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The first objective of this paper was to analyze the potential role of allelic variability of carotenoid
biosynthetic genes in the interspecific diversity in carotenoid composition of Citrus juices. The second
objective was to determine the number of copies for each of these genes. Seven carotenoid
biosynthetic genes were analyzed using restriction fragment length polymorphism (RFLP) and simple
sequence repeats (SSR) markers. RFLP analyses were performed with the genomic DNA obtained
from 25 Citrus genotypes using several restriction enzymes. cDNA fragments of Psy, Pds, Zds, Lcy-
b, Lcy-e, Hy-b, and Zep genes labeled with [0-32P]dCTP were used as probes. For SSR analyses,
two primer pairs amplifying two SSR sequences identified from expressed sequence tags (ESTSs) of
Lcy-b and Hy-b genes were designed. The number of copies of the seven genes ranged from one
for Lcy-b to three for Zds. The genetic diversity revealed by RFLP and SSR profiles was in agreement
with the genetic diversity obtained from neutral molecular markers. Genetic interpretation of RFLP
and SSR profiles of four genes (Psy1, Pds1, Lcy-b, and Lcy-el) enabled us to make inferences on
the phylogenetic origin of alleles for the major commercial citrus species. Moreover, the results of
our analyses suggest that the allelic diversity observed at the locus of both of lycopene cyclase genes,
Lcy-b and Lcy-e1, is associated with interspecific diversity in carotenoid accumulation in Citrus. The
interspecific differences in carotenoid contents previously reported to be associated with other key
steps catalyzed by PSY, HY-b, and ZEP were not linked to specific alleles at the corresponding loci.
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INTRODUCTION The carotenoid biosynthetic pathway is now well established

Carotenoids are pigments common to all photosynthetic (3, 4; Figure 1). Carotenoids are synthesized in plastids by

organisms. In pigmentprotein complexes, they act as light nuclear-e_ncoded enzymes)_( The _|mmed|ate precursor of
sensors for photosynthesis but also prevent photo-oxidationc"’ertenOIdS (anq also of gibbereliins, plast_oqumone, chloro-
induced by too strong light intensities. In horticultural crops, p_hylls, phylloguinones, a_nd tocopherols) is geran_ylgera_myl
they play a major role in fruit, root, or tuber coloration and in diPhosphate (GGPP). In light-grown plants, GGPP is mainly
nutritional quality. Indeed some of these micronutrients are derived from the methylerythritol phosphate (MEP) pathway
precursors of vitamin A, an essential component of human and (5; Figure 1). The condensation of two molecules of GGPP
animal diets {). Carotenoids may also play a role in chronic catalyzed by phytoene synthase (PSY) leads to the first colorless
disease prevention (such as certain cancers), probably due t&arotenoid, 15-cis-phytoene. Phytoene undergoes four desatu-
their antioxidant properties (2). ration reactions catalyzed by two enzymes, phytoene desaturase
(PDS) andz-carotene desaturase (ZDS), which convert phytoene
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Figure 1. Carotenoid biosynthetic pathway in plants: MEP pathway, methylerythritol phosphate pathway; PSY, phytoene synthase; PDS, phytoene
desaturase; ZDS, ¢-carotene desaturase; CRTISO, carotenoid isomerase; LCY-e, lycopene e-cyclase; LCY-b, lycopene f-cyclase; HY-b, S-carotene
hydroxylase; HY-e, e-carotene hydroxylase; ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NSY, neoxanthin synthase.

point: one branch leads {@-carotene (5,5-carotene) and the
other toa-carotene (f3,e-carotene). Lycopefieyclase (LCY-

b) then converts lycopene inhcarotene in two steps, whereas
the formation ofo-carotene requires the action of two enzymes,
lycopenee-cyclase (LCY-e) and lycopengcyclase (LCY-b).
o-Carotene is converted into lutein by hydroxylations catalyzed
by e-carotene hydroxylase (HY-e) affdcarotene hydroxylase
(HY-b). Other xanthophylls are produced frgiycarotene with
hydroxylation reactions catalyzed by HY-b and epoxydation

the biosynthetic pathwayl 8). Qualitative analysis of presence

or absence of the different compounds revealed three main
clusters: (1) mandarins, sweet oranges, and sour oranges; (2)
citrons, lemons, and limes; (3) pummelos and grapefruit. Our
study also enabled identification of key steps in the diversifica-
tion of the carotenoid profile. Synthesis of phytoene appeared
as a limiting step for aci€itrus (cluster 2), while formation of
p-carotene andx-carotene from lycopene were dramatically
limited in cluster 3 (pummelos and grapefruit). Only varieties

catalyzed by zeaxanthin epoxidase (ZEP). Most of the carotenoidin cluster 1 were able to produce violaxanthin. In the same study

biosynthetic genes have been cloned and sequenc€drirs
varieties (8—12). However, our knowledge of the complex
regulation of carotenoid biosynthesis @itrus fruit is still
limited. We need further information on the number of copies
of these genes and on their allelic diversityGitrus because
these can influence carotenoid composition within @igus
genus.

(18), we concluded that there was a very strong correlation
between the classification ofitrus species based on the
presence or absence of carotenoids (below, this classification
is also referred to as the organization of carotenoid diversity)
and genetic diversity evaluated with biochemical or molecular
markers such as isozyme$9) or randomly amplified poly-
morphic DNA (RAPD) @0). We also concluded that, at the

Citrusfruit are among the richest sources of carotenoids. The interspecific level, the organization of the diversity of carotenoid
fruit generally display a complex carotenoid structure, and 115 composition was linked to the global evolution process of

different carotenoids have been identified@itrus fruit (9—

11, 13—18). The carotenoid richness Gitrus flesh depends
on environmental conditions, particularly on growing conditions,
and on geographical originl8). However the main factor
influencing variability of carotenoid quality in juice has been
shown to be genetic diversity. Kato et al5) showed that
mandarin and orange juices accumulated high levefsai/p-

cultivatedCitrus rather than to more recent mutation events or
human selection processes. Indeed, at interspecific level, a
correlation between phenotypic variability and genetic diversity
is common and is generally associated with generalized gametic
disequilibrium resulting from the history of cultivateCitrus

(19). Thus from numerical taxonomy based on morphological
traits or from analysis of molecular markei®¢21), all authors

toxanthin and violaxanthin, respectively, whereas mature lemonagreed on the existence of three basic taxa (C. reticulata,
accumulated extremely low levels of carotenoids. Goodner et mandarins;C. medica, citrons; an€C. maxima, pummelos)
al. (16) demonstrated that mandarins, oranges, and their hybridsvhose differentiation was the result of allopatric evolution. All

could be clearly distinguished by theglrcryptoxanthin contents.
Juices of red grapefruit contained two major carotenoids:
lycopene angb-carotene (17). More recently, we conducted a
broad study on the organization of the variability of carotenoid
contents in different cultivate@itrus species in relation with

other cultivatedCitrus species (C. sinensis, sweet oranges;
aurantium, sour oranges,. paradisi, grapefruit; an€. limon,
lemons) resulted from hybridization events within this basic pool
except forC. aurantifolia, which may be a hybrid betweé&h
medica and C. micrantha (20). Below, all the above-
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Table 1. Genotypes Used for RFLP and SSR Analyses
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no. common name species ICVN number?
1 Willowleaf mandarin C. reticulata Blanco ICVN 0100133
2 Wase Satsuma C. reticulata Blanco ICVN 0100230
3 Hansen mandarin C. reticulata Blanco ICVN 0100357
4 Seedless pummelo C. maxima (Burm.) Merr. ICVN 0100710
5 Deep Red pummelo C. maxima (Burm.) Merr, ICVN 0100757
6 Chandler pummelo C. maxima (Burm.) Merr. ICVN 0100608
7 Etrog citron C. medica L. ICVN 0100130
8 Diamante citron C. medica L. ICVN 0100540
9 Marsh grapefruit C. paradisi Macf. ICVN 0100188
10 Star Ruby grapefruit C. paradisi Macf. ICVN 0100293
11 Ray Ruby grapefruit C. paradisi Macf. ICVN 0100604
12 Shamouti orange C. sinensis (L.) Osb. ICVN 0100299
13 Sanguinelli orange C. sinensis (L.) Osb. ICVN 0100243
14 Cara Cara navel orange C. sinensis (L.) Osb. ICVN 0100666
15 Morocco sour orange C. aurantium L. ICVN 0110033
16 Bouquetier de Nice C. aurantium L. ICVN 0100688
17 Myrtle-leaf orange C. aurantium L. ICVN 0100708
18 Eureka Frost lemon C. limon (L.) Burm. f. ICVN 0100004
19 Volkamer lemon C. limonia Osheck ICVN 0100729
20 Meyer lemon C. meyeriYu. Tan. ICVN 0100549
21 Rangpur lime C. limonia Osbeck ICVN 0110050
22 Mexican lime C. aurantifolia (Christm.) Swing. ICVN 0100140
23 Palestine sweet lime C. limettioides Tan. ICVN 0100802
24 Clementine C. clementina hort. ex Tan. ICVN 0100092
25 Huang pi Chen orange C. sinensis (L.) Osb. ICVN 0100567

2 International Citrus Variety Numbering.

mentioned species are referred to as secondary species. More33258. This plant material used for RFLP analysis was the same as
over it appears that only mutational (or epigenetic) events were that used for SSR analysis.
involved in the diversification of secondary species suc as Total RNA was isolated from the pulp of Satsuma mandarin fruits
sinensisC. aurantium, or C. paradisj19). as described by Mannin@8). UV absorption spectrophotometry and

Our previous results (18) and data Gitrus evolution lead gel electrophoresis were performed to test RNA quality as described
us to propose the hypothesis that the allelic variability supporting Py Sambrook et al.24). First-strand cDNAs were synthesized from 1
the organization of carotenoid diversity at interspecific level ~9 Of total RNA using First Strand CDNA synthesis kit (Fermentas).

. . Satsuma mandarin cDNA pool was used as template for probe

preceded events that resulted in the creation of secondaryampliﬁcations'
species. Such molecular variability may have two different

) . o . . RFLP Analysis. Total DNA (10 ug) was digested witfEcORV,
effects: on the one hand, non-silent substitutions in coding BamHI, andHindlll, electrophoresed on 1% agarose gels, and blotted

regio_n affect the specific activity of corresponding enzymes O_f onto nylon membranes (Hybond-N, Amersham, UK) according to the

the biosynthetic pathway, and on the other hand, variations in pmanufacturer's recommendations.

untra;]nslgted regions affect transcriptional or post-transcriptional 1, prepare probes, cDNA fragments of carotenoid biosynthetic genes

mechanisms. Psy, Pds, Zds, Lcy-b, Hy-b, Zep, andLcy-e were amplified by PCR
There is no available data on the allelic diversityGifrus using cDNA from Satsuma mandarin and specific primers. Primer pairs

genes of the carotenoid biosynthetic pathway. The objective of were designed froritrus Psy,Pds,Zds,Lcy-b,Hy-b, Zep, and_cy-e

this paper was to test the hypothesis that allelic variability of full coding sequences deposited in the database (GenBank accession

these genes partially determines phenotypic variability at the humbers AF220218, AB046992, AB072343, AY166796, AF315289,

interspecific level. For this purpose, we analyzed the RFLPs ABO075547, and AY533827) (for primer sequences and cDNA fragment

around seven genes of the biosynthetic pathway of carotenoids'jggttrho'piii:‘iz'inzi-(yngeaf‘o”s‘g'g‘gr‘a:g%t‘ﬁg‘éz m;eesgﬁ’ag gtsdDEyA

(Psy, Pds Zds Lcy-h Lcy-e Hy-b, Zep and the polymorphism o 270 Y o

of two SSR sequences found kry-b and Hy-b genes in a and gel band purification kit (Amersham, UK). The identity of all cDNA

. . . fragments was confirmed by sequencing (MWG, Martinsried, Ger-
representative set of varieties of ti@trus genus already  any). The cDNA fragments were labeled with®PIdCTP (Megaprime

analyzed for carotenoid constitution. Our study aimed to answer pNA Labeling System, Amersham, UK). In order to screen the presence
the following questions: (a) are those genes mono- or multilo- of intronic sequences and restriction sites in genomic DNA corre-
cus, (b) is the polymorphism revealed by RFLP and SSR sponding to RFLP probes, amplifications were performed with genomic
markers in agreement with the general history of cultivated DNA using primer pairs described Wable 2. Aliquots of PCR products
Citrus thus permitting inferences about the phylogenetic origin were purified with GFX PCR DNA and gel band purification kit
of genes of the secondary species, and (c) is this polymorphism(AmeVShamr UK) and digested witBcoRV, BamHI, andHindlll.

associated with phenotypic (carotenoid compound) variations? Digestions were carried out overnight at 3¢ in a total volume of
200 uL with 40 units of restriction enzyme (Invitrogen), thex1

corresponding reaction buffer, and 28 of DNA. PCR and digestion
products were separated by electrophoresis on 1% agarose gel.
Plant Materials. Leaves of 25Citrus genotypes (Table 1) and fruits Membranes were prehybridized at 85 for 4—5 h in 50 mM Tris
of Satsuma Wase mandarin were harvested from trees grown at theHCI (pH 8), 10 mM EDTA (pH 8), & standard saline citrate (SSC),
Citrus Gerplasm Bank (Station de Recherche Agronomique, San 0.2% sodium dodecyl sulfate (SDS)x DDenhardt’s solution, and 100
Giuliano, Corsica). Total DNA extraction was performed according to g mL~* denatured salmon sperm DNA. Hybridization was carried out
Doyle and Doyle 22) from 0.5 g of leaf tissue. The DNA was quantified  at 65°C overnight in 50 mM Tris HCI (pH 8), 10 mM EDTA (pH 8),
by measuring the increased fluorescence of the Hoechst dye5x SSC, 0.2% SDS, 1:Denhardt’s solution, 100g mL* denatured

MATERIALS AND METHODS
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Table 2. Primers Used for cDNA Amplification and RFLP Analysis The first tree was based on the presence or absence of the 58
fragments isolated from the RFLP profiles of 7 genes, whereas the
amplicon second tree was based on the presence or absence of the 9 fragments
gene primer size (bp) isolated from the RFLP and SSR profiles of tHg-b gene, and the
Psy 1 forward 5-GGGTTGTATCACCTAAC-3' 397 _thlrd one was based on the presence or absence of the 7 fragments
Psy 1 reverse 5 CTTAAAGTTCCGGGT-3' isolated from the RFLP profiles of théep gene. The trees were
Pds_1 forward 5'-CAACTTGCGATATGGTT-3' 588 constructed with the weighted neighbor-joining method.
Pds_1 reverse 5'-TTCACTTTCTCCGGC-3'
Zds 1 forward 5-TTCTTCAGTTCTGTTTCCT-3' 557
Zds 1 reverse 5-GAGCATTTCTTGCTTTATC-3' RESULTS AND DISCUSSION
tg:z—i IZCZ‘?Srg gﬁﬂ?&%ﬁé@é&%s 498 Global Diversity of the Genotype Sample Observed by
Hy-b_1 forward 5'-ATGCACGAGTCTCACC-3' 382 RFLP Analysis. RFLP analyses were performed using probes
Hy-b_1 reverse 5'-TTCTCTTACTGATCTCCTTCT-3' defined from expressed sequences of seven major genes of the
Zep_1 forward 5'-CAGTTAATCTTTCAACAGC-3 635 carotenoid biosynthetic pathwayFigure 1). One or two
fg’f_—el S gg:TTAcI:CAT/&CcATTA%TCCT%TCT?g 243 restriction enzymes were used for each gene. None of these
Ley-e 1 reverse 5. GTCTGATAAGGCACTTTCT-3' enzymes cut the cDNA probe sequence exétipdlll for the

Lcy-egene. Intronic sequences and restriction sites on genomic
sequences were screened with PCR amplification using genomic
DNA as template and with digestion of PCR products. The
salmon sperm DNA, and 10% dextran sulfate. Membranes were washedresults indicated the absence of an intronic sequenc®ggr
once at room temperature in &3SC and 0.1% SDS, once at 85 and Lcy-b fragments. The absence of intron in these two
for 30 min in 0.5« SSC and 0.1% SDS, and once at*€5for 30 min fragments was checked by cloning and sequencing correspond-
in 0.25x SSC and 0.1% SDS. Membranes were exposed to X-ray film jng genomic sequences (data not shown). Conversely, we found
(Biomax MS Film, Kodak). introns in Pds, Zds, Hy-b, Zep, andLcy-e genomic sequences
SSR Analysis. SSR sequences were screened fronCirus  corresponding to RFLP probe&caRV did not cut the genomic
e?(pressed_ sequence tag (EST) library, which contained Camteno'dsequences dPds,Zds,Hy-b, Zep, and_cy-e. In the same way,
biosynthetic genes (25). Two EST SSR sequences were found: one,, g, | restriction site was found in the genomic sequences

corresponded to thecy-bgene and another one to tHg-b gene. Two - . .
primer pairs, flanking the SSR motifs, were designed, 1210 and 1388 of Pds, Zds, andHy-b. Data relative to the diversity observed

(seeTable 3) (25). These two primer pairs were used for SSR analysis OF the different genes are presentedriable 4. A total of 58
and nuclear SSR amplifications. PCR amplifications of the samples fragments were identified, six of them being monomorphic
were performed using a PTC-200 thermocycler (MJ Research Inc.) in (present in all individuals). In the limited sample of the three
15 uL final volume containing 0.8 U ofTag DNA polymerase basic taxa, only eight bands out of 58 could not be observed.
(Eurogentec) and corresponding Teaction buffer, 10 ng o€itrus In the basic taxa, the mean number of bands per genotype
genomic DNA, 0.2 mM of each dNTP, 1.5 mM Mg(0.2uM forward observed was 24.7, 24.7, and 17 @rreticulata,C. maxima,
primer, and 0.2«M reverse primer. The following PCR program was  andC. medica, respectively. It varies from 28 (C. limettioides)
applleod: dengturatlon at &L for 5 min; 35 repeats c_Jf the cycle _305 to 36 (C. aurantium) for the secondary species. The mean
at94°C, 1 min at 55 or 60C, 45 s at 72°C; and a final elongation -\ of RFLP bands per individual was lower for basic taxa
step of 4 min at 72C. Samples were then kept at@ prior to analysis. . . o

than for the group of secondary species. This result indicates

After adding 15uL of loading buffer [98% formamide, 10 mM EDTA, .
0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol], the that secondary species are much more heterozygous than the

mixture was denatured at 92 for 3 min and kept at 76C during gel basic ones for these genes, which is logical if we assume that
loading. Six microliters of each sample was loaded in 5% denaturing the secondary species arise from hybridizations between the
polyacrylamide (19:1 acrylamide/bisacrylamide) gels with 7.5 M urea three basic taxa. Moreov&®. medicaappears to be the least
in 0.5% TBE buffer prior to electrophoresis at 60 W for 2 h. Gels heterozygous taxon for RFLP around the genes of the carotenoid
were silver stained using an improved method adapted from Beidler et hiosynthetic pathway, as already shown with isozynieS), (
al. (26). RAPD (20), and SSR (21) markers.

Data Analysis. The data matrix was composed of 65 fragments as  The four sweet oranges analyzed displayed the same profiles
variables and 25 genotypes. Fragments were scored as 1 for the presenge . 4| genes as did the three representative€ ofurantium

or O for the absence. Three representations were obtained from theand the three arapefruit. In the following analvsis. each of these
presence or absence of the variables and matrices of Dice dissimilarities grap ’ 9 YSIS,

using @DARWin 4.0 software (CIRAD Montpellier, France). Dice’s three secondary species is represented by only one individual.

dissimilarities were calculated as follows: The organization of genetic diversity displayed on the neighbor-
joining tree based on the Dice dissimilarity index from the
d(i,) = (b + c)/(2a+ b + c) presence or absence of bands observed for all RFLP markers is

given inFigure 2. Eighteen different profiles were differentiated.
whered(i,j) = dissimilarity between genotypégndj, a = number of Three main clusters were identified; the first grouped mandarins

variables wherex = presence and; = presencep = number of and syvee'g oranges, the second pummelos and grapefruit, and
variables wherex, = presence and = absencec = number of the third citrons and most of the acEitrus. The two lemons
variables where; = absence ang; = presence. were close to the aci@itrus cluster and the three sour oranges

Table 3. Primers Used for SSR Analysis

primer putative function primer sequence observed product size (bp)
1210 forward lycopene f3-cyclase 5'-GCCAAAATGCATGTTCAAGA-3' 174-183
1210 reverse 5'-GTGCCAATGATGATCACGTC-3'
1388 forward [-carotene hydroxylase 5'-AAAACAAAGCACCCAGATCG-3' 133-142

1388 reverse 5'-ACGGCAGCAACGAGATAAGT-3'
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Table 4. Global Description of RFLP Profiles Observed Using cDNA of Seven Genes of the Carotenoid Biosynthetic Pathway as Probes

no. of
minimum maximum fragments
total no. of no. of no. of no. of no. of no. of not observed no. of
restriction no. of monomorphic ~ fragments/  fragments/  fragments/ fragments/  fragments/ in basic no. of profiles/
gene enzyme fragments fragments individual individual C. reticulata ~ C.maxima  C. medica taxa profiles gene
Psy EcoRV 5 1 2 3 3 3 2 0 6 10
BamHI 5 1 2 3 3 4 2 0 4
Pds EcoRV 6 1 2 3 2 2 2 2 8 8
Zds EcoRV 9 1 2 6 4 5 2 2 11 13
BamHI 5 1 3 5 3 4 3 0 7
Ley-b  EcoRV 4 0 1 2 1 2 1 1 7 7
Hy-b EcoRV 4 0 1 2 2 2 1 0 6 8
BamHI 2 1 1 2 1 2 1 0 2
Zep EcoRV 7 0 2 4 4 3 2 1 10 10
Ley-e EcoRV 5 0 1 3 2 1 1 1 3 10
HindIll 6 0 1 5 3 1 1 1 9

close to the mandarins/sweet oranges cluster. This organizatiorhypothesis that major differentiation in the genes involved in
of genetic diversity based on the RFLP profiles obtained with the carotenoid biosynthetic pathway preceded the creation of
seven genes of the carotenoid pathway is very similar to that the secondary hybrid species and thus that the allelic structure
previously obtained with neutral molecular markers such as of these hybrid species can be reconstructed from alleles
genomic SSR (21) as well as the organization obtained with observed in the three basic taxa.

qualitative carotenoid compositions (18). All these results  Gene by Gene Analysis: Thé?syGene.For thePsyprobe
suggest that the observed RFLP and SSR fragments are goodombined withEcdRV or BanHl restriction enzymes, five bands
phylogenetic markers. It seems consistent with our basic were identified for the two enzymes, and two to three bands

Etrog citron
Diamante citron

Mexican lime
Palestine sweet lime

Volkamer lemon

Rangpur lime

Meyer lemon

Eureka Frost lemon

Sweet orange
Clementine
Sour orange

Wase Satsuma Hansen mandarin

Grapefruit

Deep Red pummelo

Seedless pummelo

Chandler pummelo

D b— o1

Figure 2. Organization of genetic diversity based on RFLP markers defined from expressed sequences of seven carotenoid biosynthetic genes. The tree
was constructed according to the neighbor-joining method using a Dice matrix of dissimilarity.
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were observed for each genotype. One of these bands wad?dsl_2) for the pummelo allele. “Eureka” lemon, “Rangpur”
present in all individuals. There was no restriction site in the lime, and “Palestine sweet” lime were heterozygoRdgl_1/
probe sequence. These results lead us to believePthais Pds1_3) with the mandarin and the citron allele. “Meyer” lemon
present at two loci, one where no polymorphism was found with was heterozygous@s1_2/Pds1_3) with the pummelo and the
the restriction enzymes used, and one that displayed polymor-citron allele. “Volkamer” lemon and “Mexican” lime were also
phism. The number of different profiles observed was six and heterozygous with the citron allele and their specific alleles.
four with EcoRV andBamHlI, respectively, for a total of 10 The Zds Gene. The Zds profiles were complex. Nine and
different profiles among the 25 individual§dble 4). TwoPsy five fragments were observed wiicoRV andBamHiI restric-
genes have also been found in tomatgoopersicon esculen-  tion, respectively. For both enzymes, one fragment was common
tum), tobacco Klicotiania tabacurjy maize Zea mayy andrice  to all individuals. The number of fragments per individual
(Oryza satia) (27—29). Conversely, only onésygene has been  ranged from two to six foEcoRV and three to five foBarrHI.
found in Arabidopsis thalianaand in pepper Gapsicum an-  There was no restriction site in the probe sequence. It can be
nuum), which also accumulates carotenoids in fré@, 31). assumed that several copies (at least three) oZtsgene are
According to Bartley and Scolnik2{), Psylwas expressed in  present in theCitrus genome with polymorphism for at least
tomato fruit chromoplasts, whilesy2was specific to leaf tissue.  two of them. InArabidopsis maize, and rice, lik®ds,Zdswas

In the same way, in Poaceae (maize, rice), Gallagher 29). (  a single-copy gene (3@2).

found thatPsygene was duplicated and tHasyland notPsy2 In these conditions and in the absence of analysis of controlled
transcripts in endosperm correlated with endosperm carotenoidprogenies, we are unable to conduct genetic analysis of profiles.
accumulation. These results underline the role of gene duplica-However it appears that some bands differentiated the basic
tion and the importance of tissue-specific phytoene synthase intaxa: one for mandarins, one for pummelos, and one for citrons
the regulation of carotenoid accumulation. with EcoRV restriction and one for pummelos and one for

All the polymorphic bands were present in the sample of the citrons with BamHI restriction Table 5). Two bands out of
basic taxon genomedgble 5). Assuming the hypothesis that the nine obtained witkcdRV were not observed in the samples
all these bands describe the polymorphism at the same locusof basic taxa. One was rare and only observed in “Rangpur”
for the Psy gene, we can conclude that we found allelic lime. The other was found in sour oranges, “Volkamer” lemon,
differentiation between the three basic taxa with three alleles and “Palestine sweet” lime suggesting a common ancestor for
for C. reticulata four for C. maxima and one forC. medica these three genotypes.

(Table 6). This is in agreement with the assumption of Nicolosi et al.

The alleles observed for the basic taxa then enabled us to(20) that “Volkamer” lemon results from a complex hybrid
determine the genotypes of all the other species. The presumedombination with C. aurantiumas one parent. It will be
genotypes for th€sypolymorphic locus are given ihable 7. necessary to extend the analysis of the basic taxa to conclude
Sweet oranges and grapefruit were heterozygdesyl 1/ whether these specific bands are present in the diversity of these
Psyl 5) with one mandarin and one pummelo allele. Sour taxa or result from mutations after the formation of the
oranges were heterozygouBsyyl 1/Psyl 4); they shared the secondary species.
same mandarin allele with sweet oranges but had a different The Lcy-b Gene with RFLP Analysis.After restriction with
pummelo allele. Clementine was heterozygdsy(l_1Psyl_2 EcoRV and hybridization with thécy-b probe, we obtained
with two mandarin alleles; one shared with sweet oranges simple profiles with a total of four fragments. One to two
(Psy1_}and one with “Willow leaf” mandarin. “Meyer” lemon  fragments were observed for each individual, and seven profiles
was heterozygousPgyl_1/Psyl_8), with the mandarin allele were differentiated among the 25 genotypes. These results
also found in sweet oranges, and the citron allele. “Eureka” provide evidence thdtcy-bis present at a single locus in the
lemon was also heterozygous with the same pummelo allele ashaploid Citrus genome. Two lycopeng-cyclases encoded by
sour oranges (Psy1l) 4nd the citron allele (Psy1).8The other two genes have been identified in tomaB&8) The B gene
acid Citrus were homozygous for the citron allele. encoded a novel type of lycopepsecyclase whose sequence

The Pds Gene. For the Pds probe combined witiEcoRV, was similar to capsanthin—capsorubin synthase. The B gene
six different fragments were observed. One was common to all expressed at a high level fhmutants was responsible for strong
individuals. The number of fragments per individual was two accumulation off-carotene in fruit, while in wild-type tomatoes,
or three. Results fdPdsled us to believe that this gene is present B was expressed at a low level.
at two loci, one where no polymorphism was found véitoRY The Lcy-b Gene with SSR Analysis.Four bands were
restriction, and one displaying polymorphism. Conversely, detected at locus 1210 (Lcydene) (Figure 3). One or two
studies onArabidopsis, tomato, maize, and rice showed that bands were detected per variety confirming that this gene is
Pdswas a single copy gen8@ 32). However, a previous study  monolocus. Six different profiles were observed among the 25
on Citrus (10) suggests thddsis present as a low-copy gene genotypes. As with RFLP analysis, no intrataxon molecular
family in the Citrus genome, which is in agreement with our  polymorphism was found withil€. paradisi,C. sinensis, and
findings. C. aurantium.

Assuming that the polymorphic bands are related to the same Taken together, the information obtained from RFLP and SSR
locus, we observed a strong differentiation between the threeanalyses enabled us to identify a complete differentiation among
basic taxa with one specific allele for each taxdralfle 6). the three basic taxon samples. Each of these taxons displayed
All the genotypes of the basic taxa were homozygous and notwo alleles for the analyzed sample. An additional allé&ley¢
polymorphism was found at intraspecific level. Two additional b_7) was identified for “Mexican” limeTable 7). The profiles
alleles were observed in “Volkamer” lemoRds1_4: E2) and  for all secondary species can be reconstructed from these alleles.
“Mexican” lime (Pds1_5 E4). Genotypes of secondary species Deduced genetic structure is givenTable 7. Sweet oranges
are given inTable 7. Sweet oranges, clementine, and sour and clementine were heterozygousy-b_JLcy-b_3 with one
oranges were heterozygolsl_1Pdsl_2 with the mandarin mandarin and one pummelo allele. Sour oranges were also
and the pummelo allele. Grapefruit were homozygdas(l_2 heterozygous Lcy-b_1/Lcy-b_4) sharing the same mandarin
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Table 5. RFLP and SSR Profiles of the Genotypes Analyzed (Only Polymorphic Fragments Are Presented)

Psy gene Pds gene Zds gene Lcy-b gene
EcoRV BamH1 EcoRV EcoRV BamH1 EcoRV SSR
C. reticulata E1%E2 B1b El E2E3E6 B1B3 El S3¢
cv. Willow leaf
C. reticulata El B3 El E2E3E6 B1B3 El S3s4
cv. Satsuma
C. reticulata El Bl El E2E3E6 B1B3B4 El S3
cv. Hansen
C. maxima E1E2 B2B4 E3 E1E2E6 B1B2B3 E2 S3
cv. Seedless
C. maxima E2 B4 E3 E1E2EGES B1B2B3 E2 S3
cv. Deep red
C. maxima E4 Bl E3 E1E2 B1B2B3 E4 S3
cv. Chandler
C. medica E3 Bl E5 E7 B3B4 E4 S2
cv. Etrog
C. medica E3 B1 E5 E7 B3B4 E4 S1S2
cv. Diamante
C. sinensis? E1E2 B1B4 E1E3 E1E2E3E6 B1B3 E1E2 S3
C. aurantium? El B1B4 E1E3 E1E2E3ESE6 B1B2B3B4 E1E4 S3
C. paradisi® E1E2 B1B4 E3 E1E2E3E6 B1B2B3 E2E4 S3
C. limon E1E3 B1B4 E1E5 E1E2E6 B2B3B4 E1E4 S2S3
cv. Eureka
C. limonia E3 Bl E2E5 E5E7 B1B3B4 E1E4 S1S3
cv. Volkamer
C. meyeri E1E3 Bl E3E5 E2E3E6E7 B1B3B4 E1E4 S2S3
cv. Meyer
C. limonia E3 Bl E1E5 E4ESE7 B1B2B4 E1E4 S2S3
cv. Rangpur
C. aurantifolia E3 Bl E4E5 E6E7 B1B2B4 E3E4 S1S3
cv. Mexican
C. limettioides E3 Bl E1E5 ESE7 B1B3B4 E1E4 S2S3
cv. Palestine
C. clementina E1E2 B1 E1E3 E2E3E6 B1B3 E1E2 S3
C. reticulata E3 e S2 E1E6 E4E5 H1 H4H5
cv. Willow leaf
C. reticulata E3E4 S2 E1E2EGE7 E4E5 H1H4H5
cv. Satsuma
C. reticulata E3 S2 E1E6 E4E5 H1H4H5
cv. Hansen
C. maxima E2E3 Bl S1S2 E1E2E4E7 E2 H3
cv. Seedless
C. maxima E2E3 Bl S2 E2E7 E2 H3
cv. Deep red
C. maxima E2E3 Bl S2 E2E7 E2 H3
cv. Chandler
C. medica E1l S1 E2E5 El H3H6
cv. Etrog
C. medica El S1 E2E5 El H6
cv. Diamante
C. sinensis® E3 S2 E1E2E4E6 E4E5 H1H2H4H5
C. aurantium? E2E3 S2 E1E2E6E7 E2E4E5 H1H2H3H4H5
C. paradisi® E3 Bl S2 E1E2E3E6 E2E4E5 H1H2H3H5
C. limon E2E3 S1S2 E1E2E5E6 E1E4E5 H1H4H5H6
cv. Eureka
C. limonia E1E3 S1S2 E1E2E5E6 E1E4E5 H2H4H5H6
cv. Volkamer
C. meyeri E1E3 S1S2 E2E5E7 E1E4E5 H1H4H5H6
cv. Meyer
C. limonia E1E3 S1S2 E1E2E5E6 E1E4E5 H1H4H5H6
cv. Rangpur
C. aurantifolia S1S3 E2E5E6 E1E3 H3H5H6
cv. Mexican
C. limettioides E2 S1S2 E2E5E6 E1E4E5 H2H4H5H6
cv. Palestine
C. clementina E3 S2 E1E6 E4E5 H1H2H4H5

aE1, polymorphic band 1 obtained from RFLP analysis with EcoRV restriction. B1, polymorphic band 1 obtained from RFLP analysis with BamH1 restriction. ¢ S3,
polymorphic band 3 obtained from SSR analysis. ¢ Each of these secondary species is represented by only one individual. € There is no polymorphic band for this combination:
BamH1 restriction enzyme and the Hy-b probe in this genotype. fH1, polymorphic band 1 obtained from RFLP analysis with Hindlll restriction.
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Table 6. Alleles Identified in the Three Basic Species?

alleles of the alleles of the alleles of the alleles of the
Psy gene Pds gene Lcy-b gene Lcy-e gene
C. reticulata Psyl 1,E1B1 Pds1 1,E1 Ley-b 1, E1S3 Lcy-el 4, EAE5
Psyl 2, E2B1 Ley-b 2, E1S4
Psy1_3 E1B3
C. maxima Psyl 4,E1B4 Pds1_2,E3 Ley-b_3, E2S3 Ley-el 2, E2
Psy1_5, E2B4 Ley-b 4, E4S3
Psyl 6, E2B2
Psyl_7, E4B1
C. medica Psyl 8 E3B1 Pds1_3 E5 Ley-b_5, E4AS1 Ley-el 1,E1
Ley-b 6, EAS2

2 Alleles are named by the following convention: Psyl 1 denotes allele 1 of locus 1 of the Psy gene.

Table 7. Proposed Genotypes and Proposed Phylogenetic Origin of Carotenoid Biosynthetic Genes of Hybrid Citrus Species

gene: Psy1 Pds1 Ley-b Ley-el
data used: EcoRV + BamHI EcoRV EcoRV + SSR EcoRV
phylogenetic phylogenetic phylogenetic phylogenetic
genotype? origin® genotype? origin? genotype? origin® genotype? origin®
C. reticulata Psy1 1/Psy1 2 M/M Pds1_1/Pds1_1 MM Ley-b _1lLey-b 1 MM Ley-el 4lLcy-el 4 MM
cv. Willow leaf
C. reticulata Psyl 3/Psyl 3 M/M Pds1_1/Pds1_1 MM Ley-b 1lLey-b 2 MM Ley-el 4lLcy-el 4 MM
cv. Satsuma
C. reticulata Psy1 1lPsy1 1 MM Pds1_1/Pds1 1 MIM Ley-b_1lLey-b_1 MM Ley-el 4iLcy-el 4 MIM
cv. Hansen
C. maxima Psyl_4/Psyl_6 P/P Pds1 _2/Pds1 2 P/P Ley-b_3lLcy-b_3 P/P Ley-el 2lLcy-el 2 P/P
cv. seedless
C. maxima Psyl 5IPsyl 5 P/P Pds1 2IPds1 2 P/P Ley-b 3lLcy-b_3 P/P Ley-el 2lLcy-el 2 P/P
cv. Deep red
C. maxima Psyl_7IPsy1_7 PIP Pds1_2IPds1_2 PIP Ley-b_4lLcy-b 4 P/P Ley-el 2llcy-el 2 PP
cv. Chandler
C. medica Psyl 8/Psyl 8 CiIC Pds1_3/Pds1_3 CiC Ley-b_6lLcy-b_6 CiIC Ley-el 1llcy-el 1 CiC
cv. Etrog
C. medica Psyl 8/Psyl_8 CIC Pds1_3/Pds1_3 CiIC Ley-b_5lLcy-b 6 cIc Ley-el_1llcy-el 1 CIC
cv. Diamante
C. sinensis Psyl 1/Psyl 5 M/P Pds1_1/Pds1_2 M/P Ley-b_1lLey-b_3 M/P Ley-el 4llcy-el 4 MM
C. aurantium Psyl_1/Psyl 4 M/P Pds1_1/Pds1_2 M/P Ley-b_1lLcy-b 4 M/P Ley-el_4lLcy-el 2 M/P
C. paradisi Psyl 1/Psyl 5 M/P Pds1 2IPds1 2 P/P Ley-b 3lLcy-b 4 P/P Ley-el dlLcy-el 2 M/P
C. limon Psyl _4/Psyl 8 PIC Pds1_1/Pds1_3 Mm/C Ley-b_1lLcy-b_6 MIC Ley-el 4llcy-el 1 M/IC
C. limonia Psyl 8/Psy1_8 CIC Pds1_3/Pds1_4 Cr? Ley-b_1lLey-b 5 m/C Ley-el 4lLcy-el 1 Mm/C
C. meyeri Psyl 1/Psyl 8 M/C Pds1 2IPds1_3 P/IC Ley-b _1lLcy-b 6 MIC Ley-el 4dllcy-el 1 M/IC
C. limonia Psyl1 8lPsy1_8 CiC Pds1_1/Pds1 3 MIC Ley-b_1lLcy-b_6 MIC Ley-el 4iLcy-el 1 MIC
C. aurantifolia Psyl 8/Psyl 8 CIC Pds1_3/Pds1_5 CI? Ley-b_7ILey-b_5 ?IC Ley-el 3llcy-el 1 ?IC
C. limettioides Psyl 8/Psyl 8 CiIC Pds1_1/Pds1_3 Mm/IC Ley-b _1lLey-b 6 M/IC Ley-el 4llcy-el 1 M/IC
C. clementina Psy1_1lPsyl1 2 M/M Pds1_1/Pds1 2 M/P Ley-b_1lLey-b 3 M/P Ley-el 4lLcy-el 4 MIM

aFor each carotenoid biosynthetic gene, loci and alleles are identified by the following convention: Psyl 1 for allele 1 of locus 1 of the Psy gene. ® M, mandarin (C.
reticulata); P, pummelo (C. maxima); C, citron (C. medica); ?, specific allele not observed in the three basic taxa.

allele as sweet oranges but with another pummelo allele. for the concerned profiles. Moreover, twdy-b genes were
Grapefruit were heterozygous (Lcy-b_3/Lcy-b_4) with two found in theArabidopsis thalianggenome and in tomato (30,
pummelo alleles. All the acid secondary species were heterozy-34), while the Southern blot pattern obtained from “Satsuma”
gous, having one allele from citrons and the other one from mandarin (11) with three restriction enzymes showed one to
mandarins (Lcy-b_1) except for “Mexican” lime, which had a three bands, which is more consistent with the hypothesis of
specific allele. one locus. Additional analyses with more restriction enzymes

The Hy-b Gene with RFLP Analysis.Four and two bands  anq the study of haploid genotypes of the three basic taxa will
were clearly differentiated witkEcoRV andBamH] restriction probably enable us to determine the number of lodipfb in

enzymes, rqspectively. One to two bands were observed for eacqh e Citrus genome.

genotype with each enzyme. This would appear to be coherent . ) .

with the monolocus pattern ¢fy-b. However the fact that the _ All bar_1ds_ were observed in the basm_taxon samples with clear
three pummelos presented the same two band profiles with thedifferentiation among thenirible 5). With EcoRV, one band
two enzymes make this hypothesis questionable. Indeed the(E1) was shared by the two citrons, “Volkamer” and “Meyer”
probability of these three genotypes being heterozygous for thelemons, and “Rangpur” lime; one (E2) was shared by the three
same alleles is rather low, and an alternative hypothesis shouldpummelos, the thre€. aurantium, and “Palestine sweet” lime.
be that pummelos have two copies of tg-b gene per haploid ~ The E3 band was present for all samples except citrons, and
genome. It prevented us from proposing a genetic interpretationone band (E4) was specific to Satsuma. WRBarHI, all
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Figure 3. Silver-stained 5% acrylamide gel showing polymorphism at locus 1210 (A, Lcy-b gene) and 1388 (B, Hy-b gene) in 25 Citrus genotypes.
Numbers represent genotypes described in Table 1. The arrows indicate different fragments (174, 177, 180, and 183 bp for the gel A and 133, 139, and
142 bp for the gel B).

individuals displayed a common band, while a second band wasHindlll restriction site in the EST probe sequence and (ii) the
only present for the three pummelos and the three grapefruits.observation of three and five bands wHtoRV andHindlll,

The Hy-b Gene with SSR Analysis.Three alleles were  respectively, for secondary species, we proposed the hypothesis
detected at locus 1388ly-b gene Figure 3). One or two alleles that Lcy-eis present at only one locus i@. maximaand C.
were detected for each variety. No intrataxon molecular poly- medicagenomes but at two loci in mandarin and otk@trus
morphism was found within grapefruit, sweet oranges, and sour genomes. The results of Ronen et &5) on tomato suggest
oranges. One band (S1) was shared by “Seedless” pummelothatLcy-eis a single-copy gene and that tbel mutation is an
the two citrons, and all aci@itrus. The S2 band was observed allele of Lcy-e. The tomato delta mutants were orange, and
for all Citrus except citrons and “Mexican” lime. This latter accumulated-carotene at the expense of lycopene. The delta
variety displayed a specific S3 band. All acid varieties were mutation changed the mRNA level of they-e gene during
heterozygous and possessed the citron allele. It should be notedruit development.
that with both RFLP and SSR analyses, except for S3, all Due to the complexity and incertitude of genetic interpretation
fragments were observed in the basic taxon samples. because of the presence dfiadlll restriction site in the probe

The Zep Gene. Seven fragments were observed with the sequence, we limited our genetic interpretation to the profiles
EcaRV restriction enzyme. Ten different profiles were identified observed withEcoRYV. Differentiation among the three basic
among the 25 varieties. NBCcoORV restriction site was found taxa was observedTable 5) with one specific band foC.
in the probe sequence. Each variety displayed two to four bands,medica(E1), one very close by fo€. maxima(E2), and two
which suggests that this gene is present at two different loci in specific bands foC. reticulata(E4 and E5). The two bands of
the Citrus genome and that we revealed polymorphism for the C. reticulataobtained withEcoRV were also observed in all
two loci. Only one copy of theZep gene was found in  secondary species that had mandarin as one ancestral parent.
Arabidopsisgenome (30). No previous data were available on In the same way, one of the bands observe@.imedicaor C.
the number of copies depin Citrus genome. maxima was observed in all secondary species with the

All bands, except one only found in grapefruit (E3), were exception of sweet oranges and clementine, which displayed
observed in the basic taxon sampldslfle 5). Band E5 was  the same profile as mandarins. “Mexican” lime presented a
specific to citrons among the basic taxon samples and sharedspecific band (E3) and the band of citrons. Under the hypothesis
by all acid Citrus. Band E6 was specific to mandarins among that Lcy-eis present in two copies per haploid genomeCin
the basic taxon samples and shared in heterozygous status byeticulata, whereas it is present in only one copydnmaxima
all grapefruit, sweet oranges, and sour oranges, as well asand C. medica, most of the secondary species should be
clementine and all aci€itrus except “Meyer” lemon. Except  heterozygous for the common loculaple 7). C. paradisiand
for “Seedless” pummelo and “Satsuma” mandarin, all other C. aurantiumpresented the allele of mandarins and the allele
members of the basic taxa presented only two bands and wereof pummelos, while all acidCitrus except “Mexican” lime
probably homozygous at the two loci. Moreover these homozy- presented the citron and the mandarin allele. However, sweet
gous individuals did not display intrataxon diversity. Most of oranges and clementine should be homozygous for the mandarin
the secondary species were heterozygous for at least one of thallele. For the second locus 6f reticulata, we were unable to
loci (three bands or more) except for clementine, which was determine whether the secondary species were homozygous or
identical to “Willow leaf” mandarin with only two bands. heterozygous (presence/absence).

The Lcy-e Gene.Five RFLP fragments were observed with Allelic Structures of Major Commercial Citrus Species Are
EcoRV and five withHindlIl restriction enzymes. With the two  in Agreement with Classical Hypothesis on Cultivated Citrus
restriction enzymes, we identified 11 different profiles. The Evolution. The proposed genotypes of secondary species from
number of bands per individual ranged from one to three with the alleles proposed for the three basic takable 7) are in
EcoRV and one to five wittHindlll. The individuals of two full agreement with the hypothesis on the origin of these
basic taxaC. medicaandC. maxima, displayed only one band secondary specied9—21). We illustrate this assumption for
for EcarV andHindlll, while the three varieties dT. reticulata six major commerciaCitrus species.
displayed the same profile with two bands wiHtoRYV and Sweet oranges and sour oranges were assumed to be complex
three withHindlll. Taking into account (i) the presence of a hybrids between mandarins and pummelos, probably back-
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Figure 4. Representation of diversity based on RFLP and SSR analysis for the Hy-b gene. The tree was constructed according to the neighbor-joining
method using a Dice matrix of dissimilarity.

crossed with the mandarin gene pod®). ForPsyandLcy-b b, C. paradisidisplayed only pummelo alleles with a homozy-
genes, they presented heterozygotic profiles sharing the sameyous status foPdsand heterozygous fdrcy-b. The pummelo
mandarin allele and two different pummelo alleles. Fals, alleles found in sweet oranges were present in the two genes.

sweet and sour oranges shared the same heterozygotic profild&-or Lcy-e, from the ECORV analysis, we concluded that
with one mandarin and one pummelo allele. Eoy-eanalyzed grapefruit were heterozygous with one mandarin and one
after ECORYV restriction, we concluded that sweet oranges had pummelo allele. Moreover grapefruit shared HiedlIl restric-
two mandarin alleles, while sour oranges were heterozygoustion bands of sweet oranges not observed in the limited basic
with one pummelo and one mandarin allele. For all other genes,taxon samples.
we found a differentiation between sweet and sour oranges. Nicolosi et al. R0) proposed that lemons arose from
Sweet oranges were generally closer to mandarins than to souhybridization between sour oranges and citrons. Fgy, we
oranges. found that “Eureka” lemon was heterozygous with one allele
Clementine was assumed to be a hybrid between “Willow of citron and one of pummelo also found in sour oranges. For
leaf” mandarin and a sweet oran@®). We found the following Pds,Lcy-b, and_cy-e, “Eureka” lemon was heterozygous with
organization for the carotenoid biosynthetic genes: Clementine one allele of mandarin (also observed in sour oranges) and one
was heterozygous for thesygene with two mandarin alleles, citron allele.
one shared with sweet oranges and one specific to “Willow leaf”  “Mexican” lime was assumed to be a hybrid between
mandarin. It was heterozygous BdsandLcy-bwith, for each medicaand C. micrantha(20). For all genes of the carotenoid
gene, one allele of pummelo (shared with sweet oranges) andbiosynthetic pathway, we found that “Mexican” lime had one
one allele of mandarin. Moreover, clementine presented the sameallele or specific bands from citrons, confirming the direct
profiles as “Willow leaf” mandarin foHy-b andZepgenes. Its parentage of citrons. Moreover, among the eight out of 58
profile was identical to sweet oranges focy-e, and we thus  fragments not observed in the three basic taxa, three were
concluded that they share two alleles fr@nreticulatafor the specific to “Mexican” lime, as was one SSR band ty-b. It
locus common to all taxa. can be supposed that these four rare alleles of Mexican lime
Grapefruit is supposed to be a hybrid between pummelos andcome fromC. micrantha, which was not included in the study.
sweet oranges that originated in the Caribbean after the Relation between the Phylogenic Origin of Alleles and
introduction of Citrus in the New World by Christopher  Carotenoid Content. From analysis of carotenoid contents, we
Columbus (19,20). For the Psy gene, C. paradisi was previously proposed (18) that modification of four major steps
heterozygous and displayed an identical profile to sweet orangesof the biosynthetic pathway can explain the qualitative pheno-
with one pummelo and one mandarin allele. PaisandLcy- typic differentiation amongdCitrus species. The variability of
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Figure 5. Representation of the diversity based on RFLP analysis around the Zep gene. The tree was constructed according to the neighbor-joining
method using a Dice matrix of dissimilarity.

these steps is probably due to a modification in the specific carotenoid cleavage dioxygenase gei@S\CED genes), which
activity of the key enzymes (supported by allelic variability of are involved in the cleavage gf-xanthophylls and abscissic
the corresponding genes) or by maodifications in gene expression.acid synthesis, controlled the accumulation afi$-violaxanthin
By analyzing the relation between phenotypic variability) in juice sacs of “Lisbon” lemon, “Satsuma” mandarin, and
and the organization of genetic diversity of the key genes “Valencia” orange. Moreover the expression level of genes of
observed in the same genotype samples, we propose theéhe methylerythritol phosphate pathway may play an important
hypothesis that phenotypic variability is linked to allelic diversity role as is the case in tomato fruit. Indeed, studies on tomato
of the key gene for the four steps concerned. showed that carotenoid contents were controlled by the coor-
We proposed ¥8) that the formation of phytoene from dinated expression dbxs and Psy genes (5). Regulations at
geranylgeranyl diphosphate catalyzed by phytoene synthase ighe transcriptional level appear to play a major role in acid
a key step in the differentiation of citrons and several acid Citrus.
lemons, such as “Palestine sweet” lime and “Eureka” and A second key step is the cyclization of lycopene catalyzed
“Meyer” lemons, from the otheCitrus. In the present study, by the lycopeng-cyclase (LCY-b). We proposed) that this
we found that for the polymorphiEsylocus, both acidCitrus step is involved in the differentiation of pummelos and grapefruit
producing very low levels of carotenoids (citrons, lemons) and from otherCitrus. Pummelos and grapefruit produggedarotene
those with higher carotenoid contents (“Rangpur” lime, “Volka- but accumulated mainly lycopene. Our results showed.ithyab
mer” lemon) were homozygous for the citron alleles. It is thus was a single-copy gene and that only grapefruit had two
clear that the phenotypic differentiation cannot be attributed to pummelo alleles for this gene, while other secondary species
the allelic variability observed among the basic taxa Fay presented one allele from mandarin and one allele from
locus. The carotenoid composition of acitrus may be due pummelo or from citron. This suggests that the carotenoid
to the level of expression of carotenoid biosynthetic genes. Kato composition of pummelos and grapefruit is due to pummelo
et al. (15) showed that the level of expression of genes that alleles for the_cy-bgene. The pummelo allele might be involved
produced3,-xanthophylls was lower in juice sacs of “Lisbon” in down-regulation of the activity of LCY-b occurring at either
lemon than in juice sacs of “Satsuma” mandarin. The genes the transcriptional or post-transcriptional level.
responsible for carotenoid catabolism were also shown to be The two other key steps are catalyzed fygarotene hy-
involved. According to Kato et al3@), the expression level of  droxylase (HY-b) and zeaxanthin epoxidase (ZEP), which
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convert-carotene into violaxanthin. According to results of (3) Hirschberg, J. Carotenoid biosynthesis in flowering plabtsr.

our previous study18), mandarins, sweet and sour oranges, Opin. Plant Biol.2001,4, 210—218.

and clementine were characterized by the presence of both (4) Sandmann, G. Carotenoid biosynthesis and biotechnological
B-cryptoxanthin and violaxanthin in juice sacs. Pummelo and application.Arch. Biochem. Biophy<001,385, 4-12.
grapefruits do not produggcryptoxanthin. “Rangpur” lime and (5) Rodriguez-Concepcion, M.; Boronat, A. Elucidation of the

methylerythritol phosphate pathway for isoprenoid biosynthesis
in bacteria and plastids. A metabolic milestone achieved through
genomicsPlant Physiol.2002,130, 1079—1089.

(6) Isaacson, T.; Ronen, G.; Zamir, D.; Hirschberg, J. Cloning of
tangerine from tomato reveals a carotenoid isomerase essential

“Volkamer” lemon, which are hybrids between citrons and
mandarins and citrons and sour oranges (probably backcrossed
with mandarins (20)), also producegtcryptoxanthin and
violaxanthin though in smaller amounts.

A global analysis of the relationship using data from a for the production off-carotene and xanthophylls in plar®ant
neighbor-joining analysis of RFLP and SSR datalgfb gene Cell 2002,14, 333—342.
is presented irFigure 4. The tree shows a clear separation  (7) Park, H.; Kreunen, S. S.; Cutriss, A. J.; DellaPenna, D.; Pogson,
between mandarin, clementine, sweet and sour orange, and B. J. Identification of the carotenoid isomerase provides insight
grapefruit genotypes and ac@itrus. “Seedless” pummelo is into carotenoid biosynthesis, promellar body formation and
in the acidCitrus cluster because it shares with them the S1 photomorphogenesi®lant Cell 2002,14, 321-332.

SSR fragment. “Deep Red” pummelo and all grapefruit that did (8) Fraser, P. D.; Brgmley, PM The biosynthesis and nutritional
not produceg-cryptoxanthin but did producg-carotene and 9 :Jkses OfYC?:ften?'dgergk_';'p'& 3882004’}33’022872&5: v
accumulated lycopene were grouped in the mandarin/orange (9) lkoma, ¥.; Komatsu, A.; Kita, M.; Ogawa, K.; Omura, M., Yano,

; . . - L M.; Moriguchi, T. Expression of a phytoene synthase gene and
cluster. This provides some evidence that the diversity in characteristic carotenoid accumulation during citrus fruit devel-

carotenoid composition at the interspecific level is not linked opment.Physiol. Plant.2001,111, 232—238.

to the aI_Iellc dlversny obse_rved fqr '_[hﬁay-bgene. The level of (10) Kita, M.; Komatsu, A.; Omura, M.; Yano, M.; lkoma, Y.;

expression of this gene in the juice sacs of pummelos and Moriguchi, T. Cloning and expression of CitPDS1, a gene

grapefruit may play a role. However, no study has yet been encoding phytoene desaturase in CitrB®osci., Biotechnol.,

conducted on the expression of carotenoid biosynthetic genes Biochem.2001,65, 1424—1428.

in juice sacs of pummelo or grapefruit fruit. (11) Kim, 1.-3.; Ko, K.-C.; Kim, C.-S.; Chung, W.-I. Isolation and
Global genetic relationships for théep gene revealed by characterization_ of cDNA encodingrcarotene hydroxylase in

neighbor-joining tree analysis are presented Fiigure 5. Citrus. Plant Sci.2001,161, 1005—1010.

Grapefruit were clustered with mandarins and sweet and sour (12) Inoue,K; Furbee, K. J.; Uratsu, S.; Kato, M.; Dandekar, A. M.;
oranges and “Eureka” lemon was close to “Volkamer” lemon Ikoma, Y. Catalytic activities and chloroplast import of carote-
and “Rangpur” lime. These results suggest that carotenoid nogenic enzymes from citruBhysiol. Plant2006 127(4), 561~

Lo - LT . 570.
composition is not linked to the allelic diversity observed for (13) Mouly, P. P.; Gaydou, E. M.; Lapierre, L.; Corsetti, J. Dif-

the Zepgene. ferentiation of several geographical origins in single-strengh

Previous studies on carotenoid compositiorCatfus juices Valencia orange juices using quantitative comparison of caro-
indicated that only mandarins, clementines, and sweet oranges tenoid profiles.J. Agric. Food Chem1999,47, 4038—4045.
accumulatedi-carotene, zeinoxanthin, and luteitd( 16—18). (14) Dhuique-Mayer, C.; Caris-Veyrat, C.; Ollitrault, P.; Curk, F.;
The genetic interpretation dfcy-e RFLP profiles leads us to Amiot, M.-J. Varietal and interspecific influence on micronutrient
propose thakt.cy-eis present in one copy i€. maximaandC. contents in citrus from the mediterranean arkaAgric. Food
medicaand in two copies iiC. reticulataand secondary species. Chem.2005,53, 2140-2145.
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~

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, 1-14.

(16) Goodner, K. L.; Rouseff, R. L.; Hofsommer, H. J. Orange,
mandarin, and hybrid classification using multivariate statistics

ABBREVIATIONS USED based on carotenoid profiled. Agric. Food Chem2001, 49,

. 1146—1150.
GGPP, geranylgeranyl diphosphate; HYfbcarotene hy- (A7) Xu, C.-J.; Fraser, P. D.; Wang, W.-J.; Bramley, P. M. Differences

droxylase; HY-e,e-carotene hydroxylase; LCY-b, lycopene in the carotenoid content of ordinary citrus and lycopene-
p-cyclase; LCY-e, lycopene-cyclase; MEP pathway, methyl- accumulating mutantsl. Agric. Food Chem2006,54, 5474—
erythritol phosphate pathway; PDS, phytoene desaturase; PSY, 5481.

phytoene synthase; RFLP, restriction fragment length polymor- (18) Fanciullino, A. L.; Dhuique-Mayer, C.; Luro, F.; Casanova, J.;

Under this hypothesis, only mandarins, sweet oranges, and (
clementine were homozygous for the mandarin allele at the
common locus, suggesting that allelic variability plays a role
in the synthesis ofi-carotene ang,e-xanthophylls.

phism; SSR, simple sequence repeats; ZD&rotene desatu- Morillon, R.; Ollitrault, P. Carotenoid diversity in cultivated
rase; ZEP, zeaxanthin epoxidase. citrus is highly influenced by genetic factord. Agric. Food
Chem.2006,54, 4397—4406.
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