carotenoid content in red Crocus style
branches to evaluate the oxidative pathway that leads to the
synthesis of carotenoid-derived metabolites in saffron
(Pfander and Schurtenberger, 1982) (Figure 1C). This analy-
sis was performed by subjecting the ethanol extract pre-
pared from the style branches to HPLC separation and then
evaluating the structural identities of the separated metabo-
lites based on their diode-array spectra. This revealed the
presence of picrocrocin (Figures 2A and 2B) and three major
crocetin glycosides (Figures 2C and 2D). The HPLC gradient (II)
was used to profile the full spectrum of C

 

40

 

 carotenoids, but
the presence of 

 

�

 

-carotene and zeaxanthin, which were iso-
lated previously from Crocus (Pfander and Schurtenberger,
1982), was not detected. Therefore, the C

 

20

 

 apocarotenoid
crocetin, which might be derived from zeaxanthin, is re-
sponsible for the brilliant red color of the style branches of
Crocus.

 

Cloning of the Cleavage Dioxygenase Genes 

 

CsCCD

 

and 

 

CsZCD

 

Based on the peptide sequence of Vp14 and the related
peptide sequence of pepper and 

 

Synechocystis

 

 sp PC6803,
we prepared forward and reverse oligonucleotides, which
are complementary to the conserved AHPKVDP and HD-

Figure 1. Accumulation and Pathway of Carotenoid-Derived Metab-
olites in Crocus.

(A) Perianth tubes sprouting from the corm.
(B) Crocus flower displaying red style branches that accumulate ca-
rotenoid-derived metabolites.
(C) Possible pathway for the biosynthesis of carotenoid metabolites
in Crocus style branches. Zeaxanthin, the postulated precursor, is
cleaved and modified by different enzymes, which are listed in italics.
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FAITE regions, to reverse transcribe and amplify the cDNA
fragments from the mRNA of Crocus style branches. After
sequence analysis, two specific 171- and 177-bp DNA
probes were isolated and used to screen a cDNA library
from Crocus style branches, as described in Methods. This
led to the isolation of two clones (1200 and 750 bp) devoid
of the 5

 

�

 

 and 3

 

�

 

 regions. The missing regions were obtained
by rapidly amplifying the cDNA ends. Two full-length cDNAs
were identified and tentatively named 

 

CsCCD

 

 and 

 

CsZCD

 

.
The cDNA sequence of 

 

CsCCD

 

 is 1686 bp long with an
open reading frame coding for a protein of 546 amino acids
and has an estimated molecular mass of 62 kD, whereas

 

CsZCD

 

 is 1186 bp long, codes for a protein of 369 amino
acids, and has a molecular mass of 41 kD (Figure 3). Se-
quence comparison revealed that 27% of the deduced
amino acid sequence of 

 

CsCCD

 

 is identical to that of
CsZCD (Figure 3). CsCCD is 77% identical to a partial EST

from Crocus. The same level of sequence identity is ob-
served with the pepper CaCCD and Arabidopsis carotenoid
dioxygenase AtCCD1 (Schwartz et al., 2001). CsZCD shows
strong identity (97%) to a partial Crocus EST and low but
significant identity (44%) to an apple flower protein of un-
known function (Watillon et al., 1998).

The deduced peptide sequences of CsCCD and CsZCD
cDNAs did not reveal characteristic plastid transit peptide
patterns (Gavel and von Heijne, 1990). To determine where
CsCCD and CsZCD localize in situ, we analyzed the tissue
sections of Crocus style branches by immunocytochemical
staining and confocal microscopy using antibodies devel-
oped against synthetic peptide sequences specific for
CsCCD and CsZCD. Confocal microscopy using anti-
CsCCD antibodies revealed a staining pattern consistent
with a cytosolic location (Figure 4A). In the case of the con-
trol sample treated with the preimmune serum, no specific

Figure 2. HPLC Analysis of Carotenoid-Derived Metabolites from Crocus Style Branches.

(A) HPLC analysis of Crocus style extracts. Compounds were detected by UV-light absorbance at 220 nm. Peak 1 corresponds to picrocrocin,
and peaks 2 to 4 correspond to crocetin carrying different glycosyl residues.
(B) Online diode-array spectrum of picrocrocin. For peaks 2 to 4, see (D).
(C) HPLC analysis of carotenoid-derived metabolites from Crocus style. Compounds were detected by visible light absorbance at 440 nm.
Peaks 2 to 4 correspond to crocetin carrying different glycosyl residues.
(D) Typical online diode-array spectrum of crocetin glycoside (peak 2). The profiles of peaks 3 and 4 were similar.
Chromatographic separation was performed using gradient I (see Methods). mAU, milliabsorbance units.
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staining pattern was detected (Figure 4B). On the other
hand, antibodies directed against CsZCD revealed a spe-
cific labeling of plastids (Figure 4C), which was not ob-
served when the tissue sections were treated with the pre-
immune serum (Figure 4D).

 

Identification of 

 

CsCCD

 

 as a Carotenoid
9,10(9

 

�

 

,10

 

�

 

)-Cleavage Dioxygenase

 

To determine whether 

 

CsCCD

 

 cDNA codes for a carotenoid
cleavage dioxygenase, CsCCD was expressed heterolo-
gously in 

 

Escherichia coli

 

 as a fusion protein with a molecu-
lar mass of 75 kD on SDS gels (Figure 5A). Purified recombi-

nant protein from bacterial cultures induced at 20

 

�

 

C (Figure
5A) was assayed for its cleavage activity using zeaxanthin
as a substrate. After incubation and thin layer chromatogra-
phy analysis, a new product (R

 

F

 

 

 

�

 

 0.65) was detected that
showed intense orange fluorescence under UV light. The
product also showed purple to red fluorescence when the
plate was sprayed with dinitrophenylhydrazine reagent, re-
vealing the presence of a carbonyl group (data not shown).
No conversion was observed in the incubation medium con-
taining the soluble protein isolated from 

 

E. coli

 

 transformed
with the empty vector. The incubation mixture was analyzed
further by reverse-phase HPLC along with diode-array de-
tection (Figures 5B to 5E). This analysis showed that the
product was adsorbed poorly on the hydrophobic reverse

Figure 3. Comparison of the Predicted Amino Acid Sequences of Crocus Carotenoid Cleavage Dioxygenases and Related Proteins.

CsZCD and CsCCD are carotenoid cleavage dioxygenases from Crocus. Md-FS2 is an apple flower protein of unknown function (Watillon et al.,
1998). CaCCD is a pepper homolog of Arabidopsis cleavage dioxygenase (Schwartz et al., 2001). Identical amino acids are indicated with black
backgrounds.
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phase (Figure 5B, peak 2) and displayed a chromophore
structure (Figure 5C).

The UV-visible light spectrum in hexane, with the maxi-
mum wavelength (

 

�

 

max) at 356, 374, and 396 nm (Figure
5F), is characteristic of a pentaene chromophore (Vetter et
al., 1971). The fine structure of the spectrum disappeared in
ethanol (Figure 5G) and was restored after the reduction of
carbonyl groups with sodium borohydride (Figure 5H). This
finding indicated the presence of carbonyl groups conju-
gated with a chromophore structure (Critchley et al., 1958).
The absorbance maxima of the reduced product (

 

�

 

max at
324, 340, and 359 nm) (Figure 5H) were identical to those
reported for rosafluine (Märki-Fischer and Eugster, 1988).
The structure was further confirmed by mass spectrometry,
which revealed a prominent molecular ion of 216 mass units
corresponding to C

 

14

 

H

 

16

 

O

 

2

 

 (Figure 6) and a fragmentation
pattern consistent with the structure (Enzell et al., 1969).
These characteristics indicate that the new zeaxanthin de-
rivative is similar to the C

 

14

 

 dialdehyde 4,9-dimethyldodeca-
2,4,6,8,10-pentaene-1,12-dialdehyde (Isler et al., 1956).
Collectively, these results demonstrate that 

 

CsCCD

 

 is a ca-
rotenoid 9,10(9

 

�

 

,10

 

�

 

)-cleavage dioxygenase that catalyzes
the formation of 4,9-dimethyldodeca-2,4,6,8,10-pentaene-
1,12-dialdehyde and probably hydroxydihydro-

 

�

 

-ionone
from zeaxanthin.

 

Identification of CsZCD as the Zeaxanthin
7,8(7

 

�

 

,8

 

�

 

)-Cleavage Dioxygenase

 

We cloned the 

 

CsZCD

 

 cDNA in frame with a polyhistidine
affinity tag of the pBAD/TOPO ThioFusion vector and ex-
pressed the recombinant protein in 

 

E. coli

 

 cultured at 20

 

�

 

C,

as described above for CsCCD. The affinity-purified fusion
protein migrated on SDS gels as a polypeptide with a mo-
lecular mass of 55 kD (Figure 7A). When the purified protein
was incubated with various carotenoid substrates, we ob-
served that zeaxanthin was cleaved to yield a new nonfluo-
rescent product (R

 

F

 

 

 

�

 

 0.73) that gave a positive reaction
when the plate was sprayed with dinitrophenylhydrazine
(Figure 7B). Under our incubation conditions, 

 

cis

 

- and 

 

trans

 

-
violaxanthin apparently were not transformed into colored
products (Figure 7B). Soluble proteins from 

 

E. coli

 

 cells car-
rying the empty vector failed to transform zeaxanthin (Figure
7B). Like the C

 

14

 

 dialdehyde mentioned above, the CsZCD
product behaved anomalously by reverse-phase HPLC (Fig-
ures 7C to 7E). The UV-visible light spectrum revealed 

 

�

 

max
at 405, 430, and 458 nm in hexane (Figure 7F). The fine
structure of the UV-visible light spectrum disappeared in
ethanol (Figure 7G) and was restored after borohydride re-
duction, as shown by the 

 

�

 

max at 375, 395, and 421 nm
(Figure 7H). These characteristics are consistent with an
8,8

 

�

 

-diapocarotene 8,8

 

�

 

-diapocarotenone structure (Vetter
et al., 1971). This structure was confirmed by mass spectrom-
etry analysis, which showed a molecular ion of 296 mass
units and characteristic fragments (Figure 8). Such a molec-
ular mass and fragmentation pattern are consistent with the
structure of crocetin dialdehyde (C

 

20

 

H

 

24

 

O

 

2

 

) (Enzell et al.,
1969; Vetter et al., 1971; Jüttner and Höflatcher, 1985).

The functional activity of CsZCD was confirmed using a
plasmid-based complementation procedure. We transformed

 

E. coli

 

 (strain JM109) producing zeaxanthin with the 

 

CsZCD

 

cDNA. After induction and overnight culture, the bacteria
expressing the 

 

CsZCD

 

 cDNA developed a red color, which
was not observed in the control strain (Figure 9A). HPLC
analysis of the total lipid extract showed that zeaxanthin re-
mained untransformed in the control strain (Figures 9B and
9C), whereas in bacteria expressing the 

 

CsZCD

 

 cDNA, ze-
axanthin was converted to crocetin dialdehyde (Figures 9D
and 9E). Further UV-visible light spectrophotometry and
mass spectrometry analyses revealed that the crocetin dial-
dehyde produced in vivo was identical to that obtained in
vitro (data not shown).

 

Developmental and Stress Regulation of 

 

CsCCD

 

and 

 

CsZCD

 

Protein gel blot analysis was performed to analyze the tis-
sue-specific expression patterns of 

 

CsCCD

 

 and 

 

CsZCD

 

 us-
ing polyclonal antibodies prepared against purified peptide
sequences specific to each enzyme (see Methods). When
the protein gel blot was probed with anti-CsCCD, a single
60-kD band was detected in the vegetative and floral tissues
of Crocus (Figure 10A). On the other hand, anti-CsZCD re-
vealed a single 40-kD protein in the style branches only (Figure
10A), in accordance with its physiological role in this tissue.

The expression of 

 

CsCCD

 

 and 

 

CsZCD

 

 was studied by
RNA gel blot analysis using various Crocus tissues. Figure

Figure 4. Immunohistochemical Localization of Carotenoid Cleav-
age Dioxygenases in Crocus Style Branches.

(A) and (B) Style sections incubated with anti-CsCCD antibody (A)
and preimmune CsCCD serum (B). Bars � 50 �m.
(C) and (D) Style sections incubated with anti-CsZCD antibody (C)
and preimmune CsZCD serum (D). Bars � 5 �m.
The images were obtained using confocal laser-scanning micros-
copy.
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Figure 5. Functional Analysis of Recombinant CsCCD Reaction Products.

(A) SDS-PAGE analysis of affinity-purified CsCCD. Soluble protein from bacteria grown at 20�C (lane 1) and 37�C (lane 2) and insoluble protein
from bacteria grown at 20�C (lane 3) and 37�C (lane 4) were examined. Affinity-purified fusion protein was loaded in lane 5 (arrowhead). MW, mo-
lecular mass.
(B) to (E) HPLC results (monitored at 375 nm [B] and 440 nm [D]) and online diode-array spectra of CsCCD reaction products. The separation of
zeaxanthin (peak 1) and its cleavage derivative (peak 2) and online diode-array spectra of peak 2 (C) and zeaxanthin (E) are shown. mAU, milliab-
sorbance units.
(F) to (H) UV-visible light spectra of the reaction product (peak 2) in hexane (F) and in ethanol before (G) and after (H) reduction with sodium
borohydride.
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10B shows that CsCCD was expressed constitutively at a
low level in all tissues, whereas CsZCD was expressed spe-
cifically in the style branches. We also hybridized the same
blot to Crocus cDNA that codes for the enzyme 1-deoxy-
D-xylulose 5-phosphate reductoisomerase, which catalyzes
the first specific steps of isopentenyl diphosphate synthesis
in plastids. The 1-deoxy-D-xylulose 5-phosphate reducto-
isomerase gene was expressed largely in the style branches
but to a lesser extent in petals and leaves (Figure 10B). To
gain insight into the potential regulation of CsZCD, we dehy-
drated the style branches and analyzed the pattern of
CsZCD transcript accumulation. The data shown in Figure
10C indicate that CsZCD was regulated positively by dehy-
dration. To confirm that stress by dehydration influences
CsZCD expression, we analyzed the transcript levels of
genes reported previously to be involved in drought stress.
These included the alternative oxidase (Maxwell et al.,
1999), ascorbate peroxidase (Mittler and Zilinskas, 1994),
calcineurin B (Kudla et al., 1999), and betaine aldehyde
dehydrogenase (Ishitani et al., 1995). PCR primers corre-
sponding to Crocus cDNA sequences (see Methods) were
used to amplify the expected amplicon from reverse-tran-
scribed RNAs of dehydrated style branches. These experi-
ments were performed three times, and their results are
shown in Figure 10C. The expression of CsZCD and the four
stress-regulated genes was enhanced concomitantly in de-
hydrated style branches.

Plastid Differentiation during Carotenoid-Derived 
Metabolite Biogenesis

Because the massive synthesis of carotenoids generally is
accompanied by plastid differentiation, we analyzed by

electron microscopy the ultrastructure of Crocus style
branch cells in relation to the intense accumulation of zea-
xanthin-derived metabolites. Histochemical analysis revealed
plastids that stain positively for polysaccharides (Thiéry,
1967) at the very beginning of Crocus style development.
These polysaccharides appear as dark deposits because of
their starch content (Figure 11A). At the ultrastructural level,
numerous amylogenic proplastids were observed during
this developmental period (Figure 11B). Subsequently, these
proplastids differentiated into tubular chromoplasts (Figure
11C) and the starch was hydrolyzed, probably for the synthe-
sis of zeaxanthin, which was cleaved by CsZCD. In the later
stages of development, interactions and apparent transfer of
secretory inclusions from chromoplasts to the vacuole were
observed (Figures 11D to 11F). Thus, at the final stage of de-
velopment, the water-soluble zeaxanthin derivatives appar-
ently accumulated in the vacuole (Figure 11G).

DISCUSSION

Carotenoid Remodeling by Specific Dioxygenases

We have identified CsCCD and CsZCD, two functionally re-
lated enzymes involved in the production of Crocus secondary
metabolites from zeaxanthin. CsCCD specifically cleaves the
9-10 and 9�-10� double bond of carotenoid chromophores.
Thus, this enzyme is homologous with Arabidopsis AtCCD1
(Schwartz et al., 2001). The substrate specificity of CsCCD
may explain the presence of roseoside [(4-hydroxy-4-(3�-
hydroxy-1�-butenyl)-3,5,5-trimethyl-2-cyclohexen-1-one 3�-
O-�-glucopyranoside] (Straubinger et al., 1998) and 4-hydroxy-
�-ionol (Winterhalter and Straubinger, 2000) in the aroma

Figure 6. Full-Scan Mass Spectrometry of the Reaction Product of CsCCD.

Electron-impact mass spectrum of the reaction product (peak 2) obtained as shown in Figure 5B. m/z, mass-to-charge ratio.
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Figure 7. Functional Analysis of Recombinant CsZCD.

(A) SDS-PAGE analysis of affinity-purified CsZCD. Soluble protein from bacteria grown at 20�C without (lane 1) or after (lane 2) induction was ex-
amined. Lane 3 was loaded with affinity-purified CsZCD fusion protein (arrowhead). MW, molecular mass.
(B) Thin layer chromatography analysis of CsZCD reaction products. Lane 1, incubation using soluble proteins from E. coli harboring empty vec-
tor (pBAD/TOPO ThioFusion) and zeaxanthin (Zea); lanes 2 to 4, incubations using purified recombinant CsZCD and zeaxanthin, cis-violaxanthin
(cis-Viol), and trans-violaxanthin (trans-Viol). Plates were sprayed with acidic dinitrophenylhydrazine to reveal the presence of carbonyl groups.
The position of the reaction product is indicated by the arrowhead. As a result of the acidic conditions, 5,6-epoxy-carotenoids were converted to
5,8-epoxy-carotenoids, which appear as green to blue spots. OR refers to the origin.
(C) to (E) HPLC results and online diode-array spectra of CsZCD reaction products. The separation (monitored at 440 nm [C]) of zeaxanthin
(peak 1) and its cleavage derivative (peak 3) and online diode-array spectra of peak 3 (D) and zeaxanthin (E) are shown. mAU, milliabsorbance
units.
(F) to (H) UV-visible light spectra of the reaction product (peak 3) in hexane (F) and in ethanol before (G) and after (H) reduction with sodium
borohydride.



Chromoplast Carotenoid Cleavage Dioxygenase 55

compounds of saffron. On the other hand, CsZCD specifi-
cally catalyzed the cleavage of zeaxanthin at the 7,8 and
7�,8� positions of the chromophore and thus initiated the
formation of saffron secondary metabolites according to the
sequential pathway shown in Figure 1C. Very similar enzyme
activity has been described using a crude enzyme prepara-
tion from Microcystis (Jüttner and Höflatcher, 1985). It also
has been observed that crocetin dialdehyde is a guanine
apocarotenoid that accumulates in the flowers of Jacquinia
angustifolia (Eugster et al., 1969) and in the roots of Coleus
forskohlii (Tandon et al., 1979).

Although CsZCD is devoid of typical cleavable transit
peptide (Gavel and von Heijne, 1990), our immunological
data suggest that this enzyme is compartmentalized to the
plastid. Precedence for this situation could be inferred from
plastid enzymes remodeling membrane acyllipids, which are
synthesized without transit peptides. These include the bar-
ley allene oxide synthase (Maucher et al., 2000) and the fatty
acid hydroperoxide lyases of tomato (Froehlich et al., 2001)
and alfalfa (Noordermer et al., 2000). In addition, these en-
zymes and CsZCD share the STVxR pattern in their N-termi-
nal domains, whose role is not known at present.

The comparison between the enzymes mentioned above
that remodel membrane acyllipids and CsZCD can be ex-
tended to their mode of action. Mechanistically, the ho-
molytic hydroperoxide cleavage reaction catalyzed by allene
oxide synthases and hydroperoxide lyases leads to the forma-
tion of an epoxide (Song et al., 1993) or is mediated by a tran-
sient epoxy carbocation (Noordermer et al., 2000). Similarly, for
carotenoids, it has been observed that during vitamin A syn-
thesis, the enzymatic cleavage of the central (15-15�) double
bond of �-carotene is catalyzed by a monooxygenase en-

zyme via a transient carotene epoxide (Leuenberger et al.,
2001).

Finally, comparison of the CsZCD amino acid sequence
with the sequences of plant and mammalian carotenoid di-
oxygenases available in public databases revealed an over-
all similarity of 17 to 27%. This information can be used to
define and narrow the catalytic domains of carotenoid dioxy-
genases and to identify their active residues.

Sequestration of Water-Soluble Carotenoid Metabolites

Carotenoids are lipophilic membrane components, and their
accumulation in plants requires specialized chromoplast
structures (Camara et al., 1995). Much less is known about
carotenoid cleavage derivatives when they are synthesized
in excess. In Crocus style branches, direct connections
were observed between chromoplasts and the central vacu-
ole (Figures 11D to 11F). Although convincing examples of
interactions between plastids and vacuoles are rare, these
have been observed in the gametophyte of the fern Pteris
vittata and occasionally in a very limited group of higher
plants, including the leaves of tomato (Crotty and Ledbetter,
1973) and Hypoestes sanguinolenta (Vaughn and Duke,
1981). Although the correlation of dynamic events and static
electron micrographs is only tentative, it is suggested that in
Crocus styles, carotenoid-derived metabolites become se-
questered into vacuoles. In support of this possibility, cell
suspension cultures of Crocus glycosylate exogenous cro-
cetin and accumulate the resulting glycoside in vacuoles
(Dufresne et al., 1999). This can be confirmed first by the
polarity of crocetin glycosides found in the Crocus style

Figure 8. Full-Scan Mass Spectrometry of the Reaction Product of CsZCD.

Electron-impact mass spectrum of the reaction product (peak 3) obtained as shown in Figure 7C. m/z, mass-to-charge ratio.
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tissue that conforms to the essential criterion of water solu-
bility reported for vacuolar solutes (Frey-Wyssling, 1942;
Matile, 1990; Jones and Vogt, 2001) and second by arbus-
cular mycorrhizal fungi that induce in root vacuoles the ac-
cumulation of mycorradicin (Klingner et al., 1995; Walter et
al., 2000), which is a 10,10�-diapocarotene derived from the
C14 dialdehyde produced by AtCCD1 (Schwartz et al., 2001)
and CsCCD (this work). Sequestration of plastid-derived
metabolites also has been observed in Stevia rebaudiana,
which accumulates stevioside, a diterpenoid sweetner (Hanson
and De Oliveira, 1993). The initial steps of stevioside biosyn-
thesis occur in plastids and involve the cyclization of gera-
nylgeranyl diphosphate into kaurene (Richman et al., 1999),
which subsequently is oxidized, glycosylated, and seques-

tered in the vacuole as a water-soluble constituent (Kim et
al., 1996). Finally, the sequestration of plastid-derived me-
tabolites in vacuoles has been documented for chlorophyll
catabolites (Hinder et al., 1996) through an ATP-binding
cassette transporter (Lu et al., 1998).

Remodeling Carotenoids for New Functions

In plants, the biological roles of carotenoid-derived metabo-
lites, except for abscisic acid, are not very well known. It has
been shown that 3-hydroxy-�-ionone isolated from dwarf
bean shoot inhibits the growth of lettuce seedlings (Kato-
Noguchi et al., 1993). The sporulation and growth of the

Figure 9. Plasmid-Based Assay of CsZCD in E. coli.

(A) Pellet of E. coli harboring the pCAR25delB plasmid, which allows zeaxanthin production alone (1) and after coexpression of CsZCD cDNA (2).
(B) to (E) HPLC results (monitored at 440 nm) and online diode-array spectra of the total lipid extract from E. coli harboring pCAR25delB plasmid
([B] and [C]) and coexpressing CsZCD cDNA ([D] and [E]). mAU, milliabsorbance units.
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pathogenic fungus Peronospora tabacina are inhibited by
�-ionone (Schiltz, 1974), which protects tobacco plants
from being infected by the same pathogen (Salt et al., 1986).
Similarly, blumenin, a glycosylated cyclohexone produced
from root carotenoids, inhibits fungal colonization and ar-
buscule formation during the initial stages of mycorrhiza de-
velopment in barley and wheat (Fester et al., 1999). Finally,
carotenoid-derived metabolites such as �-inone, �-ionone,
and their related derivatives are important components of
floral scents (Azuma et al., 2002) and could favor insect pol-
linization or constitute insect lures (Donaldson et al., 1990;
Flath et al., 1994; McQuate and Peck, 2001). In addition to their
potential biological functions in plants, carotenoid-derived

metabolites form important components of the aroma pro-
duced during flower and fruit development (Sefton et al.,
1989; Eugster and Märki-Fischer, 1991; Winterhalter and
Rouseff, 2002), during tea fermentation (Sanderson et al.,
1971; Sefton et al., 1989), and during tobacco curing (Enzell,

Figure 10. Molecular Analysis of CsCCD and CsZCD in Different
Tissues of Crocus and during Dehydration Stress.

(A) Protein gel blot analysis of anti-CsCCD and anti-CsZCD anti-
body specificity and tissue-specific expression of CsCCD and
CsZCD.
(B) RNA gel blot analysis and tissue-specific expression of CsCCD,
CsZCD, and 1-deoxy-D-xylulose 5-phosphate reductoisomerase
(CsDXR). A Crocus rRNA probe was used to check loading and
transfer efficiency.
(C) RNA gel blot analysis of CsZCD and stress-regulated gene ex-
pression during dehydration. Crocus style branches were isolated
from the perianth tubes and dehydrated on filter paper until half of
their weight was lost. Total RNA then was used for reverse tran-
scriptase–mediated PCR experiments. Shown are the ethidium bro-
mide–stained gels from quantitative reverse transcriptase–mediated
PCR experiments. The �-tubulin gene was used as a loading con-
trol.

Figure 11. Amyloplast and Chromoplast Differentiation and Interac-
tions between Chromoplasts and the Vacuole during the Biogenesis
of Carotenoid-Derived Metabolites in Crocus Style Branches.

(A) Electron micrograph of style tissue showing electron-dense de-
posits after positive staining of polysaccharides. Bar � 10 �m.
(B) Details of amyloplasts showing that the electron-dense deposits
are attributable to starch. Bar � 1 �m.
(C) Fully differentiated reticulotubular chromoplasts. Bar � 1 �m.
(D) to (F) Interaction between chromoplasts and vacuoles. Bars �
1 �m.
(G) Differential interference contrast microscopy observation of cells
showing the central vacuole.
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1985). Thus, the identification of specific enzymes that cata-
lyze their formation could lead to a better appreciation of
their biological role and to new biotechnological applica-
tions.

METHODS

Plant Material and Dehydration Treatments

Fresh flowers of Crocus sativus grown under field conditions in
Porchères, France, were used throughout the experiment. To study
the expression of genes induced by dehydration stress, the perianth
tubes containing the floral tissues were removed from the corm and
dehydrated on dry Whatman 3MM filter paper until half of their
weight was lost. Control tissues were kept on hydrated Whatman
3MM filter paper for the same duration.

Chemicals

9-cis-Violaxanthin was isolated from ripe orange peel (Molnar and
Szabolcs, 1980). Trans-violaxanthin and zeaxanthin were prepared
as described previously (Camara, 1980; Bouvier et al., 1996).

cDNA Cloning of Carotenoid Cleavage Dioxygenase

Total RNA was isolated (Bouvier et al., 1998a) from Crocus style
branches and poly(A	) mRNAs were purified using Oligotex (Qiagen,
Valencia, CA) before construction of a cDNA library in the � Uni-ZAP
XR vector (Stratagene) according to the manufacturer’s instructions.
Degenerated forward (5�-GC/T/C/GCAT/CCCA/T/CAAG/AG/CT/CG/
C/TGAT/CCC-3�) and reverse (5�-TCA/GGTG/AATA/G/T/GCG/
AAAG/ATCAT-3�) primers, corresponding to the AHPKVDP and HD-
FAITE regions of the maize carotenoid dioxygenase Vp14 (Schwartz
et al., 1997) and related putative carotenoid dioxygenases from pep-
per and Synechocystis sp PC6803, were used to prepare a screening
probe by reverse transcriptase–mediated PCR (Bouvier et al.,
1998b). Two amplified fragments, CsCCD (171 bp) and CsZCD (177
bp), were sequenced and showed a certain homology with carot-
enoid cleavage dioxygenases. Subsequently, 32P-labeled CsCCD and
CsZCD probes were used for plaque hybridization screening of the
Crocus library according to standard procedures (Sambrook et al.,
1989). Sequence analysis revealed that the longest clones corre-
sponding to CsCCD (750 bp) and CsZCD (1200 bp) lacked the 5� and
3� regions that were obtained by rapid amplification of cDNA ends us-
ing the Gibco BRL kit, as described previously (Bouvier et al., 1998b).

Sequencing was performed using ABI 373 and ABI 3100 DNA se-
quencers (Applied Biosystems, Courtaboeuf, Paris, France). Se-
quence comparisons were performed through the National Center
for Biotechnology Information using Basic Local Alignment Search
Tool (BLAST) programs (Altschul et al., 1997).

Preparation of Anti-CsCCD and Anti-CsZCD Antibodies and 
Protein Gel Blot Analysis

Antibodies were developed in rabbits against synthetic peptides en-
compassing amino acids 121 to 133 (SRYVKKTSRLKQEE) of CsCCD

and amino acids 216 to 229 (MARIDLRSGSVSRT) of CsZCD, to which
C-terminal Cys residues were added. The synthetic peptides were
conjugated to the maleimide-activated carrier protein keyhole limpet
hemocyanin, as described previously (Nivison and Hanson, 1987).

Total protein was extracted from Crocus tissues (Van Etten et al.,
1979) and quantified (Smith et al., 1985), and aliquots (50 �g) were
used for SDS-PAGE. Proteins in the gel were transferred onto nitro-
cellulose membranes, which were probed with anti-CsCCD and anti-
CsZCD antibodies at a concentration of 1:2500 in Tris-buffered sa-
line plus Tween 20 and processed as described previously (Suire et
al., 2000).

Analysis of Carotenoid-Derived Metabolites from Crocus
Style Branches

The ethanol extract (50%) of freshly cut Crocus style branches (40 g)
was used for pigment analysis. An aliquot of this extract was used for
reverse-phase analysis using a Zorbax ODS column (4.6 mm 
 25
cm; Interchim, France) and a SpectraSYSTEM (ThermoFinnigan, Les
Ulis, France) comprising a SCM1000 solvent degasser, a P1-1000XR
gradient pump, an AS3000 autosampler, and a UV6000LP diode-
array detector. Data acquisition and processing were performed
using ChromQuest version 3 software (ThermoFinnigan). The carot-
enoid-derived metabolites were eluted using two gradients. Gradient
I (for the separation of zeaxanthin cleavage products) was as follows:
0 to 10 min, 25% acetonitrile in water to 100% acetonitrile at a flow
rate of 1 mL/min. Gradient II (for the separation of zeaxanthin cleav-
age products and intact C40 carotenoids) was as follows: 0 to 20 min,
25% acetonitrile in water to 100% acetonitrile; 20 to 25 min, a linear
gradient of acetonitrile to 100% dichloromethane; and 25 to 40 min,
dichloromethane, at a flow rate of 1 mL/min. The different carotenoid
derivatives were identified on the basis of HPLC retention times and
UV-visible light spectra (Tarantilis et al., 1995; Pfister et al., 1996).

Production and Assay of Recombinant Carotenoid
Cleavage Dioxygenases

Full-length CsCCD and CsZCD cDNAs were amplified by PCR using
the forward and reverse primers 5�-ATGGGAGAAGTAGCGAAG-
GAGG-3� and 5�-TACGTCGGTTTGCTGCCACTGGAG-3� for CsCCD
and the forward and reverse primers 5�-ATGCAGGTGGACCCA-
ACCAAGG-3� and 5�-CTGCTGTGACAGCAGCTCAGCTTC-3� for
CsZCD. The resulting fragments were subcloned into pBAD/TOPO
ThioFusion (Invitrogen, Carlsbad, CA), which allows translation of the
polypeptide in a fusion with a 16-kD His-Patch thioredoxin under the
control of an arabinose-inducible promoter. Transformed Escheri-
chia coli (TOP10) was grown to an OD600 of 0.5 at 20 or 37�C in a
Luria-Bertani medium containing ampicillin (100 �g/mL) before being
induced with 0.02% arabinose and overnight culture. Bacterial cells
were pelleted by centrifugation at 4�C and resuspended in 50 mM
Tris-HCl, pH 7.5, containing 5 mM DTT before lysis by sonication
(Bouvier et al., 1998b). The lysate was centrifuged at 10,000g to col-
lect the supernatant containing the fusion protein. The expressed
protein tended to form insoluble inclusion bodies when the induction
temperature was maintained at 37�C. To overcome this problem, the
temperature was decreased to 20�C. Soluble recombinant protein
produced under these conditions was used for affinity chromatogra-
phy at 4�C using ProBond resin (Invitrogen) as described by the man-
ufacturer’s protocol.
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The purified protein (5 �g) or soluble protein (25 �g) from E. coli
cells carrying the empty vector was incubated in a 200-�L assay
mixture containing 5 �M FeSO4, 25 to 100 �M carotenoid substrate,
0.2% octyl-�-glucoside, and 1 mM DTT buffered with 50 mM Tris-
HCl, pH 7.6. After incubation at 30�C for 1 h, the reaction was
stopped by adding 200 �L of acetone followed by 300 �L of dichlo-
romethane:methanol (1:1 [v/v]). The mixture was centrifuged, and the
hypophase was concentrated to dryness under a stream of nitrogen
before thin layer chromatography. Silica gel plates were prepared
with hexane:acetone (60:40 [v/v]), and the position of the reaction
products was observed under UV-visible light before and after spray-
ing the plate with a solution of acidic 2,4-dinitrophenylhydrazine to
detect aldehydes and ketones (Stahl and Jork, 1965). HPLC separa-
tion of CsCCD reaction products was performed on a Zorbax ODS
column (4.6 mm 
 25 cm) as described above. A solvent gradient
was used for elution as follows: 0 to 5 min, 80% acetonitrile in water;
5 to 10 min, 100% acetonitrile; 10 to 15 min, acetonitrile to 100%
dichloromethane; and 15 to 20 min dichloromethane, at a constant
flow rate of 1 mL/min. UV-visible light spectra were recorded at 374
and 440 nm. For CsZCD, the same column was used, and elution
was accomplished with the following gradient: 0 to 10 min, acetoni-
trile; and 10 to 20 min, acetonitrile to 100% dichloromethane. The
carotenoid cleavage products were identified by UV-visible spectro-
photometry and mass spectrometry. Direct insertion probe mass
spectrometry analysis was performed with a Trio 2000 mass spec-
trometer (Micromass, Manchester, UK). The ionizing voltage was 70
eV, and the temperature of the ion source chamber was 200�C.

E. coli Color Complementation

CsCCD and CsZCD cDNAs were amplified by PCR. The forward
primer 5�-ATGGGAGAAGTAGCGAAGGAGG-3� and the reverse
primer 5�-TACGTCGGTTTGCTGCCACTGGAG-3� were used for
CsCCD, and the forward primer 5�-ATGCAGGTGGACCCAACC-
AAGG-3� and the reverse primer 5�-CTGCTGTGACAGCAGCTC-
AGCTTC-3� were used for CsZCD. The resulting fragments were li-
gated into the cloning site of the pBAD TOPO TA vector (Invitrogen),
and the resulting plasmid was introduced into E. coli (strain JM109)
carrying the zeaxanthin biosynthetic plasmid pCAR25delB (Misawa
et al., 1990). Positive colonies were selected from the Luria-Bertani
medium containing ampicillin (100 �g/mL) and chloramphenicol (50
�g/mL) and grown in liquid or solid Luria-Bertani medium before be-
ing induced with 0.02% arabinose. Carotenoid-derived metabolites
from pelleted or scraped bacteria were extracted and analyzed as
described for the in vitro assay.

Microscopy

For electron microscopy, the style tissues were fixed in 2.5% glutar-
aldehyde and postfixed in 1% OsO4 in 0.1 M phosphate buffer at pH
7.2. The tissues were dehydrated in ethanol and stained with lead ci-
trate and uranyl acetate after sectioning in Spurr resin. Photographs
were taken with a Philips EM 300 electron microscope (Bordeaux,
France). Polysaccharide visualization was performed according to a
previously published procedure (Thiéry, 1967).

For immunohistochemistry, the tissue samples were fixed in 4%
paraformaldehyde and 0.25% glutaraldehyde in PBS. The fixed tis-
sues then were dehydrated in graded series of ethanol (50 to 99%)
and subsequently infiltrated and embedded in paraffin. Sections of
10 �m were prepared and placed on microscope slides pretreated

with 3-aminopropyltriethyoxysilane. Finally, the tissue sections were
deparaffinized in xylene and rehydrated with decreasing concentra-
tions of ethanol (99 to 50%) followed by water, PBS, and PBS con-
taining 0.05% Triton X-100 and 1% BSA for 1 h before blocking with
5% goat serum to limit nonspecific binding. Blocked sections were
incubated at 4�C overnight with primary CsCCD or CsZCD antibod-
ies diluted 1:25 in PBS containing 0.01% Triton X-100 and 1% BSA.
Control tissues were incubated with the appropriate preimmune se-
rum under the same conditions. After washing with the same buffer,
the sections were incubated for 1 h with diluted (1:200) Alexa-Fluor
488 goat anti-rabbit IgG conjugate (Molecular Probes Europe,
Leiden, The Netherlands). After washing the sections with PBS, the
samples were mounted in a medium containing PBS:glycerol (1v/1v)
containing 1% ascorbic acid to reduce photobleaching. Labeled tis-
sue sections were examined using a Zeiss LSM510 confocal laser-
scanning microscope equipped with an Axiovert 100 inverted micro-
scope (Jena, Germany). Excitation and emission wavelengths were
488 nm and 505 to 530 nm, respectively. The images were pro-
cessed using Adobe Photoshop 5 (Adobe Systems, San Jose, CA).

Gene Expression Analysis

Total RNA was isolated from various Crocus organs and tissues us-
ing the NucleoSpin RNA Plant kit (Macherey-Nagel, Duren, Ger-
many). RNA gel blot analysis was performed using 32P-labeled Cro-
cus probes as described previously (Bouvier et al., 1998a) using 25
�g of total RNA and a Crocus ribosomal 18S rRNA probe as internal
controls for RNA loading. The gene expression induced by dehydra-
tion was analyzed three times by reverse transcriptase–mediated
PCR. Total RNA (5 �g) was isolated and used for single-strand cDNA
synthesis using Superscript II RNase H� reverse transcriptase (Gibco
BRL) according to the manufacturer’s protocol. An aliquot of the re-
action mixture was used as a DNA template for PCR. The forward
and reverse primers corresponding to the different Crocus genes
used were as follows: CsCCD, 5�-ATGGATCTTCCTTTGTATTTCC-3�

and 5�-TTCGGATTTTATACCACGTTCACG-3�; CsZCD, 5�-GCCGTC-
TTCCCCGACATCCAGATC-3� and 5�-GCCTCCGCTCTTCTTCGA-
TGATCG-3�; alternative oxidase, 5�-TTGGAGGAAGCGGAGAACGAG-
CGG-3� and 5�-GTGATATCCAACTGGAGCTGGATG-3�; ascorbate
peroxidase, 5�-GTACCTCAAGGCGGTGGAGAAGTG-3� and 5�-CCC-
TGACCGATCCTTGTGACACC-3�; betaine aldehyde dehydroge-
nase, 5�-GATACGCGTTATGGCTTAGGTGG-3� and 5�-AAGCTT-
GGAAGGTGGGGTATACC-3�; calcineurin B, 5�-ATGGGGTGCTTT-
CAGTCCAAGTCG-3� and 5�-AAATAAAGCAAGCTGAAATTCTTCC-3�;
and 1-deoxy-D-xylulose 5-phosphate reductoisomerase, 5�-GGA-
TGTGCCGGTTTAAAGCCTACTG-3� and 5�-AGACCCTTTATTGAA-
AAGGGTAGC-3�. Crocus �-tubulin probe amplified using the for-
ward and reverse primers 5�-ATGATTTCCAACTCGACCAGTGTC-3�

and 5�-ATACTCATCACCCTCGTCACCATC-3� was used as an en-
dogenous control. PCR products were separated by electrophoresis
on 1.5% agarose gels before detection using ethidium bromide.

Upon request, all new materials described in this article will be made
available in a timely manner for noncommercial research purposes.

Accession Numbers

The GenBank accession numbers for the cDNAs mentioned in
this article are as follows: CsCCD, AJ132927; CsZCD, AJ489276;
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alternative oxidase, AJ489270; ascorbate peroxidase, AJ489279; be-
taine aldehyde dehydrogenase, AJ489271; calcineurin B, AJ489272;
�-tubulin, AJ489275; 1-deoxy-D-xylulose 5-phosphate reductoi-
somerase, AJ489274; ribosomal 18S rRNA, AJ489273; Vp14, U95953;
pepper CaCCD, Y14164; Synechocystis sp PC6803, 90917, Sll1541,
Sll0572, and Slr1648; partial EST from Crocus, CAC95132; partial Cro-
cus EST, CAC95133; and Md-FS2, CAB07784.
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