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Phytoene synthase (PSY) is one of the key regulatory enzyme on the biosynthesis and accumulation of carot-
enoid in citrus fruits. The transcriptional diversity of PSY is mainly attributed to the structural variation in pro-
moter region among PSY alleles. In aim to clarify how this transcriptional diversity is regulated among them,
PSY alleles responsible for carotenoid biosynthesis in the fruits are characterized and their promoter sequences
were compared. Based on gene structure and expression pattern of PSY homologues on the clementine manda-
rin genome sequence, PSY alleles responsible for carotenoid biosynthesis are derived from a single locus in
the scaffold 6. AG mapping population possessed four PSY alleles derived from parent lines of A255 and
G434, and their F; individuals with PSY-g2 allele tended to have low transcription level. From sequence com-
parison of their promoter regions, the cis-motif alternation from MYBPZM to RAV1AAT might be a candidate
to influence the transcription level. Among the ancestral pedigree varieties of AG mapping population, the
transcription level of PSY correlated with genotypes of MYBPZM and RAVIAAT motifs in the promoter
region of PSY alleles, so that homozygous genotype of MYBPZM showed higher transcription level while

heterozygous genotype of MYBPZM and RAV1AAT showed lower transcription level.
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Introduction

Most photosynthetic organisms produce carotenoids, which
are essential for both plant and animal lives (Wong et al.
2004). Carotenoids are involved in various functions in
plants, including phyto-hormone precursor action (Schwartz
et al. 2003) and environmental adaptation through the mod-
ulation of the photosynthetic apparatus (Demmig-Adams
and Adams 2002). Citrus fruit contains significant amounts
of various carotenoids and more than 100 different kinds of
carotenoids have been isolated in Citrus (Gross 1987). To
date, many studies have described the isolation and charac-
terization of the physiological and molecular features of ca-
rotenoid biosynthesis during fruit development and ripening
in citrus (Kato et al. 2004, Rodrigo et al. 2004). The compo-
sition and content varied of carotenoids among citrus varie-
ties rather than species, and the carotenoid diversity in culti-
vated citrus is highly influenced by genetic factors
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(Fancicullino ef al. 2006). As a typical example, satsuma
mandarin (Citrus unshiu Marc.) mainly accumulates -
cryptoxanthin (B-Cry) in the flavedo and juice sacs in ma-
ture fruit (Goodner et al. 2001, Ikoma et al. 2001), while
sweet orange (Citrus sinensis Osbeck) fruit accumulates
violaxanthins, predominantly 9-cis-violaxanthin (Lee and
Castle 2001, Molnar and Szabolcs 1980). The carotenoid
accumulation that occurs during citrus fruit ripening is
highly regulated by the coordinated expression of carotenoid
biosynthetic genes, and the differences in the variance of
transcripts encoding biosynthetic enzymes is significantly
associated with the carotenoid composition and content
among varieties (Kato ef al. 2004). In addition, several tran-
scription factors, such as RAP2.2 (Welsch et al. 2007) and
CubHLH1 (Endo et al. 2016), related to carotenoid metabo-
lism were isolated and characterized in Arabidopsis thaliana
and satsuma mandarin. However, the genetic information
about how carotenoid composition and contents would ex-
tend the variation among citrus varieties at a molecular level
has been quite limited.

In the Japanese citrus breeding program, the enrichment
of carotenoids, especially B-Cry with health-promoting
properties (Sugiura et al. 2011), is an important object
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with the aim of expanding citrus fruit consumption. To ad-
vance the molecular breeding for the enrichment of B-Cry,
Sugiyama et al. (2011) examined quantitative trait locus
(QTL) mapping for each carotenoid’s content level using
the F; hybrid population (AG population) between breeding
lines ‘Okitsu 46 gou’ (A255) and ‘Kankitsu Chukanbohon
Nou 5 gou’ (G434) with wide variation in carotenoid con-
tent and composition. A major QTL for B-Cry was detected
on the Gn000S5 locus in linkage group 6 of the G434-map
and had a LOD value of 3.4. Various QTLs for the other ca-
rotenoid contents were also detected but most of them had
low LOD values. This result was reasonable considering that
carotenoid composition and content were affected by tran-
scriptional amounts among various carotenoid biosynthetic
genes. Recently, Shimada et al. (2014) constructed a citrus
framework genetic map anchored by 708 gene-based mark-
ers using the same AG population. In this AGI map, major
carotenoid biosynthetic genes were mapped as follows:
phytoene synthase (PSY), on linkage group (LG)-4, phytoene
desaturase (PDS) on LG-3, {-carotene desaturase (ZDS)
on LG-9, p-ring hydroxylase (HYb) on LG-3, zeaxanthin
epoxidase (ZEP) on LG-2, and 9-cis-epoxycarotenoid
dioxygenase (NCED) on LG-06. The other carotenoid bio-
synthetic genes could not be mapped owing to the low poly-
morphic features of genomic sequence and so on. Among
the mapped loci of carotenoid biosynthetic genes, an eQTL
contributing to ZEP expression level was located on ZEP
locus of the genetic map for AG population (Sugiyama ef al.
2014) and pairs of allelic ZEP gene with different sequences
on ZEP locus were observed. In mandarin and orange, there
are at least four ZEP alleles and the amounts and accumula-
tion patterns of their transcripts were different during fruit
development (Sugiyama et al. 2010). Therefore, the allelic
variation among carotenoid biosynthetic genes would likely
to extend wide variation in the carotenoid contents and com-
position among citrus varieties. In addition to ZEP expres-
sion, the eQTL analysis of PSY also suggested that the major
regulation site for PSY expression might be tightly associated
with PSY locus (Gn0009 locus) assigned by PsyG-CT mark-
er (Sugiyama et al. 2014). PSY is a rate-limiting key en-
zyme in the carotenoid biosynthetic pathway and the flux of
carotenoid pathway is generally controlled by multiple PSYs
in plants. It is reported that Arabidopsis genome possesses
one PSY gene while tomato and rice has two and three PSYs
with different roles in plant development and tissues-specific
expression or seasonal different expression (Bartley and
Scolnik 1993, Ruiz-Sola ef al. 2012, Welsch et al. 2008). In
citrus, many cDNAs for PSY have been isolated and func-
tionally characterized during fruit development (Kato et al.
2004, Maheswary et al. 2006, Rodrigo et al. 2004), how-
ever, little is known about how many loci or copies citrus
PSYs comprise in the genome and how transcriptional varia-
tion of PSY is regulated to extend among citrus varieties.

In this study, we investigated the allelic diversity on
genomic sequence and gene expression patterns of PSY
homologues in clementine mandarin (C. clementine hort ex.
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Tanaka) genome, and inquired how transcriptional variation
of PSYs in eQTL analysis was occurred in the AG popula-
tion. The PSYs in the AG population comprised four alleles
(PSY-al and PSY-a2 from A255, PSY-gl and PSY-g2 from
G434) which were derived from the parent lines, and F; in-
dividuals with PSY-g2 tended to show low transcription
level in the fruits. The sequence analysis was carried out to
compare the promoter structures of four alleles and possible
cis-regulatory elements to influence the transcription level
were discussed.

Materials and Methods

Plant materials and preparation of DNA and RNA

All plants used in the experiments were cultivated in the
research field of the National Agriculture and Food Re-
search Organization Institute of Fruit Tree and Tea Science,
Citrus Research Center, Okitsu, Shizuoka, Japan. Forty-eight
F, individuals bearing the fruits, which were obtained from
crossing A255 and G434, were used for genetic analyses.
The female parent of A255 was derived from ‘Sweet spring’
[‘Ueda unshiu’ (C. unshiu Marc.) x ‘Hassaku’ (C. hassaku
hort ex. Tanaka)] x “Trovita’ orange, and the male parent of
G434 was derived from ‘Lee’ [clementine mandarin x
‘Orlando’ tangelo (‘Duncan’ grapefruit (C. paradise
Macf.) x ‘Dancy’ tangerin (C. tangerina) x ‘Mukaku kishu’
(C. kinokuni hort. Tanaka). Genomic DNA was extracted
from fresh and fully expanded leaves of F; individuals and
their parent varieties according to the method of Dellaporta
et al. (1983). Total RNA was extracted from juice sacs on
the middle of November (more than three fruits per individ-
ual) from the AG population using the method described by
Ikoma et al. (1996).

In addition, various tissues were collected from clemen-
tine mandarin and immediately frozen by liquid nitrogen for
and mRNA expression analysis, as follows: flower, leaf,
stem, young whole fruit at DAF30, and juice sacs and peels
at DAF60, DAF120 and DAF180. Total RNAs were also
extracted from these samples.

Sequence comparison of PSYs among clementine manda-
rin, A255 and G434

Blastx search was carried out using a query nucleotide
sequence of CitPSY (AF22021) against the clementine man-
darin genome in the public databases (http://phytozome.jgi.
doe.gov/pz/portal.html). Four nucleotide sequences show
high homology against CitPSY and their nucleotide se-
quences were downloaded. Their deduced amino acid se-
quences were compared with those of PSY alleles detected
in A255 and G434 and those of citrus PSYs published in the
public DNA database. The alignment analysis and phylo-
genetic analysis were carried out using the computer pro-
gram Genetyx-Win Ver.11.0.3 (Software Development,
Tokyo, Japan). Phylogenetic tree was constructed under the
unweighted pair group maximum average method based on
the amino acid sequences.
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Reverse transcriptase (RT)-PCR for various tissues of
clementine mandarin

The cDNA was synthesized from 1 pug of total RNA by
QuantiTect® Reverse Transcription (Qiagen, Hilden,
Germany) using a poly-dT primer. Gene-specific primer sets
for clementine mandarin PSY homologues were designed to
prohibit the cross amplification between them. Primer se-
quences were described as follows: Ciclev10011841m.g:
forward primer (5-ATGTCTGTTGCATTGCTATGG-3")
and reverse primer 5-GTCGATTCCAGATGAGCAAG-
3), Ciclev10018150m.g: forward primer (5-TGGTCATC
CCTGTTAATATATAGAGAG-3") and reverse primer
5'-TGATCAGTAGGGACAAATCAAACTACC-3"),
Ciclev10015582m.g: forward primer (5-ATCACCTTGTT
GTGCTGAATCTTTGAAGAGAG-3') and reverse primer
5-ATCGAGTTTTTCTCTCTGGGGATGTTTATGTTC-
3"). The primer sets for Ciclevl10018272m.g were not de-
signed owing to the incomplete gene structure. Elongation
factor 1 alpha (EFI-a) is used as an endogenous control
gene and the primer sequences are refereed to our previous
report (Endo ef al. 2006).

RT-PCR was conducted by the condition of 30 PCR cy-
cles. Each cycle was composed of 94°C for 30 sec., 56°C
for 1 min. and 72°C for 1 min. The reaction mixture consist-
ed of 100 mM Tris-HCI (pH 8.0), 50 mM of KCI, 1.5 mM
of MgCl,, 0.2 mM each of dNTPs, 5 mM of each primer,
5ng of cDNA and 1 U of AmpliTaq in a 20 pl reaction vol-
ume. PCR reaction mixtures were electrophoresed on 1.5%
agarose gel at the 100 V. Gel was stained in the EtBr solu-
tion and the amplified fragments were detected on the UV
trans-illuminator.

Association analysis of PSY genotype and expression in
F; individuals of the AG population

To determine the genotypes in F; individuals, TagMan
allele-discriminating PCR was carried out using the TagMan
Universal PCR Master Mix (Applied Biosystems, Foster
City, CA, USA) and an ABI PRISM 7300 (Applied Bio-
systems). TagMan allele-specific primer/probe sets for PSY
were utilized referring to the information of Gn0009 SNP
markers encoding PSY (Shimada et al. 2014).

The total PSY expression level was evaluated using a
TagMan MGB probe with a primer/probe set reported by
Kato et al. (2007). Total RNA (0.2 pg), through on-column
DNase digestion by an RNeasy MiniKit (Qiagen, Hilden,
Germany), was used to synthesize cDNA with random hex-
amers at 37°C for 60 min using TagMan reverse transcrip-
tion reagents (Applied Biosystems). The PSY expression
level was estimated using quantitative reverse transcription
PCR (qRT-PCR). The TagMan Ribosomal RNA Control
Reagent VIC probe (Applied Biosystems) was used as an
endogenous control. The ABI PRISM 7300 Sequence De-
tection System Software (Applied Biosystems) analyzed the
gene expression levels. The qRT-PCR score was normalized
by the expression of 18 S ribosomal RNA and were relative-
ly adjusted based on the score of A255, which had an esti-

384

Sugiyama, Ikoma, Fujii, Endo, Nesumi, Shimada and Omura

mated value of 1.0. Each reaction of contained 900 nM
primers, 250 nM TagMan MGB probe, and 2.5 pL of tem-
plate cDNA or DNA. The thermal cycling conditions were
as follows: 95°C for 10 min, followed by 40 cycles of 95°C
for 15 s and 60°C for 60 s.

Sequence analysis for the promoter regions of four PSY
alleles

The 1.2 kbps of fragments for four PSY alleles were ob-
tained by PCR amplification using AmplilTag Gold DNA
polymerase (Applied Biosystems, Foster City, CA, USA)
protocols. The primers were designed referred to the public
databases for the draft genome sequences of clementine
mandarin and sweet orange (http://phytozome.jgi.doe.gov/
pz/portal.html) as following; sense primer: 5'-TTTCCCAC
TTTGCACAGCGTCAGTC-3' in the promoter region, anti-
sense primer: 5'-AAAAGGATTGATGAAAGAAGGCA-3’
in the primary exon. The amplified PCR products were
cloned into the pGEM-T Easy vector (Promega, Madison,
WI, USA), transformed into Escherichia coli strain XL-1
Blue, and sequenced using a BigDye Terminator v. 3.1
Cycle Sequencing Kit (Applied Biosystems) with an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems).
These nucleotide sequences were registered in DDBIJ
(PSY-al: LC169453, PSY-a2: LC169454, PSY-gl:
LC169455, PSY-g2: LC169456). Genetyx-Win ver. 11.0.3
(Software Development) were used for the alignment analy-
sis. The 1.2 kbps of promoter sequences were applied to
a homology search using a plant cis-acting regulatory
DNA element (PLACE, http://www.dna.affrc.go.jp/htdocs/
PLACE/) database.

The genotype of cis-regulatory motif (MYBPBZ or
RAV1AAT) located around —330 bps in the promoter region
of PSY alleles was investigated for ten parental varieties and
two parent lines of AG mapping population as following;
‘Duncan’ grapefruit, ‘Dancy’ tangerin, clementine manda-
rin. ‘Mukaku kishiu’, Hassaku, ‘Ueda unshiu’, ‘Trovita’
orange, ‘Orlando’, ‘Lee’, ‘Sweet spring’, A255 and G434.
The following primer set was used to amplify the promoter
region around 330 bps of upstream region of PSY alleles for
sequence analysis (sense primer: 5'-AGTGGCCATTGTTA
CAGTTC-3', antisense primer: 5-CCAGAGAAAATGGT
GAGTGG-3"). The transcription level of PSY was also in-
vestigated using juice sac tissues on the middle of Novem-
ber by qRT-PCR. These analyses were carried out under
above described methods.

Gene structures of PSY homologues on the clementine
mandarin genome

In the clementine mandarin genome sequence, there
are four homologues with high homology with CitPSY
as follows: Ciclev10018150m.g, Ciclev10018272m.g,
Ciclev10015582m.g and Ciclev10011841m.g.
Ciclev10011841m.g is annotated as chloroplastic phytoene
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synthase and is located from 21,390,477 bps to
21,396,087 bps in the scaffold 6, which was equivalent to
Gn0009 locus at 57.4 cM of linkage group 4 in AGI map
(Table 1). Ciclev10018150m.g, Ciclevl10018272m.g and
Ciclev10015582m.g are annotated as squarene synthase,
15-cis-phytoene synthase, squarene/phytoene synthase, re-
spectively and are located from 587,065 to 4,443,386 in the
scaffold 2, which was equivalent to the position between
Ks9005 and Lp0118 at 11.8-13.6 cM of linkage group 2 in
AGI map. These three homologues were located tandemly
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in clementine mandarin genome and could be interpreted to
derive from the same locus in the linkage map. The deduced
amino acids from these homologues were aligned and their
structures were compared (Fig. 1). PSY comprises two im-
portant functional domains of the chloroplastic transit pep-
tide, which is essential for protein targeting to the plastid
compartment (Giorio et al. 2008) and trans-isoprenyl
diphosphate synthase (trans—IPP-HH) domain (Marchler-
Bauer et al. 2009). In the deduced amino acids alignment
of four clementine mandarin PSY homologues,

Table 1. Sequence similarity and location among Clementine PSY homologues and PSY alleles of A255 and G434

Homology in amino acid

Location in Clementine genome .
g Location in AGI map

. sequence (%) sequence
Gene annotation Soat. Link
PSYa-1 PSYa-2 PSYg-1 PSYg-2 o0 Start End 'MA8€ HNA marker  Position
fold group
Ciclevl10018150m.g  Squarene synthase 499 500 50.0 50.0 2 587,065 588,778 2 Ks9005/Lp0118 11.8-13.6 cM
Ciclev10018272m.g* 15-cis-phytoene 341 342 342 336 2 593,780 594,691 2 Ks9005/Lp0118 11.8-13.6 cM
synthase
Ciclev10015582m.g  Squarene/phytoene 442 45.0 450 444 2 4,441,285  4,443.39 2 Ks9005/Lp0118 11.8-13.6 cM
synthase
Ciclev10011841m.g  Chloroplastic 84.7 85.1 859 87.0 6 21,390,477 21,396,087 4 Gn0009 57.4 cM
phytoene synthase
* Incomplete coding region.
Ciclev10015582m.g I mmm MCSTFSLAAKPS 12
Ciclev10018150m.g ettt MCSTFSIAANPC 12
Ciclev10018272m.g 0 —————— == 0
Ciclev10011841m.g* 1 MSVALLWVVSPNSQLSNCEFGFVDSVREENRLFYSSRFLYQHQTRTAVENSRPKQFNNNNN 60
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Fig. 1. Multiple alignment of deduced amino acids sequences of four clementine mandarin PSY homologues. Ciclev10011841m.g contains a
predicted transient peptide at the N-terminal region (underlined in black) predicted by SignalP 4.1 Server. The putative active site (DXXXD) is
boxed in black. The conserved amino acids are shown with black background and these conserved region among four PSY homologues is consid-
ered as trans-isoprenyl diphosphate synthase (trans—[PP-HH) domain (Marchler-Bauer et al. 2009). *: The ORF is properly re-predicted based on

the structure of other citrus PSYs characterized by Sanger sequencing.
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Ciclev10011841m.g possessed two important functional
domains, while other three homologues possessed trans—
IPP-HH domain but lacked putative transit peptide predict-
ed by SignalP 4.1 Server (http://www.cbs.dtu.dk/services/
SignalP/). In addition, Ciclev10018272m.g lacked N-
terminal and C-terminal regions of trans—IPP-HH domain
resulting to incomplete coding region. Among four clemen-
tine mandarin PSY homologues, their trans—[PP-HH do-
mains were well conserved but other regions were divergent.

Phylogenetic analysis with the past reported citrus PSYs
and PSYs in the AG population indicated that
Ciclev10011841m.g clustered with them and revealed high
homology with them (Fig. 2). In contrast, other three PSY
homologues detected in clementine genome were not clus-
tered with them.

Transcriptional changes of three PSYs in various tissues
of clementine mandarin

To address the physiological role of clementine mandarin
PSY homologues during the fruit development, RT-PCR
was carried out using various tissues except for
Ciclev10018272m.g owing to the incomplete gene structure
(Fig. 3). The transcript of Ciclev10011841m.g was accumu-
lated in all tissues of clementine mandarin and the transcrip-
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tion level was higher in flower, leave and peel. The tran-
script of Ciclev10015582m.g was accumulated in flower,
young whole fruit at DAF30 and peels at DAF60, DAF120
and DAF180. The transcript of Ciclev10018150m.g was not
detected in all tissues even under the 35 PCR cycles and the
transcription level would like to be extremely low or none.
These results were agreed with the fact that
Ciclev10011841m.g would play the important roles in ca-
rotenoid biosynthesis of the fruit.

Allelic genotype and gene expression analyses for PSYs in
F; individuals of AG population

In the AG population, there were four alleles with inde-
pendent nucleotide sequences (PSY-al/ and PSY-a2 from
A255, PSY-gI and PSY-g2 from G434). Four PSY alleles in
the AG population showed high identities in amino acid se-
quence ranging from 97.9% to 100% and the amino acid
sequence of PSYa-1 and PSYg-1 was identical. The PSY se-
quence genotypes of the 48 F| individuals of AG population
bearing the fruits were determined using the TagMan allele
discrimination system. The predicted genotypes of the F,
individuals from the four parental alleles were PSY-al/
PSY-gl, PSY-a2/PSY-gl, PSY-al/PSY-g2 and PSY-a2/
PSY-g2. The numbers of F, individuals with each genotype

Ciclev10011841m.g* 3
PSYg-2

CmPSY(ABY86652)
CitPSY(AB037975)

CsPSY X1 (XP_006481943)
CsPSY(ABB72444)
CsPSY(NM_001288886)

PSYa-2

PSYg-1

PSYa-1 J

(Linkage group 4 of AGI map)

Chloroplastic phytoene synthases in the scaffold 6 of Clementine genome sequence

— Ciclev10018150m.g

L Ciclev10018272m.g

Ciclev10015582m.g

(Linkage group 2 of AGI map)

.

0.10
(Dissimilarity index scale)

Cytosolic squarene/phytoene synthases in the scaffold 2 of Clementine genome sequence

Fig. 2. Phylogenetic tree of citrus phytoene synthases. The tree is constructed using the unweighted pair group maximum average (UPGMA)
method based on their amino acid sequences. PSYs of satsuma mandarin (CitPSY), sweet orange (CsPSY) and pummelo (CmPSY) are used as
reference clones for citrus PSY. The examined citrus PSYs are divided into two groups of “Chrolopastic phytoene synthases” and “Cytosolic
squarene/phytoene synthases”. *: The ORF is properly re-predicted based on the structure of other citrus PSYs characterized by Sanger sequencing.

386



Allelic diversity influences transcription level of PSY in citrus fruit

S
o
S
5
= DAF60 DAFI120 DAFI180
=
L: [ : Vi 4 VT - |
E
o on
t 3 E 5 8 3 8 3 &8 3
= 5 & &g 3 835 & 35 &
(Scaffold 6)
(Scaffold 2)
(Scaffold 2)

Fig. 3. Gene expression patterns of clementine mandarin PSY homo-
logues in flower, leaf, stem, and young whole fruit at 30 days after
flowering (DAF), and fruit tissues (juice sac and peel) from 60 to 180
DAF of clementine mandarin by RT-PCR. EF/-a is used as a endoge-
nous control gene.

were 13, 12, 13 and 10, respectively. The segregation ratio
of these genotypes fitted to the expected Mendelian propor-
tions of 1:1:1:1 in the Chi-square test at the 0.05% level, in-
dicating that these four alleles were derived from a single
locus.

The transcription level of PSY in the juice sac tissues on
middle of November was investigated for 48 F; individuals
using the TagMan primers/probes reported by Kato et al.
(2004) because quantification of the transcriptional amounts
of each allele was difficult owing to the high similarity lev-
els in the exon regions of the four alleles. The distribution of
the transcription level in each genotype was described using
box and whisker plots in Fig. 4. The transcription level of
A255 with PSY-al and PSY-a2 was an average of 0.93 and
that of G434 with PSY-g/ and PSY-g2 was an average of
0.22. The average expression level of F; individuals with
PSY-a2 and PSY-gl was 0.57, followed by PSY-al and
PSY-gI individuals with an average of 0.49, PSY-al and
PSY-g2 individuals with an average of 0.35, and PSY-a2 and
PSY-g2 individuals with an average of 0.26. Thus, F; indi-
viduals with PSY-g2 tended to have low transcription level,
indicating that PSY allelic combination likely influences the
transcription level of PSY.

Promoter sequence of four PSY alleles in the AG popula-
tion

To understand the structural differences in the promoter
regions of four PSY alleles, approximately 1.2 kbps of the
sequences were compared among four alleles. Their se-
quences were relatively conserved with the high identities
ranging from 99.8% to 93.2%. Among the four alleles, nu-
cleotide substitutions and the indel mutations were ob-
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Parent and control
citrus varieties

(Genotype of Fi individuals)

Fig. 4. Box and whisker plot of the distribution of PSY transcription
levels in Fy individuals of the AG population. The dots indicate the
transcription levels in A255 and G434, having allelic genotypes of
PSYa-1/PSYa-2 and PSYg-1/PSYg-2, respectively.

served. The frequency of indel mutation was less than that
of nucleotide substitution. Most observed indels were 67
nucleotides in length. A homology search using a plant
cis-acting regulatory DNA element (PLACE, http:/www.
dna.affrc.go.jp/htdocs/PLACE/) database was carried out
against the 1.2 kbps of promoter regions. The representative
cis-acting regulatory motifs related to carotenoid metabo-
lism are summarized in Fig. 5. There are various types of
cis-regulatory motifs corresponding to light, plant hormones
and water stress including GATABOX, which is found in
many light-regulated genes (Teakle er al 2002),
WRKY710S, which is a transcriptional repressor of the gib-
berellin signaling pathway (Zhang et al. 2004), and
ABREATRD22 (Iwasaki et al. 1995), DPBFCOREDCDC3
(Kim et al. 1997) and ABREZMRAB28 (Guan et al. 2000),
which are related to abscisic acid (ABA) and dehydration
stresses. In addition, several MYB-binding motifs were
found in the promoter regions, such as MYBPLANT found
in phenylpropanoid biosynthetic genes of Antirrhinum
majus (Sablowski et al. 1994), MYBST! in Solanum
tuberosum (Baranowskij et al. 1994), and so on. Thus, vari-
ous cis-regulatory motifs were scattered in their promoter
regions. The organization of cis-regulatory motifs were dif-
ferent in a kind and a copy number among four alleles but
the cis-regulatory motifs specific to PSY-g2 were very limit-
ed. The structural differences specific to PSY-g2 redundant-
ly located in the promoter region from —59 bps to —350 bps.
There were 15 single nucleotide substitutions and two in-
dels in this region. Out of them, four mutations altered the
cis-regulatory motifs. The single nucleotide substitution at
approximately —340 bps generated a CPBCSPOR motif,
which is a specific binding site of the cytokinin-dependent
protein of the NADPH-protochlorophyllide oxidoreductase
gene in cucumber (Cucumis sativus L.) (Fusada et al. 2005),
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while the single nucleotide substitution at approximately
—310 bps generated a GTGANTGA motif that is responsible
for the pectin lyase of pollen in Nicotiana tabacum (Rogers
et al. 2001). The single nucleotide substitution at approxi-
mately —280 bps generated the SEFAMOTIFGM7S motif,
which is responsible for the beta-conglycinin gene (Lessard
et al. 1991). These cis-regulatory motifs would like to be
not associated with low PSY expression because they gener-
ally work positively and some of them were located redun-
dantly in the upstream regions of the other alleles. A 6-bps
deletion in PSY-g2 altered the cis-regulatory motif from
MYBPZM (Grotewold et al. 1994) to RAVIAAT (Kagaya
et al. 1999) at =329 bps. MYBPZM is a core cis-regulatory
motif for Maize P gene, and is responsible for red pigmenta-
tion of the kernel pericarp and flavonoid biosynthesis
(Grotewold et al. 1994). The RAVIAAT motif is a cis-
regulatory motif of the RAV1 protein, which is uniquely
found in plants. It is involved in the immediate physiologi-
cal responses and developmental adaptations to environ-
mental stimuli (Kagaya and Hattori 2009).

Genotype of MYBPZM and RAVIAAT motifs in the pro-
moter region influences the transcription level of PSY

To clarify whether the alteration of cis-regulatory motif
from MYBPZM to RAVIAAT would be major factor to
influence the transcription level of PSY, the genotype of
these motifs in the promoter region of PSY was investigated
for ten ancestral varieties and two parent lines of AG map-
ping population. Sequence analysis revealed that most an-
cestral varieties and G434 have heterozygous genotype of
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MYBPZM and RAVIAAT motifs in the promoter region,
while ‘Mukaku kishu °, “Ueda unshu’ and A255 have homo-
zygous genotype of MYBPZM motif (Fig. 6A). Except
for ‘Orlando’, ‘Sweet spring’ and ‘Lee’, which of the fruits
were not available, the transcription level of PSY gene in the
juice sac tissues on the middle of November was investigat-
ed by qRT-PCR (Fig. 6B). Interestingly, the transcription
level of PSY was higher in ‘Mukaku kishu’, ‘Ueda unshu’
and A255, which have homozygous genotype of MYBPZM
motif in the promoter region of PSY. In contrast, the other
varieties with heterozygous genotype of MYBPZM and
RAV1AAT motifs showed lower transcription level of PSY.
Thus, the positive relationship was observed between geno-
type of these motifs and the transcription level of PSY in
the pedigree of AG mapping population, revealing 0.95 of
Pearson’s correlation coefficient.

PSY regulates the beginning step of the carotenoid metabolic
pathway and its expression significantly affects the amount
of subsequently produced carotenoids. In Arabidopsis
genome, PSY is a single gene located on chromosome 5,
although many PSY mRNA sequence entries have been reg-
istered. In tomato and rice, two and three PSYs have been
molecularly characterized and they played different roles and
expression profiles during plant development and tissues-
specific function or seasonal variation (Bartley and Scolnik
1993, Welsch et al. 2008). Based on the gene structure and
expression pattern of PSY homologues in the clementine
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mandarin genome sequence, there are two loci for chloro-
plastic phytoene synthase and cytosolic squarene/phytoene
synthase. The PSY locus in the scaffold 6, which is mapped
by PsyG-CT marker on the linkage group 4 of the AGI map,
is considered as a principal locus for carotenoid biosynthe-
sis in citrus. The alternative locus comprises three tandem
PSY homologues without putative transit peptide, which are
members of cytosolic squarene/phytoene synthases, and
might not contributed to carotenoid biosynthesis. In addi-
tion, it was confirmed that four PSYs in the AG population
have high identities with the past reported citrus PSYs and
they were derived from the single PSY locus in the scaffold
6 from the segregation analysis. Therefore, it is proposed
that PSYs for carotenoid biosynthesis would be derived
from a single locus with various sequence diversity working
as multiallelism among citrus varieties.

The promoter structure was very similar among of the
examined four PSY alleles were but it was found that the
slight mutations could alter the organization of the cis-
regulatory motifs, resulting to influence gene expression
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level of PSY. In a precise comparison of promoter region,
we supposed that the motif substitution from MYBPZM to
RAV1AAT might be associated with low expression level of
PSY in AG progenies with PSY-g2. MYB family transcrip-
tion factors are involved in regulating the expression of fla-
vonoid and anthocyanin biosynthesis genes (Aharoni et al.
2001, Baudry et al. 2004). The loss of functional mutations
in Reduced Carotenoid Pigmentation 1 (RCPI), an R2R3
type of MYB transcription factor, lead to the downregula-
tion of all carotenoid biosynthesis genes and a reduced ca-
rotenoid content in Mimulus lewisii flowers (Sagawa et al.
2016). In contrast, RAV1 acts as a negative regulator of
ABA in seed germination and green seedling rates (Feng et
al. 2014). In pepper and cotton, RAV1 increases the toler-
ance to drought and salt stress (Li et al. 2015, Sohn et al.
20006). Based on these reports, these two cis-regulatory mo-
tifs are likely involved in the transcriptional regulation of
PSY. In the plant kingdom, the antioxidant antagonism
between carotenoids and flavonoids is reported to avoid the
functional redundancy in the evolutionary mechanism (Han
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et al. 2012). In Solanaceae plants, common transcription
factors regulating carotenoid and anthocyanin pathways
were found to act as initial sensors against various environ-
mental stimuli (Dhar et al. 2014). Recently, MYBPZM is
reported as one of the candidate cis-regulatory motif to in-
fluence gene expression of capsanthin-capsorubin synthase,
which catalyzes the conversion of antheraxanthin and viola-
xanthin into capsanthin and capsorubin responsible for
red-orange coloration in Pepper (Capsicum sp.) (Zheng et
al. 2013). In citrus, the genetic diversity of ZEP alleles
among various citrus varieties was characterized and similar
results were obtained that the transcription level of ZEP-1m
allele with MYBPZM was higher than that of ZEP-2m allele
without it (Sugiyama et al. 2010). Therefore, MYBPZM
could be one of the important cis-regulatory motifs to influ-
ence the carotenoid pathway in citrus fruit. A further analy-
sis is required to obtain the direct demonstration whether
the lack of MYBPZM in the promoter region of PSY-g2 is
responsible for the low expression level of PSY by promoter
assay.

Fancicullino et al. (2006) reported that the carotenoid
composition and content varied among citrus varieties, rather
than species, and the carotenoid diversity in cultivated citrus
is highly influenced by genetic factors. Considering a single
PSY locus in the citrus genome, the allelic combinations
with different cis-regulatory motifs are one of the possible
factors to cause a transcriptional variation of PSY. There
have been a several reports that allelic differences in PSY
play critical roles in the modulation of carotenogenesis. In
wheat grain (7riticum turgidum), the allelic divergence of
PSY may be responsible for the grain’s yellow pigment con-
tent (Zhang and Dubcovsky 2008). In maize (Zea mays),
sorghum (Sorghum bicolor) and rice (Oryza sativa), the
three PSY genes have overlapping functions in modulating
carotenogenesis in different tissues and in response to multi-
ple developmental and/or stress signals (Gallagher et al.
2004, Li et al. 2008). Out of the two PSY alleles in maize,
insertions in the Y/ phytoene synthase gene’s promoter in-
creased the expression in endosperm and the carotenoid
content of yellow maize (Palaisa ef al. 2003). Thus, genetic
variation within the cis-regulatory motifs could affect the
transcription rate or tissue specificity of the associated allele
and caused phenotypic differentiations through changes in
gene expression. On one hand, transcription factors play es-
sential roles controlling gene expression. Various endoge-
nous and exogenous factors affecting carotenoid content
and composition during fruit development have been char-
acterized in citrus, such as plant hormones, temperature,
light and nutritional factors (Alquézar et al. 2008), implicat-
ing that numerous transcription factors are involved in regu-
lating carotenoid metabolism in response to environmental
and endogenous factors. Therefore, the combination of
these transcription factors derived from seven ancestral
varieties would also promote the wide variation of the PSY
transcription level in AG population.

In conclusion, the transcriptional diversity of PSY among
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citrus varieties is affected by PSY allelic combination de-
rived from a single locus in the scaffold 6 of clementine ge-
nome sequence (linkage group 4 in the AGI map). The
genomic sequences on the promoter region of the four PSY
alleles were very similar at the nucleotide sequence level,
but the alteration of cis-regulatory motifs would influence
the gene expression level of PSY. Although the obtained
new finding was limited on PSY locus in the AG population,
it would be applied to the other carotenoid biosynthetic
genes. Therefore, it is considered that the allelic diversity in
carotenoid biosynthesis genes would be one of the explana-
tions for wide variation in carotenoid composition and con-
tent among citrus breeding varieties. Allele mining of carot-
enoid biosynthetic genes is considered as a suitable approach
to promote the molecular breeding for improvements of the
carotenoids in citrus fruits through the genome editing and
marker assisted selection. To promote the molecular breed-
ing of a desirable carotenoid content in citrus, further re-
search is required to understand the allelic diversity of all
carotenoid biosynthesis genes among citrus breeding re-
sources. Also, to characterize the transcription factors in
various signaling networks related to carotenoid metabolism.

Acknowledgement

This work was partially supported by a grant from the
Ministry of Agriculture, Forestry, and Fisheries of Japan
(Genomics-based Technology for Agricultural Improve-
ment, HOR-2003, DNA-marker breeding project).

Literature Cited

Aharoni,A., C.H.De Vos, M.Wein, Z.Sun, R.Greco, A.Kroon, J.N.
Mol and A.P.O’Connell (2001) The strawberry FaMYB] transcrip-
tion factor suppresses anthocyanin and flavonol accumulation in
transgenic tobacco. Plant J. 28: 319-332.

Alquézar,B., M.J.Rodrigo and L. Zacarias (2008) Carotenoid biosyn-
thesis and their regulation in citrus fruits. Tree For Sci Biotech. 2:
23-35.

Baranowskij, N., C. Frohberg, S.Prat and L. Willmitzer (1994) A novel
DNA binding protein with homology to Myb oncoproteins contain-
ing only one repeat can function as a transcriptional activator.
EMBO J. 13: 5383-5392.

Bartley, G.E. and P.A.Scolnik (1993) cDNA cloning, expression dur-
ing development, and genome mapping of PSY2, a second tomato
gene encoding phytoene synthase. J. Biol. Chem. 268: 25718—
25721.

Baudry,A., M.A.Heim, B.Dubreucq, M. Caboche, B.Weisshaar and
L.Lepiniec (2004) TT2, TT8, and TTG1 synergistically specify the
expression of BANYULS and proanthocyanidin biosynthesis in
Arabidopsis thaliana. Plant J. 39: 366-380.

Dellaporta, S.L., J.Wood and J.B.Hicks (1983) A plant DNA mini-
preparation: version II. Plant Mol. Biol. Rep. 1: 19-21.

Demmig-Adams, B. and W.W.Adams (2002) Antioxidants in photo-
synthesis and human nutrition. Science 298: 2149-2153.

Dhar, M.K., R.Sharma, A.Koul and S.Kaul (2014) Development of
fruit color in Solanaceae: a story of two biosynthetic pathways.
Brief. Funct. Genomics 14: 199-212.

390



Allelic diversity influences transcription level of PSY in citrus fruit

Endo, T., T. Shimada, H. Fujii and M. Omura (2006) Cloning and char-
acterization of 5 MADS-box ¢cDNAs isolated from citrus fruit tis-
sue. Sci. Hortic. 109: 315-321.

Endo, T., H.Fujii, A.Sugiyama, M.Nakano, N.Nkajima, Y.Ikoma,
M. Omura and T. Shimada (2016) Overexpression of a citrus basic
helix-loop-helix transcription factor (CubHLH 1), which is homolo-
gous to Arabidopsis activation-tagged bril suppressor 1 interacting
factor genes, modulates carotenoid metabolism in transgenic tomato.
Plant Sci. 243: 35-48.

Fancicullino,A.L., C.Dhuique-Mayer, F.Luro, J.Casanova, R.
Morillon and P. Ollitrault (2006) Carotenoid diversity in cultivated
citrus is highly influenced by genetic factors. J. Agric. Food Chem.
54: 4397-4406.

Feng,C.Z., Y.Chen, C.Wang, Y.H.Kong, W.H.Wu and Y.F.Chen
(2014) Arabidopsis RAV1 transcription factor, phosphorylated by
SnRK2 kinases, regulates the expression of ABI3, ABI4, and ABI5
during seed germination and early seedling development. Plant J.
80: 654-668.

Fusada,N., T.Masuda, H.Kuroda, H.Shimada, H.Ohta and K.
Takamiya (2005) Identification of a novel cis-element exhibiting
cytokinin-dependent protein binding in vitro in the 5'-region of
NADPH-protochlorophyllide oxidoreductase gene in cucumber.
Plant Mol. Biol. 59: 631-645.

Gallagher, C.E., P.D.Matthews, F.Li and E.T. Wurtzel (2004) Gene
duplication in the carotenoid biosynthetic pathway preceded evolu-
tion of the grasses. Plant Physiol. 135: 1776-1783.

Giorio, G., A.L. Stigliani and C. D’ Ambrosio (2008) Phytoene synthase
genes in tomato (Solanum lycopersicum L.)—new data on the
structures, the deduced amino acid sequences and the expression
patterns. FEBS J. 275: 527-535.

Goodner, K.L., R.L.Rouseff and H.J. Hofsommer (2001) Orange, man-
darin, and hybrid classification using multivariate statistics based
on carotenoid profiles. J. Agric. Food Chem. 49: 1146-1150.

Gross,J. (1987) Pigments in Fruits; Harcourt Brace Javanocih:
London, U.K.

Grotewold, E., B.J. Drummond, B.Bowen and T.Peterson (1994) The
myb-homologous P gene controls phlobaphene pigmentation in
maize floral organs by directly activating a flavonoid biosynthetic
gene subset. Cell 76: 543-553.

Guan,L.M., J.Zhao and J.G.Scandalios (2000) Cis-elements and
trans-factors that regulate expression of the maize Catl antioxidant
gene in response to ABA and osmotic stress: H,O, is the likely in-
termediary signaling molecule for the response. Plant J. 22: 87-95.

Han,R.M., J.P.Zhang and L.H. Skibsted (2012) Reaction dynamics of
flavonoids and carotenoids as antioxidants. Molecules 17: 2140—
2160.

Ikoma,Y., M.Yano, K.Ogawa, T.Yoshioka, Z.C.Xu, S.Hisada,
M.Omura and T.Moriguchi (1996) Isolation and evaluation of
RNA from polysaccharide-rich tissues in fruit for quality by cDNA
library construction and RT-PCR. J. Japan. Soc. Hort. Sci. 64:
809-814.

Ikoma,Y., A.Komatsu, M.Kita, K.Ogawa, M.Omura, M.Yano and
T.Moriguchi (2001) Expression of a phytoene synthase gene and
characteristic carotenoid accumulation during citrus fruit develop-
ment. Physiol. Plant. 111: 232-238.

Iwasaki, T., K. Yamaguchi-Shinozaki and K. Shinozaki (1995) Identifi-
cation of a cis-regulatory region of a gene in Arabidopsis thaliana
whose induction by dehydration is mediated by abscisic acid and
requires protein synthesis. Mol. Gen. Genet. 247: 391-398.

Kagaya,Y., K.Ohmiya and T.Hattori (1999) RAVI, a novel DNA-
binding protein, binds to bipartite recognition sequence through

391

Breeding Science B S
Vol. 67 No. 4
two distinct DNA-binding domains uniquely found in higher
plants. Nucleic Acids Res. 27: 470—478.

Kagaya,Y. and T.Hattori (2009) Arabidopsis transcription factors,
RAV1 and RAV2, are regulated by touch-related stimuli in a dose-
dependent and biphasic manner. Genes Genet. Syst. 84: 95-99.

Kato, M., Y.Ikoma, H. Matsumoto, M. Sugiura, H. Hyodo and M. Yano
(2004) Accumulation of carotenoids and expression of carotenoid
biosynthetic genes during maturation in citrus fruit. Plant Physiol.
134: 824-837.

Kato, M., H. Matsumoto, Y.Ikoma, T. Kuniga, N.Nakajima, T. Yoshida
and M. Yano (2007) Accumulation of carotenoids and expression of
carotenoid biosynthetic genes and carotenoid cleavage dioxygen-
ase genes during fruit maturation in the juice sacs of ‘Tamami’,
‘Kiyomi’ tangor, and ‘Wilking” mandarin. J. Japan. Soc. Hort. Sci.
76: 103—-111.

Kim,S.Y., H.J.Chung and T.L.Thomas (1997) Isolation of a novel
class of bZIP transcription factors that interact with ABA-
responsive and embryo-specification elements in the Dc3 promoter
using a modified yeast one-hybrid system. Plant J. 11: 1237-1251.

Lee,H.S. and W.S. Castle (2001) Seasonal changes of carotenoid pig-
ments and color in Hamlin, Earlygold, and Budd Blood orange
juices. J. Agric. Food Chem. 49: 877-882.

Lessard, P.A., R.D.Allen, F.Bernier, J.D.Crispino, T.Fujiwara and
R.N.Beachy (1991) Multiple nuclear factors interact with upstream
sequences of differentially regulated beta-conglycinin genes. Plant
Mol. Biol. 16: 397—413.

Li, F., R. Vallabhaneni and E.T. Wurtzel (2008) PSY3, a new member of
the phytoene synthase gene family conserved in the Poaceae and
regulator of abiotic stress-induced root carotenogenesis. Plant
Physiol. 146: 1333-1345.

Li, X.J., M. Li, Y. Zhou, S. Hu, R. Hu, Y. Chen and X.B.Li (2015) Over-
expression of cotton RAVI gene in Arabidopsis confers transgenic
plants high salinity and drought sensitivity. PLoS ONE 10:
¢0118056.

Maheswary, V., Y.S.Sew, C.S.Tan and H.Marzukhi (2006) Isolation
and expression of the genes encoding the early carotenoid biosyn-
thetic enzymes in the fruit peel of pummelo (Citrus grandis cv.
Melomas) during maturation. J. Trop. Agric. and Fd. Sc. 34: 117—
129.

Marchler-Bauer,A., J.B.Anderson, F.Chitsaz, M.K.Derbyshire, C.
DeWeese-Scott, J.H.Fong, L.Y.Geer, R.C.Geer, N.R.Gonzales,
M.Gwadz et al. (2009) CDD: specific functional annotation with
the conserved domain database. Nucleic Acids Res. 37: D205—
D210.

Molnar, P. and J. Szabolcs (1980) B-Citraurin epoxide, a new caroten-
oid from Valencia orange peel. Phytochemistry 19: 633-637.

Palaisa, K.A., M. Morgante, M. Williams and A.Rafalski (2003) Con-
trasting effects of selection on sequence diversity and linkage dis-
equilibrium at two phytoene synthase loci. Plant Cell 15: 1795-
1806.

Rodrigo,M.J., J.F.Marcos and L.Zacarias (2004) Biochemical and
molecular analysis of carotenoid biosynthesis in flavedo of orange
(Citrus sinensis L.) during fruit development and maturation. J.
Agric. Food Chem. 52: 6724-6731.

Rogers,H.J., N.Bate, J.Combe, J.Sullivan, J.Sweetman, C.Swan,
D.M.Lonsdale and D.Twell (2001) Functional analysis of cis-
regulatory elements within the promoter of the tobacco late pollen
gene g10. Plant Mol. Biol. 45: 577-585.

Ruiz-Sola, M.A.and M. Rodriguez-Concepcion (2012) Carotenoid bio-
synthesis in Arabidopsis: a colorful pathway. Arabidopsis Book 10:
e0158.



B S Breeding Science
Vol. 67 No. 4

Sablowski, R. WM., E.Moyano, F.A.Culianez-Macia, W. Schuch, C.
Martin and M. Bevan (1994) A flower-specific Myb protein acti-
vates transcription of phenylpropanoid biosynthetic genes. EMBO
J.13:128-137.

Sagawa,J. M., L.E.Stanley, A.M.LaFountain, H.A.Frank, C.Liu and
Y.W.Yuan (2016) An R2R3-MYB transcription factor regulates
carotenoid pigmentation in Mimulus lewisii flowers. New Phytol.
209: 1049-1057.

Schwartz, S.H., X.Qin and J.A.D.Zeevaart (2003) Elucidation of the
indirect pathway of abscisic acid biosynthesis by mutants, genes,
and enzymes. Plant Physiol. 131: 1591-1601.

Shimada, T., H.Fujii, T.Endo, T.Ueda, A.Sugiyama, M.Nakano,
M.Kita, T. Yoshioka, T. Shimizu, H. Nesumi et al. (2014) Construc-
tion of a citrus framework genetic map anchored by 708 gene-
based markers. Tree Genet. Genomes 10: 1001-1013.

Sohn,K.H., S.C.Lee, H.W.Jung, J.K.Hong and B.K.Hwang (2006)
Expression and functional roles of the pepper pathogen-induced
transcription factor RAV1 in bacterial disease resistance, and
drought and salt stress tolerance. Plant Mol. Biol. 61: 897-915.

Sugiura, M., M. Nakamura, K. Ogawa, Y. Ikoma, F. Ando, H. Shimokata
and M.Yano (2011) Dietary patterns of antioxidant vitamin and
carotenoid intake associated with bone mineral density: findings
from post-menopausal Japanese female subjects. Osteoporos. Int.
22:143-152.

Sugiyama, A., Y.lkoma, H.Fujii, T. Shimada, T. Endo, T.Shimizu and
M.Omura (2010) Structure and expression levels of alleles of
citrus zeaxanthin epoxidase genes. J. Japan. Soc. Hort. Sci. 79:
263-274.

Sugiyama,A., M. Omura, H. Matsumoto, T. Shimada, H. Fujii, T. Endo,
T. Shimizu, H.Nesumi and Y.Ikoma (2011) Quantitative trait loci
(QTL) analysis of carotenoid content in citrus fruit. J. Japan. Soc.
Hort. Sci. 80: 136-144.

392

Sugiyama, Ikoma, Fujii, Endo, Nesumi, Shimada and Omura

Sugiyama,A., M.Omura, T.Shimada, H.Fujii, T.Endo, T.Shimizu,
H.Nesumi, K. Nonaka and Y. Ikoma (2014) Expression quantitative
trait loci analysis of carotenoid metabolism-related genes in Citrus.
J. Japan. Soc. Hort. Sci. 83: 32—43.

Teakle,G.R., 1.W.Manfield, J.F.Graham and P.M.Gilmartin (2002)
Arabidopsis thaliana GATA factors: organisation, expression and
DNA-binding characteristics. Plant Mol. Biol. 50: 43-57.

Welsch,R., D.Maass, T.Voegel, D.Dellapenna and P.Beyer (2007)
Transcription factor RAP2.2 and its interacting partner SINAT2:
stable elements in the carotenogenesis of Arabidopsis leaves. Plant
Physiol. 145: 1073-1085.

Welsch,R., F.Wust, C.Bar, S.Al-Babili and P.Beyer (2008) A third
phytoene synthase is devoted to abiotic stress-induced abscisic acid
formation in rice and defines functional diversification of phytoene
synthase genes. Plant Physiol. 147: 367-380.

Wong, J.C., R.J. Lambert, E.T. Wurtzel and T.R. Rocheford (2004) QTL
and candidate genes phytoene synthase and (-carotene desaturase
associated with the accumulation of carotenoids in maize. Theor.
Appl. Genet. 108: 349-359.

Zhang, W. and J. Dubcovsky (2008) Association between allelic varia-
tion at the Phytoene synthase I gene and yellow pigment content in
the wheat grain. Theor. Appl. Genet. 116: 635-645.

Zhang,Z.L., Z.Xie, X.Zou, J. Casaretto, T.H. Ho and Q.J. Shen (2004)
A rice WRKY gene encodes a transcriptional repressor of the gib-
berellin signaling pathway in aleurone cells. Plant Physiol. 134:
1500-1513.

Zheng, L., S.Wang, X.L.Gui, X.B.Chang and Z.H.Gong (2013) A
further analysis of the relationship between yellow ripe-fruit color
and the capsanthin-capsorubin synthase gene in pepper (Capsicum
sp.) indicated a new mutant variant in C. annuum and a tandem re-
peat structure in promoter region. PLoS ONE 8: ¢61996.



