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Changes in carotenoid content and composition and expression of carotenoid biosynthetic genes
were analyzed in the flavedo of sweet orange (Citrus sinensis L. Osbeck, cv. Navelate) fruit during
development and maturation. Lutein and all-E-violaxanthin were the major carotenoids in chloroplast-
containing tissues. During fruit coloration, phytoene, -cryptoxanthin, zeaxanthin, and mainly (9.2)-
violaxanthin progressively accumulated, and a large proportion of apocarotenoids was also found in
the flavedo of full-colored fruits. We have cloned partial and full-length cDNAs corresponding to genes
involved in early condensation and desaturase reactions [phytoene synthase (PSY), phytoene
desaturase (PDS), and g-carotene desaturase (ZDS)], coupled redox reaction (plastid terminal
oxidase), cyclizations [3-lycopene cyclase (8-LCY) and e-lycopene cyclase (e-LCY)], hydroxylation
[B-carotene hydroxylase (5-CHX)], and epoxidation [zeaxanthin epoxidase (ZEP)] and analyzed their
MRNA accumulation in the flavedo of fruits during development and ripening as compared with those
of leaves. Collectively, the results indicated that PDS gene expression correlated with carotenoid
content in developing fruit and that up-regulation of PSY and ZDS genes at the onset of fruit coloration
would enhance the production of linear carotenes and the flux into the pathway. The shift from the
f,e-branch to the g,5-branch of the pathway that originates the changes in carotenoid composition
during fruit coloration may be explained by a down-regulation of e-LCY and by the increase of the
B-CHX transcript.
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INTRODUCTION (derived frompg-carotene) (4,7). The hydroxylategi-ionone
The external color ofitrus fruits is one of the main attributes ~ 1N9S of zeaxanthin can be modified by ZEP to form violaxanthin
of quality and a major parameter for consumer acceptance. TheVia antheraxanthin (8). One epoxy ring of violaxanthin can be
development of th€itrus peel color is the result of coordinated  "€@rranged to form an allenic bond by neoxanthin synthase to
changes in carotenoid content and composition and chlorophyl 98Nnerate neoxanthi9). In addition to the structural enzymes,
degradation (1 In the past, content and carotenoid composition other aC'f_IVIIIGS are requwgd for the path_way. Parucularly,
in fruits of differentCitrus cultivars were extensively studied, desaturatlop reactions are Ilnked to a respiratory redox chain,
showing that the peel of mature fruits is one of the richest and Which requires the participation of a PTOX(Q, 11). .
more complex sources of carotenoids in pla®s3). Th_e re_gulatlon of carotenogenesis in fruits has been mainly
The first committed step of carotenoid biosynthesis is the Studied in tomato Liycopersicum esculentymand pepper
condensation of two molecules of geranylgeranyl pyrophosphate (Capsicum annuujn(6, 8, 12—14). During tomato ripening,
(Cz0) catalyzed by PSY. Phytoene L undergoes four desatu-  transcript levels of PSY-1, a fruit specific ripening isoforiib),
ration reactions catalyzed by PDS and ZDS to form lycopene @nd PDS increase substantially at the B stalf@(8), and
(4). In higher plants, the cyclization of lycopene to yield concomitantly, transcripts of boff andg-LCY disappear (19,_
pB-carotene andx-carotene is the first branching point in the 20)- As a result, mature tomato fruit accumulates massive
pathway 6, 6). The formation of3-carotene is catalyzed by a amounts of chopene._Rlpenlng bell pepper accumulates_large
single enzymeB-LCY, whereas in the case of-carotene two ~ duantities of two specifi-carotene-derived keto-carotenoids,
different activities,8-LCY and e-LCY, are involved.o- and capsanthin and capsorubin, which are responsible for the red
B-carotene suffer sequential hydroxylations of the ringscby ~ €olor (21). The expression of PSY;-CHX, ZEP, and the
and 8-CHXs yielding oxygenated xanthophylls such as lutein capsanthin—capsorubin synthase (CCS) genes is strongly in-
(derived froma-carotene) ang-cryptoxanthin and zeaxanthin duced in pepper during the transition stage from chloroplast to
chromoplast, but the PDS gene induction is less clear than in
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important in determining the amount and type of specific
carotenoids that accumulate fruits during ripening.

The peel of immatur€itrus fruits shows a carotenoid profile
characteristic of chloroplastic-containing tissue, lutein being the
main carotenoidX, 24,25). A noticeable decrease in carotenes
and lutein occurs at the onset of fruit coloration, with a parallel
accumulation of specifi@,f-xanthophylls 1). The predominant
carotenoid in the peel of mature sweet orange fruit is t9-(9
violaxanthin (1,3). The characteristic color of some colored
varieties of Citrus fruits (sweet orange and mandarins) is
provided not solely byg,5-xanthophylls (violaxanthin and
f-cryptoxanthin) but also by citrus specifigg&apocarotenoids.
pB-Citraurin, 5-citraurinene, ang@-apo-8-carotenal are the most
abundant Gyapocarotenoids, and their biosynthetic origin
remains unsolved (13). Recently, the relationship between
carotenoid accumulation and the expression of carotenoid
biosynthetic genes during fruit maturation of thr&itrus
varieties, Satsuma mandarin (Citrus unsMarc.), Valencia
orange Citrus sinensi©sbeck), and Lisbon lemo&itrus limon
Burm.f.), has been reported, concluding that carotenoid ac-
cumulation inCitrus is highly regulated by the coordinated
expression of the different carotenoid biosynthetic ge263. (

Among the differenCitrus species, sweet oranges from the
Navel group C. sinensisL. Osbeck) are probably the most
cultivated worldwide for fresh fruit consumption. The analysis
of carotenoid composition in peel and pulp of Washington Navel
orange was investigated in detail in the pax,27). One of
the most appreciated cultivars among the Navel group is the
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Chlorophyll and Total Carotenoid Extraction and Quantification.

Fruit and leaf pigments were extracted as described previogdly (
The chlorophyll (a+ b) content was determined by measuring the
absorbance at 644 and 662 nm and calculated according to the Smith
and Benitez equations3Q). After chlorophylls measurements, the
pigment ethereal solution was dried and saponified using a 10%
methanolic KOH solution. The carotenoids were subsequently re-
extracted with diethyl ether until the hypophase was colorless. An
aliquot of the ethereal extract was used for quantification of total
carotenoid content. The total carotenoid content was calculated by
measuring the absorbance of the saponified extracts at 450 nm, using
an extinction coefficient gB-caroteneE'” = 2500 (31). The samples
were dried under Nand kept at-20 °C until high-performance liquid
chromatography (HPLC) analysis. All operations were carried out on
ice under dim light to prevent photodegradation, isomerizations, and
structural changes of the carotenoids.

HPLC of Carotenoids. For HPLC analysis of the carotenoids, the
peels of fruits at four developmental/maturation stages were selected
as follows: (i) IG fruit harvested in JutyAugust with ana/b ratio of
—0.794+ 0.01, (ii) MG fruit harvested in October with ab ratio of
—0.64+ 0.02, (iii) B fruit harvested in November with aib ratio of
0.01+ 0.02, and (iv) FC fruit harvested in December withadh ratio
of 0.64 + 0.02. Carotenoid HPLC analysis from young and mature
leaves harvested in July and December, respectively, was also carried
out.

The samples were prepared for HPLC by dissolving the dried
residues in MeOH:acetone (2:1, v/v). Chromatography was carried out
with a Waters liquid chromatography system equipped with a 600E
pump and a model 996 photodiode array detector and Millenium
Chromatography Manager (version 2.0) (Waters, Barcelona, Spain).
A Cso carotenoid column (250 mm 4.6 mm, 5um) coupled to a &

Navelate orange, which was originated as a spontaneousguard column (20 mmx 4.0 mm, 5um) (YMC Europe GMBH,

mutation on a Washington Navel tree (Vinaros, Castellon, Spain)
(28). Navelate has advantages for Spanish citriculture, including
its high fruit quality, excellent organoleptic properties, and late

maturation. We selected Navelate fruits to study the accumula-
tion and regulation of carotenoid biosynthesis in the peel during

Schermbeck, Germany) were used with MeOH, water, and mthyl
butyl ether. Carotenoid pigments were analyzed by HPLC using a
ternary gradient elution reported in a previous woid2) The
photodiode array detector was set to scan from 250 to 540 nm
throughout all of the elution profile. For each elution, a Maxplot
chromatogram was obtained, which plots each carotenoid peak at its

fruit development and maturatlon. To_thls goal, W_e 'So'ate_d corresponding maximum absorbance wavelength. The area of each peak
molecular probes from genes involved in the early biosynthetic \yas obtained, and the percentage of each individual carotenoid was
steps of the carotenoid pathway (PSY, PDS, ZDS, and PTOX), calculated over the total area of carotenoid peaks, as integrated by the
in the cyclization branching poin{LCY ande-LCY), and in Maxplot chromatogram. Each sample was extracted twice, and two
violaxanthin formation§-CHX and ZEP), since this is the main  replicate injections from each extraction were performed.

carotenoid in the peel of ripe orange. The objective of this work  The -carotenep-carotene, and lycopene standards were obtained
has been to analyze the pattern of expression of the eight gene§om Sigma-Aldrich (Madrid, Spain). The standay@sryptoxanthin,
isolated and to understand how these changes are related to thiitein, and zeaxanthlr_l were obtained from Egtrasynthese (Lyon, France).
evolution of carotenoids content and composition in the flavedo . Total RNA Isolation. The plant material used for total RNA

of Navel oranges during fruit development and maturation isolation was the same as that used for chlorophyll and carotenoid
' analysis. The total RNA was extracted from the flavedo and leaves

using the following method. The ground tissue (2 g) was transferred
to a tube containing 5 volumes (mL/g FW) of extraction buffer [200
mM Tris-HCI, pH 8.0, 400 mM NaCl, 50 mM N&DTA, 2% (w/v)
Plant Material. Fruits and leaves of Navelat€ (sinensid.. Osbeck) Sarkosyl, 1% (w/v) poly(vinylpyrrolidone)\, of 40000), and 1% (v/v)
at different developmental stages were harvested from trees grafted ong-mercaptoethanol], and 2.5 volumes of phenol was added to the
Citrange carrizo rootstock. The experiments were conducted with adult homogenate, vortexed, and incubated for 15 min at®5Then, 2.5
trees grown in The Citrus Germplasm Bank at Instituto Valenciano de yolumes of chloroform was added, and cellular debris was removed
Investigaciones Agrarias (Moncada, Valencia, Spain). by centrifugation (390@for 20 min). After centrifugation, the aqueous
The fruit size and color were measured in 30 fruits for each phase was reextracted once with phenol/chloroform. The nucleic acids
developmental stage. After determination of the fruit diameter, the color were precipitated by adding 1.5 volumes of cold ethanol and then
was measured using a Minolta CR-330 colorimeter on three locations centrifugated immediately (13000gr 15 min at 4°C), and the pellet

MATERIALS AND METHODS

around the equatorial plane of the fruit. Hunter paramedgebs andL

were used, and color was expressed asateHunter color ratio, a
classical relation for color measurement in citrus fru9)( Thea/b

ratio is negative for green fruits, and the zero value corresponds to
yellow fruits and is positive for orange fruits. The flavedo tissue (outer
colored part of the fruit peel) was obtained from the 30 fruits used for
size and color measurements. Thirty young (less than 4 months old)

was washed with 70% ethanol. The sediment was resuspended in
7.5 mL of TESa [10 mM Tris-HCI, pH 8.0, 5 mM NEBDTA, and
0.1% (w/v) Sarkosyl] and was heated at 5 for 15 min, and then,

7.5 mL of MilliQ water and 5 mL of 12 M LiCl were added. After an
overnight incubation at 4C, the RNA was pelleted, washed with 1.5
mL of cold ethanol 70% (v/v), centrifuged (1300fig 5 min at 4°C),

and resuspended with 1.25 mL of 3 M Na-acetate (pH 6.0). The RNA

and mature (more than 8 months old) leaves were selected. The flavedowas pelleted by centrifugation (130§6r 5 min at 4°C) and washed

and leaves were frozen in liquid nitrogen, ground to a fine powder and
stored at—80 °C until analysis. The data of fruit diameter and color
are the means: SD of 30 replicate samples.

with 70% (v/v) cold ethanol. The pellet was resuspended in MilliQ
water, and the RNA was quantified by measuring the absorbance at
260 nm.
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Table 1. Primers Used in the Amplification and Length of the cDNA Fragments from Carotenoid Biosynthetic Genes of C. sinensis cv. Navelate
Fruits?

% identity with the best score

gene accession DNA length from other noncitrus proteins

amplified no. primer sequence orientation (bp) (accession no.)

PSY AY204550 GGACAGATGAGCTCGTTGATGG S 330 93% Cucumis melo (P49293)
GCTGCATTGTAGACGCTCTCTG AS

PDS? AJ319761 GTGGATCCGGTTTGAYMGRAAACTGAA S 418 84% L. esculentum (P28554)°
CTAAGCTTGCRCCTTCCATNGAAGC AS

PTOX AY533825 GCTCTAGARASCTTTGGYTGGTGGAG S 207 92% C. annuum (AF177981)
AGAATGGCATAYCAYTTYTCKGAATTCCG AS

ZDSP AJ319762 CAGAAGCTTCTCTGTTGCG S 766 82% Tagetes erecta (AF251013)¢
ATTGGATCCATACTNTCNATGTAATC AS

p-LCYP AY533826 GCTCTAGACAAGTTTCAGAGGCG S 517 79% Adonis palaestina (AF321534)°
CCGAATTCTTGTTCAGATGCG AS

eLCYh AY533827 GCGAATTCGCAGCATCAGGGAAGCTA S 421 76% Spinacia oleracea (AF463497)¢
CATCTAGACAGCACCATATGCGAGG AS

B-CHX AY533828 TGGAATTCTGGGCACGATGGGCTC S 414 93% L. esculentum (Q9S6Y0)
TCTCTAGACTGATCTCCTTCTCC AS

ZEP AY533829 CAAGGTGGATGCATGGCCATTGAGG S 272 80% Prunus armeniaca (AF071888)
CCACCAACTCTTCCTGGATGTGG AS

ay, CIT; S, GIC; R, AIG; K, T/G. S, sense; AS, antisense. Underlined sequences correspond to introduced restriction sites for cloning purposes. © Full-length clones
were isolated from C. sinensis Osheck cv. Navelate. ¢ Alignments based on amino acid sequence of full-length clones.

Isolation of Partial cDNA Carotenoid Biosynthesis Genes, Probe 0.8
Labeling, and Northern Blot Hybridization. Partial cDNA clones = 06 a
of the carotenoid biosynthetic genes PSY, PDS, ZDS, PT®XHX, ® 0.4 S
[-LCY, €-LCY, and ZEP were obtained by RT-PCR. cDNA synthesis g 0.2 g
was performed with Lg of total RNA from the flavedo tissue of fruits 2 ’ £
at the B stage, except ferLCY isolation, which was performed with e 0.0 a
RNA from the flavedo of IG fruits. The reaction was carried out in the 3 0.2 E
presence of 500 ng of oligo-dT, with 200 units of Superscript || Reverse © 0.4 =
Transcriptase (Gibco BRL, Karlsruhe, Germany). Carotenoid biosyn- ’ %
thetic gene DNA fragments were obtained by PCR amplification of 0.6
the cDNA using specific primers. Primer pairs for each gene were 0.8
designed on the sequences of the corresponding genes available in the
public sequence databases. In the cases of PDS, ZDS, and PTOX, ing 300 g
which the Citrus sequence had not been reported at the initiation of © -
this study, degenerated primers were designed on conserved region&i 2801 1% >
from homologous genes from other plantsTible 1, a list of primer = 200 140 2
sequences used and the lengths of cDNA fragments obtained are® 3
indicated. Restriction sites were engineered in some primer pairs (see § 150 | 430 é
Table 1) for cloning purposes. The identity of all cDNA fragments =2 100 g
was confirmed by sequencing. © 120

All probes were labeled withof-*2P]JdATP by PCR using the Strip- # 50 [ 110 +
EZ PCR Kit (Ambion, Cambridge, United Kingdom) following the N . T . o

instructions of the manufacturer. An equivalent number of counts (10
cpm/mL) were used for hybridization.
Samples of denatured total RNA (14y) were electrophoresed on Month

1% (wlv) agarose-formaldehyde gels and blotted onto nylon membranesgigyre 1. Evolution of fruit diameter and peel color (A) and chlorophyll
(Hybé’”%'Nv f\melrsham-BLjosmence, Barcellt?naa_Spam) acc?_rd'”% :)O and carotenoids content in the peel (B) during development and maturation
standard molecular procedures (33). Equal loading was confirmed by ¢\ elate fruits (C. sinensis L. Osbeck). Fruit color is expressed as an

ethidium bromide staining and by membrane staining with methylene ) S )
blue. Northern blots were prehybridized and hybridized af@2o alb Hunter ratio. The dotted line indicates the color index at the color

the DNA probes with ULTRAhyb hybridization buffer (Ambion) and brake. The numbgrs indicate the samples used for analysis of gene
washed following the instructions of the manufacturer. The membranes eXpression (see Figure 3), where 1 corresponds to IG, 4 corresponds to

Aug. Sep. Oct. Nov. Dec. Jan.

were then exposed to Kodak X-Omat SX film. MG, 7 corresponds to B fruits, and 10 corresponds to FC fruits. The data
of fruit diameter and color are the means + SD of 30 replicate samples.
RESULTS The data of chlorophyll and carotenoid contents are the means + SD of

three measuraments.

Evolution of Fruit Diameter, Color, Chlorophyll, and
Carotenoid Contents in the Peel of Navelate Orange during 1A). The color of the peel changed progressively from pale
Development and Ripening.From late July, orange fruit  green to yellow, to reach the B staggl(Hunter ratio 0) around
encompassed a phase of rapid development (mainly due to cellmiddle November. The distinctive orange color of the fruit was
enlargement) to reach its final fruit size around late October. gradually developed up to late December, with minor variations
During this period, the color of the peel remained dark green. thereafter Figure 1A). During the period of fruit development,
Thereafter, the end of the fruit development phase was the chlorophyll content declined (from 27%/g FW in IG fruit
coincident with the initial signal of fruit degreeningigure to 120ug/g FW in MG fruit), and at the onset of fruit coloration,
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Table 2. Chromatographic and Spectroscopic Characteristics of the More Relevant Carotenoids in the Fruit Peel of C. Sinensis L. Osheck Navelate
Variety

observed literature

tr (min) tentative identification® Amax (NM) peak ratio? Amax (Nm) peak ratio? ref
14.36 apocarotenoid 405, 429, 457 5 405, 430, 460 10 43
15.03 all-E-violaxanthin 415, 438, 468 92 414, 442, 472 98 43
15.70 neoxanthin 412, 434, 463 90 412, 434, 464 85 43
19.13 apocarotenoid (/3-citraurin) 458 0 456 0 26
20.23 (92)-violaxanthin cis 325, 411, 434, 463 95 cis 326, 416, 440, 465 98 43
23.30 luteina 418, 444, 472 65 421, 445, 474 60 43
24.23 apocarotenoid 467 0

26.14 zeaxanthin? 430, 450, 478 35 428, 450, 478 26 43
29.00 phytoene 273, 285, 300 10 276, 286, 297 10 43
30.44 a-cryptoxanthin 419, 445, 472 72 421, 445, 475 60 43
31.53 phytofluene 329, 346, 364 71 331, 348, 367 90 43
33.61 p-cryptoxanthin? 423, 450, 479 30 428, 450, 478 27 43
38.70 o-carotene? 420, 445, 472 62 422, 445, 473 55 43
41.90 p-carotene? 426, 451, 473 31 425, 450, 477 25 43
43.12 Z-p-carotene cis 340, 422, 446, 473 34 cis 342, 424, 4486, 472 33 26

a]dentified using authentic standards. © Peak ratio is % IIl/ll for carotenoids (44).

chlorophyll was rapidly degraded to minimum levels (below peak, and apocarotenoids began to accumulate. The percentage
10 ug/g FW) at the B stage. The content of total carotenoids of apocarotenoids was calculated as the sum of the percentage
followed two phases: first, a decline during the increase of fruit of three compounds tentatively identified as apocarotenoids
size, followed by a minor increase during the 2 weeks after the (Table 2). At the B stage, the proportion of violaxanthin was
onset of fruit coloration. After this lag period, the total more than 60% of the total carotenoids and th&){@omer

carotenoid increased to a maximum content in FC fruit(§& accounted for more than twice that of the all-E-isomer. The

FW) (Figure 1B). flavedo of FC fruits contained violaxanthin as the main
Identification of Carotenoids and Changes in Their carotenoid in a ratio®.all-E of 4:1. The percentage of phytoene

Proportion in the Flavedo of Fruit during Development and reached 1.5% of total carotenoid$.cryptoxanthin was sub-

Maturation. The composition of carotenoids was analyzed in stantially reduced, and apocarotenoids represented 11% of the
the flavedo of Navelate oranges at four developmental stages:total carotenoid content (Figure 2). Moreover, in the flavedo
IG, MG, B, and FC fruit (samples 1, 4, 7, and 10fifure of FC fruits, trace amounts of phytofluene were also detected,
1A). For comparison, the carotenoid composition was also suggesting that stimulation of the carotenogenesis occurred at
determined in fully developed young and mature leaves. By very early steps of the pathway.

HPLC analysis using a g column and by comparison of the e total carotenoid content in mature leaves was much
spectra and the retention times with those of authentic standardshigher (210+ 24 uglg FW) than in young leaves (88 8 uglg

when a\{ailab!e, or by the data rgpqrtgd in the "teraf!”e- we were FW). HPLC analysis of the carotenoid composition revealed
able to identify more than 20 individual carotenoidsl). In that the same carotenoids were present in both tissues. Lutein

;I'at:le 2, ttﬁhcharactensltlc cf;roma:ogra_lgmfc ang _sp;ahctr(f)lscoglcwas the main oxygenated xanthophyll and in a similar proportion
eatures of the more relevant carotenoids found in the flave 0(around 50%) in young than in mature leaves. Violaxanthin

of Navelate oranges are summanzed. . accounted for up to 20% of the total carotenoids in both young
The carotenoid composition of flavedo from IG fruits and mature leaves, and only the Blisomer was detected

resembled that of leaves although the percentages of phyto_engNh”e the percentage ofi-carotene increased during leaf

anda- andg-carotene were largely higher in leaves. The main development, those of phytoene afitarotene were lower in

;%Otsig?;izn'ﬂﬁzmﬁﬁic'u tgscgﬁ\éte:(;) grl(;’bgﬁit%éve; dlu;%'(; mature leaves. It is interesting to note that due to the relatively
’ ” high amount ofp-carotene accumulated in leaves a small

respectively, of total carotenoids, and minor proportions of other ronortion of theZ-isomer was found
carotenoids characteristics of chloroplastic tissue (neoxanthin,p P ) . T ) )

o- and B-carotene, and trace amounts afcryptoxanthin Expression Analysis of Carotenoid Biosynthetic Genes in
zeaxanthin, and phytoene). It is interesting to notice that all of the Flavedo of Fruit during Development and Maturation.

the violaxanthin detected in the flavedo at this stage was as the”An RT-PCR-based strategy was adopted to isolate cDNAs for
all-E-isomer. carotenoid biosynthetic genes from the flavedo of Navelate

At the MG stage, the proportion of phytoene was doubled, a Oranges. (_:DNAS corresponding to_ genes involved in early
significant amount of (92)-violaxanthin accumulated, the per- condensation and desaturase reactions (PSY, PDS, and ZDS),
centage of zeaxanthin increased, and the proportion of greenCoUPled redox reaction (PTOX), cyclizationg-kCY and
tissue carotenoids was maintained @fldolaxanthin and ~ €-LCY), hydroxylation (5-CHX), and epoxidation (ZEP) were
pB-carotene) or decreased-¢arotene, lutein, and neoxanthin). isolated (Table 1).For PDS, ZDS-LCY, and e-LCY, full-

As the flavedo became chromoplastic-containing cells (B stage), length sequences were obtained by a RACE-PCR strategy.
the carotenoid composition was substantially different from that Comparison of the deduced protein sequences with other
of green flavedo (Figure 2). The proportion of d&hviolaxanthin noncitrus species dlspla_yed an identity rank_lng from 76 to 93%
was similar to that of green fruits, and some chloroplastic @nd higher than 95% with those from oth@itrus (Table 1).
carotenoids decreased (lutein) or completely disappeared ( To determine the patterns of MRNA accumulation of the eight
andp-carotene and neoxanthin). Concomitantly, the content of carotenoid biosynthetic genes isolated during fruit development
phytoene and zeaxanthin increasg@d;ryptoxanthin reached a  and ripening, the total RNA from flavedo of fruits at 10 different
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Figure 2. Distribution of carotenoids as a percentage of the total in young (Y) and mature (M) leaves (hatched bars) and in the peel of fruit at the IG,
MG, B, and FC stages of Navelate oranges (C. sinensis L. Osbeck). The plots were arranged following the carotenoid biosynthetic sequence in the
pathway. When E- and Z-isomers of a particular carotenoid are identified, the proportion of E-isomer is indicated in gray color. The carotenoid content
is expressed as a percentage of total area of carotenoid peaks based on a Maxplot chromatogram. The values are means + SD of at least three
measurements. Note the different percentage scale for each carotenoid.

points was prepared (s€gure 1A). For comparison purposes, thee-LCY gene. The highest expression ©L.CY gene was
mRNA from leaves at two developmental stages was also detected in the flavedo of IG fruits that rapidly declined as fruit
analyzed. developede-LCY mRNA was maintained at a low level until
Northern analysis revealed that accumulation of the mRNAs the fruit reached the B stage, and thereafter, the transcript was
corresponding to the carotenogenic genes studied during fruithardly detectable (Figure 3).
development and ripening can be grouped in at least four |t is interesting to note that mMRNA accumulation of PDS,
different patterns Kigure 3). First, PSY, ZDS, PTOX, and  B-LCY, «LCY, and ZEP genes was much lower than that of
B-CHX genes followed a continuous increase of expression PSY, ZDS, PTOX, ang-CHX, since membranes hybridized
during fruit development and ripening. No transcript or a very to their probe had to be exposed for much longer periods (5
low signal was detected in IG fruits, to further increased in MG 10 times more) to obtain a detectable signal in the films.
frUitS, jUSt before the onset of fruit Coloration, and then remained The most noticeable difference in the expression of carotenoid
at a high level (PTOX and ZDS) or even increased further (PSY pjosynthetic genes between young and mature leaves was that
and -CHX) toward the FC stage. A second profile was accumulation of PDS¢-LCY, and ZEP mRNAs was clearly
observed for the PDS gene. The transcript showed a moderatedower in the latter. Accumulation of other transcripts was similar
signal at the IG stage that transiently decreased until the MG in poth tissues, and it should be noticed that the mRNA of

stage to accumulate again as coloration of the peel progresseds.CHX was barely detected in both leaf samples.
A third pattern of expression was attributed®.CY and ZEP

genes whose transcripts were consistently present through th%ISCUSSION

whole process of development and ripening but at relatively

low levels as compared to other carotenogenic genes. Finally, The peel of mature orange fruit has a very complex carotenoid
a fourth pattern of transcript accumulation was observed for complement and up to 23 different carotenoids have been
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Figure 3. Accumulation of mRNAs from carotenoid biosynthetic genes in young (Y) and mature (M) leaves and in the peel of fruit during development
and ripening of Navelate oranges (C. sinensis L. Osbeck). Fruit samples from 1 to 10 correspond to the developmental and maturation stages indicated
in Figure 1. Northern blot analyses for each gene are arranged with the corresponding metabolic step in the pathway.

identified (24). However, as many of them were present in trace then returned to be up-regulated from the MG to the FC stage,
amounts, and analysis of only seven carotenoids (phyt@ene, when the major increase in carotenoids takes plagufes 1
andp-carotene, luteing-cryptoxanthin, zeaxanthin, and viola- and 3). Moreover, the relative lower transcript level of PDS
xanthin) and apocarotenoids accounted for more than 80% ofthan PSY during orange ripening may explain the progressive
the carotenoid composition at all stages analyzed, thus providingaccumulation of phytoene observed from the IG to the FC stage
a reliable estimation of the main fluctuations in the pathway (Figure 3). Therefore, our results suggest that during develop-
during fruit ripening (Figure 2). ment of orange fruits, and before the onset of maturation, PDS
The evolution of carotenoid content in peel during develop- gene expression is a key mechanism regulating the production
ment and ripening of the Navelate orange followed a pattern of carotenoids. As the fruit ripens, the substantial increase in
that displays a minimum at the end of the cell enlargement PSY and ZDS gene expression may play an important role
period. During the transition from chloroplasts to chromoplasts, enhancing the production of linear carotenoids into the pathway.
carotenoids accumulated at a slow rate, and once the fruit has The potential role of a PTOXL{) in the redox chain linked
reached the B stage, a massive accumulation of carotenoid take$o phytoene desaturation is evidenced by its increasing expres-
place (Figure 1). In Satsuma mandarin and Valencia orange sion during ripening of pepper and tomato fr@6§ and by the
(25, 34,35), and in other fruits such as tomafi]j and pepper  alteration of carotenoid content in the ghost mutant of tomato,
(23), accumulation of carotenoids during fruit ripening is which is impaired in the corresponding gene. In this report, we
coincident with up-regulation of the PSY gene. However, in show the that homologous PTOX fror@itrus was also
the peel of Navelate orange, a relatively low abundance of the up-regulated during fruit ripening and that the pattern of mMRNA
PSY transcript was detected at the IG stage, which is not in accumulation paralleled that of the mRNAs of both carotene
concordance with the relatively high carotenoid content at that desaturation enzymes, PDS and ZDS (Figure 3).
stage Figures 1and3). By contrast, the analysis of PDS mRNA The increase in carotenoid content during the transition
accumulation during the development and maturation processfrom chloroplast to chromoplast was associated with a change
appears to be well-correlated with the changes in total carotenoidin their composition, as the reduction in the proportiorBef
content. The PDS gene has a moderated expression at the IGarotenoids d-carotene and lutein) was concomitant with the
stage; afterward, the level of the transcript declined at the MG increase off,5-xanthophylls, mainly (8)-violaxanthin, and
stage in parallel with the decrease in carotenoid content andapocarotenoids (Figures Jand 2). Transcriptional down-
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regulation ofe-LCY, coupled with up-regulation g8-CHX (see coloration support that they may be formed by regulated
below), appear to be the critical steps in the regulation of the enzymatic cleavage (39) rather than by unspecific degradation
shift of the metabolic branch of the pathway, which originate (40). Our results indicate that accumulation of zeaxanthin and/
the considerable amount of violaxanthin and apocarotenoids ofor g-cryptoxanthin, the putativg,s-xanthophylls precursors,
colored fruits. At the IG stage, the relatively high levels of preceded the major increase in apocarotendtiyue 2). The
¢-LCY transcript would channel the flux of earlier precursors formation of apocarotenoids at the expense of zeaxanthin and
into thef,e-branch resulting in the accumulation of lutein, which  S-cryptoxanthin would also explain the reduction of these
is part of the photosynthetic apparatus of chloroplast. Then, asxanthophylls once the flux of carotenoids has been diverted to
fruit ripens, the dramatic decreasecib.CY transcript redirects  the ,5-branch. The enzyme/s responsible for the carotenoid
the carotenoid flux to the massive accumulation %f- cleavage to generate the citrus specifig &ocarotenoids has
xanthophylls. A similar transcript profile has been found for not been yet identified, although similar reactions are catalyzed
thee-LCY gene in the peel of Satsuma mandarin, Lisbon lemon, by carotenoid cleavage dioxygenases in other systddjs (
and Valencia orange (25). It is important to note the substantial accumulation &)(9

It is particularly noteworthy that the-LCY gene is expressed ~ Violaxanthin during orange fruit maturation, while the BH-
constitutively and at a relatively low level during the develop- isomer was an abundant carotenoid in chloroplastic tissues. The
ment and ripening of Navelate fruit. This pattern of expression ©rigin of the (Z)-isomer has not been yet established, but it is
is not unexpected, as thfecyclization of lycopene is required ~ @ssumed that @-violaxanthin is formed by in vivo isomer-
for both ¢,- and 3,8-branches of the carotenoid pathway iZation of all-E-violaxanthin (3). Whether the (9Z)-isomer of
(Figure 3). Basals-LCY activity also explains the accumulation ~ Violaxanthin is formed by an enzyme reaction or, as previously
of p-carotene, all-E-violaxanthin, and neoxanthin, all derived Sudgested, by photoisomerization from the alaBd then
from the 8,8-branch, in IG and MG fruits Kigure 2). The stabilized by carotenoid-binding proteing2] is not currently
constitutive expression gELCY in Navelate orange peel during ~ known. o . _
fruit development and ripening differs from the up-regulated ~In conclusion, in the present work, we provide an overview

pattern reported for this gene in the peel of Satsuma mandarin©f the relationship between accumulation of carotenoids and
and Valencia orange (25). expression of eight biosynthetic genes in the peel of Navelate

oranges during fruit development and ripening, and a compari-
son of their changes in leaves. The carotenoid contents in
developing and mature fruit were well-correlated with the PDS
gene expression profile. Once the fruit has reached the MG
stage, up-regulation of PSY and ZDS genes would enhance the
s production of linear carotenes and the flux into the pathway.
The shift from thes,e-branch to thes,5-branch of the pathway
that originates the changes in carotenoid composition during
fruit coloration may be explained by a down-regulation of
ge-LCY and by the increase of th& CHX transcript.

Cyclization of lycopene is a key regulatory branching point
of carotenogenesis in other plants (5), albeit distinctly to the
manner described here. Accumulation of lycopene in tomato
fruits is due to down regulation of bothLCY and-LCY genes
at the B stagel©, 20). In pepper, the expression G{LCY
gene is low and constitutive during fruit maturation as occur
in Navelate Figure 3). However, in pepper, the CCS gene,
which also hag-cyclase activity in addition to the CCS activity,
is highly induced during ripening (37). In red pepper fruits, it
has been postulated that the massive and specific channellin
of carotenes into thg,5-branch is due to the simultaneous action
of 5-LCY and CCS (37). The key role of cyclases regulating ABBREVIATIONS USED
the composition of carotenoids has been also extended to flower B, breaker fruit;3-CHX, -carotene hydroxylase; FC, full-
chromoplasts (38). colored fruit;IG, immature fruit;3-LCY, S-lycopene cyclase;

Our results also indicated that the high up-regulation of €-LCY, e-lycopene cyclaseMG, mature green fruit; PSY,
B-CHX gene in the peel of Navelate is likely contributing to Phytoene synthase; PDS, phytoene desaturase; PTOX, plastid
the channelling of carotenoids to tifg8-branch during fruit ~ terminal oxidase; ZDS-carotene desaturase; ZEP, zeaxanthin
maturation, since its expression was highly induced at the time €poxidase.
of the major increase in violaxanthifrigures 2 and 3). Our
results are similar to those obtained in pepper and Valencia ACKNOWLEDGMENT
orange, where this gene is strongly induced during the chloro-

plast to chromoplast transition4, 25). In tomato, twg-CHX We thank Dr. Luis Navarro (IVIA, Moncada, Valencia, Spain)

genes have been identified; whereas one of them was expresse%fl:ige_ruhs:tggzi ;Ig:ssis(tgaerrlrcneogiinr]: i?gg;onzarg?? ’;‘;‘gﬁte
in green tomato tissues, the second gene displayed a flower ’ P yloisg y

specific expressiorb. The expression of oy#-CHX gene was acknowledged.
barely detected in all chloroplast-containing tissues of Navelate
(fruit peel at the IG stage and leavésgure 3). This reduced
expression 0f-CHX gene does not explain the high proportion

LITERATURE CITED

(1) Gross, JPigments in Fruits; Academic Press: London, 1987.

of lutein that we found in green tissues, @&€HX activity is (2) Stewart, 1.; Leuenberger, U. Citrus colgxlimenta 1976, 15,
also required for lutein biosynthesis. Thus, we hypothesize that 33—-36.

a second gene witf§-CHX activity might probably exist in (3) Oberholster, R.; Cowan, K.; Molnar, P.; Toth, G. Biochemical
Navelate green tissues, similarly to that observed in tomato. basis of color as an aesthetic qualityGitrus sinensisJ. Agric.

Food Chem2001,49, 303—307.

Czp apocarotenoids are important compounds in orange peel
s08p P P gep (4) Britton, G. Overview of carotenoid biosynthesis Biosynthesis

coloration since th_ey provide the characteristic reddish tint. and Metabolism: Birkhauser Verlag: Basel, 1998: pp 13—148.
Mor(_apver,ﬁ-_cnraurln has be.e.n shown to be one of the most (5) Hirschberg, J. Carotenoid biosynthesis in flowering pla@tsr.
significant pigments determining the color of orange frgi. ( Opin. Plant Biol.2001,4, 210—218.

Although the biosynthetic origin of these citrus specifigo C (6) Bramley, P. M. Regulation of carotenoid formation during tomato
apocarotenoids remains to be elucidated, genetic evidence and fruit ripening and developmend. Exp. Bot.2002,53, 2107—
their highly regulated accumulation at the onset of fruit 2113.



Carotenoid Biosynthesis in Citrus Fruits

(7) Tian, L.; Musetti, V.; Kim, J.; Magallanes-Lundback, M.;
DellaPenna, D. The Arabidopsis LUT1 locus encodes a member
of the cytochrome P450 family that is required for carotenoid
epsilon-ring hydroxylation activityProc. Natl. Acad. Sci. U.S.A.
2004,101, 402—407.

Bouvier, F.; d’'Harlingue, A.; Hugueney, P.; Marin, E.; Marion-

Poll, A.; Camara, B. Xanthophyll biosynthesis. Cloning, expres-

sion, functional reconstitution, and regulationfa€yclohexenyl

carotenoid epoxidase from pepp&afpsicum annuumjl. Biol.

Chem.1996,271, 28861—28867.

Bouvier, F.; d’Harlingue, A.; Backhaus, R. A.; Kumagai, M.

H.; Camara, B. Identification of neoxanthin synthase as a

carotenoid cyclase paralogur. J. Biochem2000,267, 6346—

6352.

Carol, P.; Kuntz, M. A plastid terminal oxidase comes to light:

implications for carotenoid biosynthesis and chlororespiration.

Trends Plant Sci2001,6, 31—36.

(11) Kuntz, M. Plastid terminal oxidase and its biological significance.

Planta2004,218, 896—899.

Bouvier, F.; Hugueney, P.; d'Harlingue, A.; Kuntz, M.; Camara,

B. Xanthophyll biosynthesis in chromoplasts: isolation and

molecular cloning of an enzyme catalyzing the conversion of

5,6-epoxycarotenoid into ketocarotendrlant J.1994,6, 45—

54.

Hugueney, P.; Bouvier, F.; Badillo, A.; Quennemet, J.; d'Harlingue,

A.; Camara, B. Developmental and stress regulation of gene

expression for plastid and cytosolic isoprenoid pathways in

pepper fruitsPlant Physiol.1996,111, 619—626.

Bouvier, F.; Keller, Y.; d'Harlingue, A.; Camara, B. Xanthophyll

biosynthesis: Molecular and functional characterization of

carotenoid hydroxylases from pepper frui@fpsicum annuum

L.). Biochim. Biophys. Actd998,1391, 320—328.

Fraser, P. D.; Kiano, J. W.; Truesdale, M. R.; Schuch, W.;

Bramley, P. M. Phytoene synthase-2 enzyme activity in tomato

does not contribute to carotenoid synthesis in ripening fRlgmnt

Mol. Biol. 1999,40, 687—698.

(16) Giuliano, G.; Bartley, G. E.; Scolnik, P. A. Regulation of
carotenoid biosynthesis during tomato developmBrant Cell
1993,5, 379—387.

(17) Fraser, P. D.; Truesdale, M.; Bird, C.; Schuch, W.; Bramley, P.
M. Carotenoid biosynthesis during tomato fruit development.
Plant Physiol.1994,105, 405—413.

(18) Corona, V.; Aracri, B.; Kosturkova, G.; Bartley, G. E.; Pitto,
L.; Giorgetti, L.; Scolnik, P. A.; Giuliano, G. Regulation of a
carotenoid biosynthesis gene promoter during plant development.
Plant J.1996,9, 505—512.

(19) Ronen, G.; Cohen, M.; Zamir, D.; Hirschberg, J. Regulation of
carotenoid biosynthesis during tomato fruit development: Ex-
pression of the gene for lycopene epsilon-cyclase is down-
regulated during ripening and is elevated in the mutant Delta.
Plant J.1999,17, 341—351.

(20) Pecker, I.; Gabbay, R.; Cunningham, F. X., Jr.; Hirschberg, J.
Cloning and characterization of the cDNA for lycopégheyclase
from tomato reveals decrease in its expression during fruit
ripening.Plant Mol. Biol. 1996,30, 807—819.

(21) Camara, B. Biosynthesis of keto-carotenoids Gapsicum
annuumfruits. FEBS Lett.1980,118, 315—318.

(22) Bouvier, F.; Backhaus, R. A.; Camara, B. Induction and control
of chromoplast-specific carotenoid genes by oxidative sttess.
Biol. Chem.1998,273, 30651—30659.

(23) Romer, S.; Hugueney, P.; Bouvier, F.; Camara, B.; Kuntz, M.
Expression of the genes encoding the early carotenoid biosyn-
thetic enzymes irCapsicum annuunBiochem. Biophys. Res.
Commun.1993,196, 1414—1421.

(24) Rodrigo, M. J.; Marcos, J. F.; Alferez, F.; Mallent, M. D.;
Zacarias, L. Characterization of Pinalate, a n@¥iglus sinensis
mutant with a fruit-specific alteration that results in yellow
pigmentation and decreased ABA conteht.Exp. Bot.2003,

54, 727—-738.

®)

)

(10)

(12

(13)

(14)

(15)

J. Agric. Food Chem., Vol. 52, No. 22, 2004 6731

(25) Kato, M.; Ikoma, Y.; Matsumoto, H.; Sugiura, M.; Hyodo, H.;
Yano, M. Accumulation of carotenoids and expression of
carotenoid biosynthetic genes during maturation in Citrus Fruit.
Plant Physiol.2004,134, 824—837.

(26) Malachi, T.; Gross, J.; Lifshitz, A.; Sklarz, B. Flavedo carotenoid
pigments of the ripe Washington-Navel orangebens.-Wiss.
Technol.1974,7, 330—334.

(27) Curl, A. L.; Bailey, G. F. Carotenoids of Navel orang&s-ood
Sci.1961,26, 442.

(28) Saunt, JCitrus Varieties in the WorldSinclair International
Limited: Norwich, 2000.

(29) Stewart, |.; Whitaker, B. D. Carotenoids in citrus: Their
accumulation induced by ethylen&.Agric. Food Cheml1972,

20, 448—449.

(30) Smith, J. H. C.; Benitez, A. Chlorophylls. Modern Methods
of Plant Analyses; Paech, K., Tracey, M. V., Eds.; Springer:
Berlin, 1955; pp 142—-196.

(31) Davies, B. H. Carotenoids. I@hemistry and Biochemistry of
Plant Pigments; Goodwin, T. W., Ed.; Academic Press: New
York, 1976; pp 38—165.

(32) Rouseff, R.; Raley, L.; Hofsommer, H. J. Application of diode
array detection with a C-30 reversed phase column for the
separation and identification of saponified orange juice caro-
tenoids.J. Agric. Food Chem1996,44, 2176—2181.

(33) Sambrook, J.; Fritsch, E.F.; Maniatis,Molecular Cloning: A
Laboratory Manual 2nd ed.; Cold Spring Harbor Laboratory
Press: Cold Spring Harbor, NY, 1989.

(34) lkoma, Y.; Komatsu, A.; Kita, M.; Ogawa, K.; Omura, M.; Yano,
M.; Moriguchi, T. Expression of a phytoene synthase gene and
characteristic carotenoid accumulation during citrus fruit devel-
opment.Physiol. Plant2001,111, 232—238.

(35) Kim, I. J.; Ko, K. C.; Kim, C. S.; Chung, W. I. Isolation and
expression patterns of a cDNA encoding phytoene synthase in
Citrus. J. Plant Physiol.2001,158, 795—800.

(36) Josse, E. M.; Simkin, A. J.; Gaffe, J.; Laboure, A. M.; Kuntz,
M.; Carol, P. A plastid terminal oxidase associated with
carotenoid desaturation during chromoplast differentiatibent
Physiol.2000,123, 1427—-1436.

(37) Hugueney, P.; Badillo, A.; Chen, H. C.; Klein, A.; Hirschberg,
J.; Camara, B.; Kuntz, M. Metabolism of cyclic carotenoids: a
model for the alteration of this biosynthetic pathwayCapsicum
annuumchromoplastsPlant J.1995,8, 417—424.

(38) Zhu, C.; Yamamura, S.; Nishihara, M.; Koiwa, H.; Sandmann,
G. cDNAs for the synthesis of cyclic carotenoids in petals of
Gentiana luteaand their regulation during flower development.
Biochim. Biophys. Act2003,1625, 305—308.

(39) Farin, D.; Ikan, R.; Gross, J. The carotenoid pigments in the
juice and flavedo of a mandarin hybri€irus reticulatacv.
Michal) during ripeningPhytochemistry1983,22, 408.

(40) Weedon, B. C. L. Stereochemistry. Garotenoids; Isler, O.,
Ed.; Birkhduser Verlag: Basel, 1971; pp 268—324.

(41) Giuliano, G.; Al Babili, S.; von Lintig, J. Carotenoid oxygena-
ses: Cleave it or leave iTrends Plant Sci2003,8, 145—149.

(42) Schwartz, S. H.; Qin, X. Q.; Zeevaart, J. A. D. Elucidation of
the indirect pathway of abscisic acid biosynthesis by mutants,
genes, and enzymeBlant Physiol.2003,131, 1591—-1601.

(43) Britton, G. UV/visible spectroscopy. I@arotenoids, Vol. 1B
Spectroscopy; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.;
Birkhduser Verlag: Basel, 1995; pp 13—63.

Received for review March 10, 2004. Revised manuscript received July
13, 2004. Accepted July 15, 2004. This work was supported by research
Grants ALI99-0954-C03-02 and ALI2003-1304 from the CICYT (Mini-
siterio de Ciencia y Tecnolo@a, Spain) and from the Conselleria de
Agricultura, Pesca y Alimentacion (GV-CAPAO00-15) (Generalitat
Valenciana). M.J.R. was the recipient of a postdoctoral contract from
the Ministerio de Ciencia y Tecnologa and from C.S.1.C. (Spain).

JF049607F



