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Abstract

Citrus species are known by their high content of phenolic compounds, including a wide range of flavonoids. In
plants, these compounds are involved in protection against biotic and abiotic stresses, cell structure, UV protection,
attraction of pollinators and seed dispersal. In humans, flavonoid consumption has been related to increasing overall
health and fighting some important diseases. The goals of this study were to identify expressed sequence tags (EST)
in Citrus sinensis (L.) Osbeck corresponding to genes involved in general phenylpropanoid biosynthesis and the key
genes involved in the main flavonoids pathways (flavanones, flavones, flavonols, leucoanthocyanidins,
anthocyanins and isoflavonoids). A thorough analysis of all related putative genes from the Citrus EST (CitEST) da-
tabase revealed several interesting aspects associated to these pathways and brought novel information with prom-
ising usefulness for both basic and biotechnological applications.
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Introduction

Phenolic compounds, terpenes and nitrogen-contain-

ing secondary products (i.e., alkaloids and cyanogenic gly-

cosides) constitute secondary metabolism in plants. Sec-

ondary metabolism is known to be a very important source

of functional compounds with specific roles in plants, for

providing protection against biotic and abiotic stresses, cell

structure, UV protection, attraction of pollinators and seed

dispersal, etc..

As a general precursor of the most abundant plant

phenolic compounds, the phenylpropanoid pathway drives

the carbon flow from the aromatic amino acid L-phenyl-

alanine (L-Phe) or, in few cases, L-tyrosine (L-Tyr) (Rösler

et al., 1997), to the production of 4-coumaroyl CoA (or a

respective thiol ester in the presence of other 4-hydroxy-

cinnamate). These activated esters are used as precursors of

several branches such as flavonoids, lignins, lignans,

coumarins, furanocoumarins and stilbenes (Ehlting et al.,

2001). The common steps of phenylpropanoid pathway are

catalyzed by phenylalanine ammonia- lyase (PAL), cin-

namate 4-hydroxylase (C4H) and 4-coumarate:CoA ligase

(4CL).

Flavonoid biosynthesis is one of the most studied

branches of phenolic compounds, encompassing more than

4,000 different substances distributed within the plant king-

dom. Flavonoids are divided into subgroups (flavanones,

flavones, flavonols, leucoanthocyanidins, anthocyanins

and isoflavonoids) and are abundant in flowers, fruits and

leaves which comprise a diverse set of functions (Taylor

and Grotewold, 2005). Chalcone synthase (CHS) is the en-

zyme responsible for catalyzing the first committed step of

the flavonoid pathway.

Flavanones are the predominant flavonoid in the

composition of citrus juices (Harborne and Baxter, 1999;

Holdena et al., 2005) and, even though some of them are

tasteless, others are responsible for the bitterness of some

citrus species (Rousseff et al., 1987; Frydman et al.,

2004).

Flavones can be found in all parts of the plants, above

and belowground, in vegetative and generative organs

(Markens and Forkmann, 1999). Flavones are especially

isolated from essential oil of citrus fruits (in the flavedo)

and are also identified in juice (Robards and Antolovich,

1997). The main flavones in citrus are diosmin (in C.

sinensis and C. limonia), apigenin (in C. paradisi), luteolin

(in C. limonia and C. aurantium), diosmetin (in C.

sinensis), and tangeretin (in C. sinensis, C. paradisi and C.

limonia).
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Flavonols are pale yellow, poorly soluble substances

found in flowers, fruits, berries and leaves of higher plants.

They act as co-pigments along with anthocyanins and fla-

vones, and play a role in UV protection (Koes et al., 1994;

Häkkinen, 2000 and references therein). The most common

flavonols found in plants are kaempferol, quercetin and, to

a lesser extent, myricetin. The USDA Database for the

Flavonoid Content of Selected Foods (2003) reported only

low concentrations of quercetin and myricetin in raw or-

ange juice (C. sinensis). In agreement with this data,

Moriguchi et al. (2001) showed that Satsuma mandarin (C.

unshiu) fruits accumulate a very small amount of flavonols,

even though their leaves accumulate large amounts of

quercetin 3-O-rutinoside (rutin), constituting about 22% of

all the flavonoids.

The leucoanthocyanidins are precursors for catechins

and proanthocyanidins, which are involved in plant resis-

tance and influence food and feed quality of plant products

(Martensa et al., 2002). They are also direct precursors of

one of the most conspicuous flavonoid classes, the antho-

cyanins (Sibhatu, 2003), which are found in fruits, flower

petals, and leaves exhibiting a wide range of functions such

as attraction of pollinators and seeds dispersers, UV light

damage protection, and plant defense against pathogen at-

tack. These pigments are not usually detectable in blond va-

rieties of C. sinensis but they are responsible for red pig-

mentation of fruit peel and flesh in blood varieties (Lee,

2002).

Isoflavonoids are structurally distinct from other

flavonoid classes in that they contain a C15 skeleton based

on 1,2-diphenylpropane. The biological activities of

isoflavonoids are quite diverse including antimicrobial, es-

trogenic and insecticidal features (Tahara and Ibrahim,

1995). They have been found mainly in legume species and

are limited to a small number of taxa that contain isoflavone

synthase (Tahara and Ibrahim, 1995). Natural substrates of

isoflavone synthases are naringenin and liquiritigenin, the

former being the precursor of genistein and biochanin A,

and the latter of daidzein and formononetin. Isoflavones

have been detected in the last few years in the Rutaceae

family and the expression of an isoflavone reductase-like

protein was detected in C. paradisi peel after UV-C irradia-

tion (Lapcik et al., 2004).

Recent studies have attributed biological activities in-

volved in health promotion to flavonoids (including those

from citrus) in animals and humans. Flavanones are

considered important dietary components with a role in

maintaining healthy blood vessels and bones, as cancer and

mutagenesis-suppressing agents and as anti-allergic, anti-

inflammatory and anti-microbial compounds (Benavente-

Garcia et al., 1997; Garg et al., 2001; Manthey et al., 2001;

Kim et al., 2001; Jagetia and Reddy, 2002; Manthey and

Guthrie, 2002; Chiba et al., 2003). Naringenin, the most

abundant flavanone in citrus, has been associated with

DNA repair following oxidative damage in prostate cancer

cells (Gao et al., 2006) and with inhibition of human tumor

growth cells implanted in mice (Kanno et al., 2005). Many

flavones of citrus have also demonstrated an antiprolifera-

tive effect in carcinogenic cells (Manthey and Guthrie,

2002).

Flavonols exhibit anti-inflammatory and antitumoral

properties, likely due to immune stimulation, free radical

scavenging, alteration of the mitotic cycle in tumor cells,

gene expression modification, anti-angiogenesis activity,

or apoptosis induction, or a combination of these effects

(Kandaswami and Middleton, 1994; Benavente-García et

al., 1997; Hayashi et al., 2000). In humans, the antioxidant

properties of anthocyanins have been involved in protec-

tion against oxidative stress and certain tumors, and age-

related and cardiovascular diseases (Amorini et al., 2003).

Due to the wide range of flavonoid content, Citrus

spp. appears to be a potential source for biotechnological

application. Nevertheless, the manipulation of flavonoid

content and composition requires a better understanding of

the metabolic pathways involved in their biosynthesis. The

CitEST project was an initiative from the Centro APTA

Citros “Sylvio Moreira” (São Paulo State/Brazil) to create

an EST database from citrus species under different condi-

tions that yielded an overall view of temporal/spatial gene

expression, tools for gene discovery and the elucidation of

important pathways within the citrus metabolism.

The goals of this work were to identify expressed se-

quence tags (EST) involved in the codification of key en-

zymes in general phenylpropanoid and flavonoid pathways

in blond sweet orange [Citrus sinensis (L) Osbeck] and de-

termine the putative gene expression profiles by tissue

studied.

Material and Methods

Database analyses

Information on the ESTs generated by CitEST was

used for the identification of key enzymes in the phenyl-

propanoid and flavonoid pathways. The key enzymes con-

sidered in our study were phenylalanine ammonia-lyase

(PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate:CoA

ligase (4CL), chalcone synthase (CHS), chalcone isome-

rase (CHI), flavone synthase II (FNS II), flavanone-3-hy-

droxylase (F3H), flavonol synthase (FLS), dihydroflavonol

4-reductase (DFR), leucoanthocyanidin oxygenase

(LDOX), isoflavone synthase (IFS) and isoflavone reduc-

tase (IFR). Reads were searched by keyword and tBlastn

against the CitEST database by querying characterized

gene product sequences from citrus, when available, or

from Arabidopsis thaliana, when no citrus sequences were

available in GenBank. Reads not related to the target en-

zyme or those exhibiting Evalue > e-10 were excluded from

the analyses. The remaining ones were clusterized accord-

ing to the bioinformatic parameters established for all of the

analyses of the CitEST database.
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Sequence alignments were done using the CLUSTAL

W tool (Thompson et al., 1994) and all of the tentative

consensi (TCs) were compared to sequences deposited in

public databases.

Library normalization

For comparison purposes, data was transformed to a

relative abundance of 10,000 reads/library. The actual

number of tissue specific reads that comprised each tenta-

tive consensus (TC) was multiplied by 10,000 and divided

by the total number reads for each set of tissue libraries

(28,732 reads for the leaf libraries, 42,756 for the fruit li-

braries, 5,451 reads for the bark library, and 4,330 reads for

the flower library). Transformed data was then used for the

construction of graphs and discussion of results.

Results and Discussion

Phenylalanine ammonia-lyase

Phenylalanine ammonia-lyase (PAL, E.C. 4.3.1.5) is

a key enzyme in the phenylpropanoid pathway (Ritter and

Schulz, 2004) and is responsible for the non-oxidative

deamination of the amino acid L-Phe forming trans-cinam-

mate and ammonium ion. PAL can also utilize the amino

acid L-Tyr as substrate in monocot species (Rösler et al.,

1997).

PAL has been extensively studied because of its

importance in plant stress responses, tissue wounding, pro-

tection against UV radiation, low temperature, levels of ni-

trogen, phosphate and iron (Dixon and Paiva, 1995), patho-

genic attack and ethylene response (Marcos et al., 2005).

In A. thaliana, PAL is expressed constitutively by a

multigene family that encodes four putative isoenzymes

(Atpal1, Atpal2, Atpal3 and Atpal4), which present more

than 78% of amino acid similarity among them (Cochrane

et al., 2004). The Arabidopsis Information Resource

(TAIR, 2006) database reports that both Atpal1 and Atpal2

are highly expressed in callus, inflorescence and root tis-

sues. Atpal3 expression is lower than the other two, and it is

found mainly in roots and leaves (Raes et al., 2003),

whereas Atpal4 is expressed in developing seed tissues

(Costa et al., 2003).

In the CitEST database, 56 reads identified as pal-like

genes were found and clusterized into four TCs. TC1 was

the largest one, with 45 reads, and showed similarity to

PAL amino acid sequence of C. clementina x C. reticulata

hybrid when compared to the National Center of Biotech-

nology Information (NCBI, 2006) database (complete

comparative information can be viewed in Table 1). TC1

seems to represent a constitutive form of the gene, showing

high and equivalent levels of expressed reads from leaf,

fruit and flower libraries (Figure 1A). This TC harbored
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Table 1 - A flavonoid overview in Citrus sinensis: CitEST tentative consensi (TCs) identities and comparative parameters against international databases

(Blast NR).

Enzyme1 TC BlastNR2 E-value Identity Positives

PAL 1 CAB42794.1 Phenylalanine ammonia-lyase

[Citrus clementina x C. reticulata]. 758aa

0.0 698/713 (97%) 705/713 (97%)

PAL 2 AAF40224.1 Phenylalanine ammonia-lyase 2

[Rubus idaeus]. 730aa.

0.0 390/453 (86%) 421/453 (92%)

PAL 3 AAB67733.1 Q42667 Phenylalanine ammonia-lya-

se, PALY_CITLI Phenylalanine ammonia-lyase. 722aa.

1e-165 168/169 (99%) 168/169 (99%)

PAL 4 AAB67733.1- Q42667 Phenylalanine ammonia-lya-

se, PALY_CITLI Phenylalanine ammonia-lyase. 722aa.

1e-132 241/256 (94%) 243/256 (94%)

C4H 1 AAK57011.1 Cinnamate 4-hydroxylase

[Citrus x paradisi]. 505aa.

0.0 505/505 (100%) 505/505 (100%)

4CL 1 AAK58909.1 4-coumarate:CoA ligase 4

[Populus balsaminifera x P. deltoides]. 579aa.

0.0 335/433 (77%) 364/433 (84%)

4CL 2 AAP03022.1 4-coumarate-CoA ligase-like protein

[Arabidopsis thaliana]. 544aa.

1e-123 221/327 (67%) 271/327 (82%)

4CL 3 XP_467290.1 4-coumarate:CoA ligase isoform 2

[Oryza sativa)]. 569aa.

1e-20 47/49 (95%) 49/49 (100%)

4CL 4 AAP03022.1 4-coumarate-CoA ligase-like protein

[A. thaliana]. 544aa.

1e-114 205/325 (63%) 262/325 (80%)

4CL 5 AAZ79469.1 4-coumarate:coenzyme A ligase

[Eucalyptus camaldulensis]. 544aa.

1e-100 184/202 (91%) 192/202 (95%)

4CL 6 AAP03022.1 4-coumarate-CoA ligase-like protein

[A. thaliana]. 544aa.

1e-100 178/231 (77%) 205/231 (88%)

4CL 7 AAP68991.1 4-coumarate coenzyme A 2

[Salvia miltiorriza]. 540aa.

8e-94 174/246 (70%) 201/246 (80%)

4CL 8 AAP68991.1 4-coumarate coenzyme A 2

[Salvia miltiorriza]. 540aa.

4e-91 163/213 (76%) 187/213 (87%)
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Table 1 (cont.)

Enzyme1 TC BlastNR2 E-value Identity Positives

4CL 9 AAP03022.1 4-coumarate-CoA ligase-like protein

[A. thaliana]. 544aa.

1e-67 131/214 (61%) 163/214 (75%)

4CL 10 AAB18638.1 4-coumarate:coenzyme A ligase

[Nicotiana tabacum]. 542aa.

3e-77 106/147 (72%) 115/147 (78%)

CHS 1 BAA81664.1 chalcone synthase [Citrus sinensis]. 391aa. 0.0 391/391 (100%) 391/391 (100%)

CHS 2 AAF23558.1 chalcone synthase [Arabis alpina] 391aa. 4e-93 169/270 (62%) 207/270 (76%)

CHS 3 CAA64452.1 Naringenin-chalcone synthase

[Juglans nigra x J. regia] CHS1. 389aa.

4e-91 144/189 (76%) 168/189 (88%)

CHI 1 AAM65565.1 contains similarity to chalcone isomerase

[A. thaliana]. 209 aa

7e-79 145/209 (69%) 174/209 (83%)

CHI 2 AB011794 Citrus sinensis mRNA for chalcone

isomerase, complete cds. 223aa.

1e-117 214/222 (96%) 220/222 (99%)

CHI 3 AAM65565.1 contains similarity to chalcone isomerase

[A. thaliana]. 209 aa

1e-64 123/182 (67%) 148/182 (81%)

FNSII 1 AAD39549.1 flavone synthase II [Gerbera hybrida]. 511aa. 1e-151 259/443 (58%) 342/443 (77%)

FNSII 2 AAF04115.1 flavone synthase II

[Callistephus chinensis]. 514aa.

1e-134 232/401 (57%) 311/401 (77%)

F3H 1 BAB11205.1 flavanone 3-hydroxylase-like protein

[A. thaliana]. 341aa.

1e-137 233/340 (68%) 278/340 (81%)

F3H 2 BAD34459.1 flavanone 3-hydroxylase

[Eustoma grandiflorum]. 363aa.

9e-91 118/145 (81%) 134/145 (92%)

FLS 1 BAA36554.1 flavonol synthase [Citrus unshiu]. 335aa. 0.0 330/335 (98%) 332/335 (99%)

FLS 2 BAA36554.1 flavonol synthase [C. unshiu]. 335aa. 0.0 329/335 (98%) 332/335 (99%)

FLS 3 BAD10270.1 putative flavonol synthase

[Oryza sativa (japonica cultivar-group)]. 337aa.

4e-71 142/309 (45%) 197/309 (63%)

FLS 4 AAF34802.1 putative flavonol synthase-like protein

[Euphorbia esula]. 329aa.

1e-84 146/204 (71%) 171/204 (83%)

DFR 1 AAC06319.1 putative cinnamyl alcohol dehydrogenase

[Malus x domestica]. 325aa.

1e-157 267/325 (82%) 299/325 (92%)

DFR 2 AAC06319.1 putative cinnamyl alcohol dehydrogenase

[Malus x domestica]. 325 aa.

6e-83 160/244 (65%) 192/244 (79%)

DFR 3 AAF17576. 2’-hydroxy isoflavone/ dihydroflavonol

reductase homolog [Glycine max]. 326aa.

2e-75 143/232 (61% 184/232 (79%)

LDOX 1 P51091 Leucoanthocyanidin dioxygenase (LDOX)

(Leucocyanidin oxygenase)(Leucoanthocyanidin hydroxy-

lase) (Anthocyanidin synthase). 357aa.

2e-32 72/218 (33%) 119/218 (54%)

LDOX 2 P51091 Leucoanthocyanidin dioxygenase (LDOX) (Leu-

cocyanidin oxygenase)(Leucoanthocyanidin hydroxylase)

(Anthocyanidin synthase). 357aa.

8e-28 64/215 (29%) 111/215 (51%)

IFR 1 AAC05116.1 isoflavone reductase homolog

[Betula pendula]. 300 aa

1e-125 214/274 (78%) 251/274 (91%)

IFR 2 AAC24001.1 isoflavone reductase related protein

[Pyrus communis]. 308 aa

6e-98 182/237 (76%) 207/237 (87%)

IFR 3 AAC24001.1 isoflavone reductase related protein

[Pyrus communis]. 308 aa

1e-146 254/308 (82%) 288/308 (93%)

IFR 4 AAF17578.1 isoflavone reductase homolog 2

[Glycine max]. 310 aa

1e-109 202/274 (73%) 233/274 (85%)

IFR 5 CAA73220.1 isoflavone reductase-like protein

[Citrus x paradisi]. 320aa

1e-48 97/103 (94%) 100/103 (97%)

1Enzymes: PAL = Phenylalanine ammonia-lyase; C4H = Cinnamate 4-hydroxylase; 4CL = 4-Coumarate CoA ligase; CHS = Chalcone synthase;

CHI = Chalcone isomerase; FNSII = Flavone synthase II; F3H = Flavone 3-hydroxylase; FLS = Flavonol synthase; DFR = Dihydroflavonol 4-reductase,

LDOX = Leucoanthocyanidin oxygenase and IFR = Isoflavone reductase. 2 Best hit of non-redundant tBlastx analysis at NCBI (2006) database and avail-

able sequence length (amino acids).



reads from several fruit stage libraries and from a library

constructed using Xylella fastidiosa-infected leaves, sug-

gesting a possible involvement of this transcript in flavo-

noids biosynthesis in fruits and pathogen response.

The second TC (TC2) was composed of four reads

and showed similarity to deduced PAL2 sequence from

Rubus ideaus. TC2 harbored reads exclusively expressed in

mock leaf libraries, suggesting a specific leaf transcript.

The third and fourth TCs (TC3 and TC4) comprised five

and two reads, respectively, and presented identity to pal6

gene of C. limon. Alignments using C. limon sequence sug-

gested that both TCs encode the same putative enzyme

isoform: withTC3 harboring reads with similarity to the 5’

region and TC4 with reads similar to the 3’ region of the

gene. TC3 also comprised reads expressed at leaf libraries,

like TC2, but, interestingly, 60% of these reads were from

X. fastidiosa-infected libraries. TC4 comprised one read

from the flower library and another one from an X.

fastidiosa-infected library.

Cinnamate 4- hydroxylase

Cinnamate 4-hydroxylase (C4H, E.C. 1.14.13.11) is

an oxireductase enzyme that synthesizes the second step of

phenylpropanoid pathway by the incorporation of one atom

of oxygen to a trans-cinnamate molecule in the presence of

NADPH, H+, O2 and a heme group as a cofator, generating

one molecule of 4-hydroxycinnamate, NADP and H2O.

C4H belongs to the CYP73 family and was the first P450

gene associated with an enzymatic function in plants

(Mizutani et al., 1997).

In A. thaliana, C4H is encoded by a single gene

(Mizutani et al., 1997), expressed in several tissues (devel-

oping seeds, roots, green siliques, above-ground organs,

flower buds) and targeted to the secretory system. A small

gene family was found in maize and alfalfa encoding C4H

(Costa et al., 2003). In Valencia sweet orange (C. sinensis)

two c4h genes were described coding a constitutively ex-

pressed C4H2 enzyme that plays an ordinary role in the

phenylpropanoid pathway in contrast to a wounded in-

duced C4H1 isoform (Betz et al., 2001). The authors

showed that C4H1 and C4H2 share 66% of identity at the

amino acid level. Competitive RT-PCR studies showed that

even in strongly wounded tissues, the level of c4h1 tran-

scripts was much lower than c4h2 ones. In the CitEST data-

base, only one TC containing reads from leaf, fruit and

flower libraries (Figure 1B) had similarity to the c4h gene

sequence. TC comprised a full-length ORF 100% identical

to C. paradisi c4h2 (Table 1) and 93% of identity to C.

sinensis (Valencia) c4h2 mRNA (accession AF255014).

Few divergences were found only at the 5’ region of the two

genes. Expression seems to be constitutive in leaf, fruit and

flower tissues. In agreement with Betz et al. (2001), we

have only isolated the constitutive form of c4h, since there

was no specific wounded tissue library in our database.

Coumarate CoA ligase

The enzyme 4-coumarate:CoA ligase (4CL, E.C.

6.2.1.12) converts 4-coumarate (or p-coumaric acid) to

4-coumaroyl-CoA in the presence of ATP. Enzymatic as-

says utilizing A. thaliana proteins determined that the

enzyme might also use cinnamic, caffeic, ferulic, 5-hydro-

xyferulic and sinapic acids as substrate, converting them to

their corresponding CoA thiol esters (Costa et al., 2005). In

silico studies revealed that the 4CL protein is encoded by a

multigene family. In A. thaliana, early studies revealed 14

genes noted as putative 4cl (Costa et al., 2003); however,

recent in vitro and in vivo characterization revealed that

there are only four bona fide 4cl genes in this species

(At4cl1, At4cl2, At4cl3, and At4cl5). At4cl1 is the highest

expressed gene in the examined samples, according to

Costa et al. (2005).

We have found 10 TCs exhibiting similarity to 4cl at

the CitEST database, suggesting that a gene family might

encode this protein in C. sinensis as well. Similarity results

with sequences available at the NCBI (2006) database can

be visualized at Table 1. TC1 was the unique to present

reads from leaf, fruit and flower libraries, and highly ex-

pressed in flowers. Translated TC2, TC4 and TC6 se-

quences exhibited amino acid similarity amongst them and

Citrus flavonoid-related genes 823

Figure 1 - Transformed data representing the relative abundance of EST

reads by tissue expressed in 104 reads: (A) Phenylalanine ammonia-lyase

(PAL), (B) Cinnamate 4-hydroxylase (C4H), (C) 4-Coumarate CoA

ligase (4CL), (D) Chalcone synthase (CHS) and (E) Chalcone isomerase

(CHI).



were composed only of fruit libraries reads, suggesting a

possible fruit specific isoform of the encoded protein. TC4

was composed only of four reads expressed in fruit librar-

ies. TC3 and TC10 showed independent results when com-

pared to the NCBI (2006) database but presented similar

expression patterns when the relative abundance of tran-

scripts was compared (low expression in fruit and high ex-

pression in flower library). TC5 and TC7 comprised reads

from leaf and fruit libraries while TC8 and TC9 were ex-

pressed only in mock leaf libraries (Figure 1C).

Chalcone synthase

Chalcone synthase (CHS, E.C. 2.3.1.74) is the first

enzyme in flavonoid biosynthesis. CHS is an acyltrans-

ferase enzyme that catalyses the condensation of 4-couma-

royl-CoA (from the general phenylpropanoid pathway) to

the first flavonoid naringenin chalcone, in the presence of

three molecules of malonyl-CoA. Genomic analyses of

CHS from walnut (Juglans nigra x J. regia) showed that

this enzyme is encoded by at least two genes with 98.4% of

identity (Claudot et al., 1999). The same study revealed that

chs expression in walnut is higher in leaves and buds than in

liber and bark and is not expressed in wood and medulla.

The expression was also higher in adult trees leaves than in

rejuvenated shoots and leaves.

Moriguchi et al. (1999) have cloned two cDNA en-

coding CHS (CitCHS1 and CitCHS2) in C. sinensis cell

cultures. They suggest that CitCHS2 (chalcone synthase 2

or naringenin-chalcone synthase 2) may be a primary key

enzyme responsible for flavonoid accumulation in citrus

cell culture. CitEST database analyses resulted in the as-

sembly of three TCs corresponding to chs. TC1 was com-

posed of 92 reads comprising a full-length chs coding

sequence (391 amino acids) and 100% similar to CitCHS2

from C. sinensis (accession Q9XJ57). The expression of

ESTs in fruit and flower libraries was higher than in the leaf

libraries (Figure 1D).

A second TC (TC2) was composed by four reads (two

from leaves and two from fruits) and its translated sequence

presented 62% of amino acid similarity with Arabis alpina

chalcone synthase (accession AAF23558.1). The third TC

(TC3) comprised only two reads, one from leaves and an-

other one from fruits, and its translated sequence presented

76% of amino acid similarity to naringenin-chalcone syn-

thase [Juglans nigra x J. regia] (accession CAA64452.1).

All comparative parameters can be viewed in Table 1.

Spatio-temporal organization of secondary metabo-

lites in aerial organs of Cataranthus roseus revealed that

the first enzymes of the phenylpropanoid pathway (PAL

and C4H) are preferentially localized in lignifying tissues,

illustrating their involvement in the lignin biosynthesis

pathway; however, no chs expression was determined in

this tissue showing the absence of flavonoid biosynthesis.

Alternatively, chs expression was found at the adaxial epi-

dermis layer, in full agreement with its involvement in

flavonoid production. Interestingly, co-localization of pal

and c4h was also observed in this tissue, suggesting their

involvement in flavonoid biosynthesis as well (Mahroug et

al., 2005).

Mizutani et al. (1997) demonstrated that wounding

did not dramatically induce the expression of chs as it did

for the expression of pal, c4h and 4cl, suggesting that

although chs is linked to the general phenylpropanoid path-

way, wounding does not need to be accompanied by flavo-

noid biosynthesis.

Chalcone isomerase

The enzyme chalcone isomerase (CHI, E.C. 5.5.1.6)

or chalcone-flavanone isomerase is the key enzyme for

flavanone biosynthesis by catalyzing the committed step of

intramolecular cyclization of bicyclic chalcones (i.e., na-

ringenin chalcone) into tricyclic (S)-flavanones (i.e., narin-

genin). The synthesis of naringenin, the first flavanone,

directs the flavonoid pathway to the synthesis of other

flavanones, flavones, flavonols, tannins and anthocyanins

(Weisshaar and Jenkins, 1998).

Moriguchi et al. (2001) suggested a single-copy gene

coding for chalcone isomerase in citrus, although the au-

thors discussed that the presence of CHI isoforms in the cit-

rus genome could not be excluded. Four putative genes

coding for CHI are found in the TAIR (2006) database, in-

cluding the characterized tt5 gene (Dong et al., 2001). The

same multigene pattern is found in other species, including

Petunia hybrida, Phaseolus vulgaris and Glycine max (Van

Tunen et al., 1988; Blyden et al., 1991; Ralston et al.,

2005).

Based on the CitEST database, three C. sinensis puta-

tive chi genes were identified as three TCs sequences (Ta-

ble 1). TC1 and TC3 are closer to each other than to TC2.

The tBlastx search against the NCBI (2006) database has

shown that TC2 corresponds to the C. sinensis CHI coding

sequence, while TC1 and TC3 exhibit similarities with an

A. thaliana chi gene and the putative G. max chi4 gene

(Gma4). While TC1 comprised reads expressed in leaf,

bark and fruit libraries, TC2 was composed only of reads

from leaf and fruit libraries, and TC3 only of reads from

fruits (Figure 1E).

Flavone synthase II

Flavones are synthesized at a branch point of the

anthocyanidin/proanthocyanidin pathway from flavanones

as the direct biosynthetically precursor apparently without

any free intermediate, thus indicating a direct conversion.

Higher plants evolved two completely independent enzyme

systems to catalyze flavone synthesis using the same sub-

strates. Both enzymes never occur side by side in the same

organism: only in Apiaceae a soluble 2-oxoglutarate- and

Fe2+-dependent dioxygenase, flavone synthase I (FNS I) is

present. On the other hand, a NADPH- and molecular oxy-

gen-dependent membrane bound cytochrome P450 mono-
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oxygenase, flavone synthase II (FNS II, E.C. 1.14.11.22)

has been widespread described amongst the plants, includ-

ing in A. thaliana (Heller and Forkmann, 1993; Martens

and Mithofer, 2005).

Both enzymes, FNS I and FNS II, enable the control

of a biosynthetic step at an important branch of this path-

way leading to various flavonoids classes, such as flavones,

isoflavones, flavonols, flavanols and anthocyanins (Mar-

kens and Forkmann, 1999).

In the CitEST database, reads identified as fns II were

grouped into two TCs. Apparently, no Citrus spp. fns II se-

quence is available in the NCBI (2006) or the USDA citrus

EST project database (USDA, 2006), as this is, to our

knowledge, the first sequence of such gene for this species.

TC1 and TC2 were composed exclusively by reads

expressed in fruit libraries at different stages of develop-

ment, and were more significant in the first three initial

stages (Figure 2A). This developmental pattern agrees with

studies that have shown that the concentration of phenolic

compounds is generally higher in young fruits and tissues

(Häkkinen, 2000). In addition, even though no citrus fnsII

sequence was available in public databases, it has been

known that young grapefruit (C. paradisi) leaves and fruits

accumulate high levels of flavone (Sibhatu, 2003). Nogata

et al. (2006) also detected the presence of flavones in Citrus

spp. fruit peel and related it with fruit co-pigmentation and

UV protection.

Flavanone-3-hydroxylase

There are several enzymes involved in flavonol bio-

synthesis. Flavanone-3-hydroxylase (F3H, E.C. 1.14.11.9)

is a key enzyme acting at the flavanone branch point and is

the first in the flavonol pathway, converting the flavanones

(2S)-naringenin and (2S)-eriodictyol to (2R,3R)-dihydro-

kaempferol and (2R,3R)-dihydroquercetin, respectively

(Britsch and Grisebach, 1985; Pelt et al., 2003). A. thaliana

genes that code for at least seven different flavonoid en-

zymes have been isolated, among them f3h and fls. In that

species, all but one of the corresponding enzymes, flavonol

synthase, seems to be encoded by single-copy genes (Pel-

letier et al., 1997; Burbulis and Winkel-Shirley, 1999). It

has been suggested that, similar to A. thaliana, grapefruit

(C. paradisi) has only one copy of f3h (Pelt et al., 2003).

Two TCs harboring f3h sequences were obtained

from the CitEST database. The first one (TC1) comprised

four reads from the leaf and fruit libraries. The TC1 se-

quence comprised the full-length gene sequence and exhib-

ited similarity with a F3H-like protein from A. thaliana

(Table 1). The second TC (TC2) sequence corresponded to

five reads from the fruit and flower libraries. Even though

the first hit in GenBank through tBlastx was to a F3H pro-

tein from Eustoma grandiflorum (Table 1), high similarity

(e-value 8e-78) was found with the C. sinensis F3H se-

quence (accession number BAA36553.1) as well. The lack

of similarity between TC1 and TC2, and between TC1 and

citrus f3h sequences available in public databases suggests

that this gene may be involved in the codification of a dif-

ferent, not yet characterized isoform of the F3H enzyme. A

more detailed analysis of such gene will be discussed else-

where. In addition, even though the total number of reads in

each TC was low, it is intriguing that they appeared to have

tissue-specificity, since most of the TC1 reads were origi-

nated from leaf while the TC2 reads were obtained from the

flower library (Figure 2B). These data strongly suggest

that, similarly to what has been reported for a number of

plant species (Holton and Cornish, 1995; Gong et al., 1997;

Clegg and Durbin, 2000; Jaakola et al., 2002), the f3h gene

has more than one copy in C. sinensis. These tentative two

copies of the gene likely code for more than one isoform of

the enzyme, which could possibly act in a tissue-specific

manner.

It is known that the f3h gene is developmentally regu-

lated. In developing bilberries, mRNA levels of f3h in-

creases along with the accumulation of anthocyanins, and

decreases in ripe berries and flowers (Uimari and Strom-

mer, 1998; Jaakola et al., 2002 and references therein). This

pattern seems to occur in at least two different citrus species

as well. Pelt et al. (2003), working with C. paradisi, ob-

served higher levels of mRNA in flower buds as well as in

other young tissues such as primary leaves of seedlings.

Moriguchi et al. (2001) showed that the mRNA level of

citf3h is high in young active tissues, such as young leaves
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Figure 2 - Transformed data representing the relative abundance of EST

reads by tissue expressed in 104 reads: (A) Flavone synthase II (FNS II),

(B) Flavone 3-hydroxylase (F3H), (C) Flavonol synthase (FLS), (D)

Dihydroflavonol 4-reductase (DFR), (E) Leucoanthocyanidin oxygenase

(LDOX) and (F) Isoflavone reductase (IFR).



and fruitlets, of C. unshiu and then decreases until it is al-

most undetectable in mature fruit and leaves. The data ob-

tained from the CitEST database cannot provide any further

information on those observations, since few f3h reads

were found in each TC. However, in TC2 (the consensus

with sequences presenting similarity with citf3h), the three

reads obtained from the fruit libraries came from mature

fruit peel, corresponding to the fifth developmental stage of

six different fruit maturation stage EST libraries, thus, indi-

cating gene activity in sweet orange fruits, as suggested by

Moriguchi et al. (2002).

Flavonol synthase

Flavonol synthase (FLS, E.C. 1.14.11.23), one of the

main enzymes of the flavonol biosynthesis, is a 2-oxoglu-

tarate-dependent dioxygenase (Moriguchi et al., 2002; Lu-

kacin et al., 2003) and catalyzes the conversion of natural

(2R,3R)-dihydroflavonols, i.e., dihydrokaempferol, to the

corresponding flavonols, i.e., kaempferol (Wellmann et al.,

2002).

The multicopy pattern of fls observed in A. thaliana

(Pelletier et al., 1997; Burbulis and Winkel-Shirley, 1999)

seems to occur commonly in the plant kingdom (Holton et

al., 1993; van Eldik et al., 1997), which has led to the hy-

pothesis that FLS might be encoded as a small gene family

in plants (Moriguchi et al., 2002). The citrus fls gene (citfls)

was first cloned from C. sinensis var. Valencia by Mori-

guchi et al. (2001), and the two to five fragments obtained

after restriction enzymes digestion (Moriguchi et al., 2002)

suggest that several copies of this gene, or closely related

sequences, may be present in the citrus genome. Pelletier et

al. (1997) suggested that FLS isoforms with different sub-

strate specificities in A. thaliana control the amount and

types of flavonols present in specific tissues. Recently, it

has been shown that CitFLS have broad substrate specific-

ity (Lukacin et al., 2003; Wellmann et al., 2002), which in-

dicates that the putative CitFLS isoforms may use different

substrates as well.

The CitEST database yielded four TCs with similarity

to translated FLS sequences (Table 1). The first one (TC1),

with 19 reads, corresponded to the full length of citfls and

comprised reads from leaf, fruit, flower and bark libraries

(Figure 2C). TC2, harboring 22 reads from the leaf fruit li-

braries, also represented the complete citfls ORF. Interest-

ingly, very few differences were observed between the two

consensi. This observation, together with the high hetero-

zygosity often found in sweet oranges (Moore, 2001; No-

velli et al., 2004), suggest that they may be different alleles

of the same locus, likely encoding proteins with the same

function. The 26 reads (leaf, fruit and flower libraries) of

TC3 did not correspond to a complete ORF, but presented

similarity to a putative flavonol synthase from Oryza sativa

(japonica cultivar-group). The fourth TC (TC4), also in-

complete, comprised only two reads from leaf and fruit li-

braries and had, as the first hit in BlastNR, a putative

flavonol synthase-like protein from Euphorbia esula (Ta-

ble 1).

As mentioned, TC1 and TC2 present high similarity

to each other. However, the low correlation amongst these

two consensi, TC3 and TC4, strengthens the hypothesis of

the presence of more than one copy of the fls gene or related

sequences in citrus genome (Moriguchi et al., 2002). The

consensi that corresponded to citfls, TC1 and TC2, exhib-

ited a large number of reads (19 and 22, respectively) and,

even though some of the reads originated in the leaf, bark

and flower libraries, most of them came from the fruit li-

braries, suggesting its high expression in such tissue. It is

interesting to note that the translated sequences of CitFLS

from C. unshiu and C. sinensis are almost identical, sug-

gesting high conservation of the enzyme within the genus

(data not shown).

Moriguchi et al. (2002) studied citfls expression pro-

files in Satsuma mandarin tissues and observed that the

level of citfls transcripts was high in flowers and young

leaves but low in mature leaves. Similarly, it was high at the

early developmental stage and low at the mature stage in

the juice vesicles. In contrast, the citfls mRNA level in-

creased in the peel during fruit maturation, indicating that

the Satsuma mandarin CitFLS was differentially regulated

in the developmental stage and in a tissue-specific manner.

Data obtained from the CitEST database revealed a some-

what different pattern. Even though TC1 harbored reads

from all citrus tissues (leaf, fruit, flower and bark), a larger

number of reads came from the fruit libraries. The same

happened to the TC2 reads, with a yet more evident pattern.

On the other hand, most of the reads comprised in TC3

came from leaves. TC4 had only two reads, and hence,

make impossible a final conclusion about fls expression

pattern. The main information that could be drawn from

this data is that, apparently, the fls copy(ies) with similarity

to citfls available in GenBank (accession number

BAA36554.1) exhibited higher expression in fruits, while

the putative copy with similarity to Oryza sativa fls (acces-

sion BAD10270.1) seems to be more expressed in leaf tis-

sue. Hence, while no fls typical developmental pattern was

observed in our database, there seems to be a tissue-specific

regulation of the possible gene copies encoding putative

isoforms of the enzyme.

As expected, genes encoding all of the other key en-

zymes involved in flavonol biosynthesis (Winkel-Shirley,

2001) were found in the CitEST database: rhamnosyltrans-

ferase, flavonol 3-O-glucosyltransferase, anthocyanidin

3-O-glucosyltransferase, flavonol 7-O-beta-glucosyltrans-

ferase and flavonol 6-hydroxylase (data not shown).

Dihydroxyflavonol 4-reductase

Dihydroflavonol 4-reductase (DFR, E.C. 1.1.1.219)

is a pivotal enzyme of the flavonoid biosynthesis and be-

longs to the short chain dehydrogenase/reductase or DFR

superfamily (Shimada et al., 2005). Dihydroflavonols are
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the direct precursors for the flavonols branch and for the

formation of flavan 3, 4-diols (leucoanthocyanidins) and

anthocyanin production. Reduction of dihydroflavonols in

position 4, catalyzed by DFR, leads to flavan-2, 3 trans-3,

4-cis diols (leucopelargonidin) intermediates in anthocya-

nidin formation (Heller and Forkmann, 1993).

The DFR protein was reported to be encoded by a sin-

gle gene in the genomes of A. thaliana, barley (Hordeum

vulgare), tomato (Lycopersicon esculentum), grape (Vitis

vinifera), snapdragon (Antirrhinum majus) and rice (Oryza

sativa), although multiple (up to one) dfr genes are known

in a few plant species such as Petunia hybrida (line V30),

Ipomoea purpurea (common morning glory), Ipomoea nil

(Japanese morning glory) and Medicago truncatula (Beld

et al., 1989; Inagaki et al., 1999; Xie et al., 2004).

Lo Piero et al. (2006) found that, both in the blood

and blond sweet orange genomes, the dfr gene is present as

a single copy gene. In blond orange cultivars (Navel and

Ovale), a low expression level of dfr is observed, suggest-

ing possibilities such as a mutation in a regulatory gene that

controls the expression of the enzyme, an improper control

of DNA methylation or by directly interfering with the tran-

scription factors binding to the blond dfr promoter. They

also reported the successful expression of orange dfr

cDNAs leading to an active DFR enzyme that converts

dihydroquercetin to leucoanthocyanidin, confirming the in-

volvement of the isolated genes in anthocyanin biosyn-

thesis.

We analyzed the expression of the C. sinensis dfr

gene from the CitEST database and three TCs were assem-

bled. TC1 and TC2 were formed by reads from the fruit li-

braries and presented similarity with the Malus x domestica

DFR amino acid sequence (accession AAC06319.1)

through tBlastx analysis (Table 1). Interestingly, these TCs

presented low similarity (TC1 38%, TC2 42%) to the C.

sinensis DFR sequence (accession AAS00611.1) (data not

include in Table 1), suggesting that they may represent dif-

ferent copies of the gene, possibly coding for different DFR

isoforms. TC3, formed by three reads from the leaf and fruit

libraries, exhibited similarity with the Glycine max DFR

amino acid sequence (accession number AAF17576.1).

In general, we observed the predominance of the DFR

enzyme in mature fruits (Figure 2D), which can be related

with the appearance of pigments during fruit ripening. The

DFR protein from Vitis vinefera and Malus sylvestris is

coordinately expressed during fruit development, with

strict correlation between expression levels and the amount

of anthocyanins synthesized (Sparvoli et al., 1994 and

Honda et al., 2002).

Leucoanthocyanidin oxygenase

The leucoanthocyanidin oxygenase enzyme (LDOX,

also known as leucoanthocyanidin dioxygenase and antho-

cyanidin synthase - ANS, E.C. 1.14.11.19) is an oxoglu-

tarate-dependent oxygenase and catalyses the conversion

of leucoanthocyanidin to anthocyanidin, an essential step in

the formation of colored metabolites in anthocyanin bio-

synthesis. LDOX is quite similar to flavonol synthase and

the substrates are closely related in structure (Saito et al.,

1999). According to the public available data obtained in

The Universal Protein Resource (Uniprot, 2006) database,

the LDOX enzyme of C. sinensis shares 50% similarity

with LDOX of A. thaliana, Malus domestica, Vitis vinifera

and others.

In C. sinensis, the ldox gene copy number was still

unknown and only one accession of a partial sequence is

available in the GenBank database (CF972318). In A.

thaliana, excepting flavonol synthase, all of the key en-

zymes in the flavonoid pathway are believed to be encoded

by single-copy genes (Winkel-Shirley, 2001). In contrast, a

small multigene family pattern is observed encoding the

same enzymes in other plant species (Dooner et al., 1991).

After searching the CitEST database, 24 ldox related

reads were found and grouped into two TCs. The best hit

for both TC1 and TC2 in the NCBI (2006) database

(tBlastx) was the M. domestica LDOX (Table 1). The se-

quences presented high identity (96%), suggesting that

these contigs may be indeed different alleles of the same lo-

cus (data not shown). TC1 was represented by reads expre-

ssed in leaf and fruit libraries, whereas TC2 was composed

by reads expressed in leaf, fruit and flower libraries (Figure

2E).

It has been recently reported that PCR of partial

cDNA clones from blond orange (Navel and Ovale) juice

vesicles resulted in faint bands corresponding to ans (or

ldox). This indicates possible low expression of the related

mRNAs. On the other hand, there was no amplification of

the UDP-glucose-flavonoid 3-O-glucosyl transferase (ufgt)

gene, which appeared totally unexpressed in both blond

cultivars, resulting in the lack of anthocyanin biosynthesis

and accumulation (Lo Piero et al., 2005).

The UFGT enzyme is subsequent to LDOX in the

anthocyanin biosynthesis and is responsible for converting

anthocyanidin to anthocyanin. We found the ufgt and the

other subsequent genes of the anthocyanin biosynthesis in

the CitEST database, including flavonoid O-methyltrans-

ferase and UDP-rhamnose anthocyanidin-3-glucoside

rhamnosyltransferase (data not shown).

Ex vitro expression patterns and structure studies of

anthocyanin biosynthesis related genes in C. sinensis are

still necessary to elucidate the role of the enzymes in leaves,

fruits and flowers of blond sweet orange.

Isoflavone synthase and Isoflavone reductase

Isoflavones are synthesized by a branch of the phe-

nylpropanoid pathway of secondary metabolism. In plants,

isoflavones play major roles in the defense response to

pathogen attack and in establishing the symbiotic relation-

ships between the roots of leguminous plants and rhizobial

bacteria, which lead to nodulation and nitrogen fixation.
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Isoflavone synthase (IFS, E.C. 1.14.14) is the first en-

zyme in the isoflavone pathway and converts flavanone

substrates into isoflavone products (Jung et al., 2000). Sev-

eral breakthroughs have been made towards unraveling the

isoflavonoid pathway, including the isolation of the first ifs

gene. Biochemical and genetic data have long suggested

that the IFS enzyme is a member of the cytochrome P450

monooxygenase enzymes (Hashim et al., 1990). Since spe-

cific cytochrome P450 monooxygenese inhibitors such as

carbon monoxide and ancymidol could inhibit this enzyme,

IFS was thought to be a cytochrome P450 monooxygenase.

Two cytochrome P450 monooxygenases were selected

from soybean EST libraries. One of the gene products was

able to convert liquiritigenin and naringenin to daidzen and

genistein, respectively. The gene was named 2-hydroxyi-

soflavanone synthase (2-his) and, based on sequence

homology, it was placed in the CYP93C subfamily of

cytochrome P450. In 2005, there were 30 ifs sequences in

the public databases, all of which belong to the CYP93C

subfamily of cytochrome P450 monooxygenases (Yu and

McGonigle, 2005).

Although isoflavones are found predominantly in le-

gumes they are also found in several other families of

plants. Woosuk et al. (2000) found two IFS cDNAs from

sugarbeet that encoded proteins with more than 95% simi-

larity to the soybean IFS1 protein. The high degree of simi-

larity between the soybean and sugarbeet IFS sequences is

surprising because of the relatively distant relationship of

these two species, and suggests a stringent requirement for

the sequence of the protein capable of performing this reac-

tion.

Lapcik et al. (2004) reported immunochemical and

HPLC-MS evidence of the presence of isoflavones in six

species belonging to three genera of the Rutaceae for the

first time. They detected isoflavonoids as minor compo-

nents in leaves of Fortunella obovata, Murraya paniculata

and four citrus species (C. grandis, C. aurantium, C.

limonia and C. sinensis) and concluded that the isofla-

vonoid metabolic pathway is present throughout the Ruta-

ceae family.

In addition, Lapcik et al. (2006) found that isofla-

vonoids are present in A. thaliana despite the absence of

any homologue to known isoflavonoid synthase and they

concluded that another gene must be responsible for the

biosynthesis of the isoflavone skeleton in Brassicaceae.

In our work, it was not possible to identify homo-

logues of the soybean isoflavone synthase gene in the

CitEST database of C. sinensis, although several cyto-

chrome P450 related genes were found and some of them

could represent IFS homologues (data not shown). Accord-

ing to Osiro et al. (2004), several genes related to important

metabolic pathways are not identified by routine database

searching algorithms for the following possible reasons: (a)

they are genuinely lacking in the genome, (b) are too dis-

tantly related to orthologs within the database to be readily

detectable on the basis of sequence clone or (c) have been

replaced by a non-homologous one.

Although the ifs gene was not discerned in the CitEST

database, we found five tentative consensi (Table 1) with

identity to putative isoflavone reductase genes (IFR, EC

1.3.1). Indeed, IFR was already reported within the Citrus

and the related Poncirus genera. An IFR-like gene was

cloned from C. paradisi after UV induction and it was fur-

ther shown to be induced by wounding and pathogen infec-

tion as well (Lers et al., 1998). In addition, a cDNA

sequence was very recently deposited in GenBank (acces-

sion number CX065976) corresponding to a putative ifr

cloned from a cold-induced subtractive cDNA library of P.

trifoliata seedlings. Isoflavone reductase specifically rec-

ognizes isoflavones and catalyzes a stereospecific

NADPH-dependent reduction to (3R)-isoflavanone (Wang

et al., 2006).

The TCs for isoflavone reductase from the CitEST

Project were composed of sequence tags from fruit, flower

and leaf libraries. Analyses of their relative abundances in-

dicated higher expression of isoflavone reductase putative

homologues in the fruit tissue (Figure 2F). Interestingly,

most of the leaf derived sequence tags within the tentative

consensi came from a Xylella fastidiosa infected library

(data not shown).

Since IFR is an enzyme specific to isoflavonoid bio-

synthesis (França et al., 2001) and isoflavones were re-

cently suggested to occur in four Citrus species, our data

provide extra support to the idea that isoflavonoid-related

genes are present in the citrus genome. Thus, functional

analysis of the IFR-like genes, IFS-related cytochrome

P450 genes and their products would help elucidate all their

possible roles in such plant species.

Final Remarks

A thorough analysis of the first putative genes in-

volved in phenylpropanoid and, specifically, the key ones

for flavonoid biosynthesis from the CitEST database

showed several interesting aspects related to Citrus

sinensis and brought novel information on such important

secondary metabolism pathways. A further and motivating

challenge is to check and validate all that information with

protein translation and assembly as well as protein activity

and function. It would pave the way to essential insights

concerning flavonoid biosynthesis and regulation in citrus.

Flavonoids have been shown to be of great importance to

nutrition and health. Biotechnological applications and

metabolic engineering of the pathway are probably only

starting point for a successful and promising field for the

health industry.
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