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Anthocyanin accumulation, phenylalanine ammonia-lyase
(PAL) activity and PAL gene expression were examined in
flower buds and irradiated hypocotyls in Pharbitis nil. PAL
activity and transcript levels were correlated with the accu-
mulation of anthocyanin. Both in flower buds and
hypocotyls, transcript levels, PAL activity, and then the
amount of anthocyanin, increased. The PAL transcript was
abundant in flower buds for a few days before flower
opening. But the increase in PAL transcript induced by
irradiation was temporal in hypocotyls. Phytochrome was
shown to be involved in inducing the accumulation of
anthocyanin in hypocotyls. To examine the mechanism
regulating the expression of the PAL gene, the gene was
cloned and sequenced, and the promoter region was
compared with that of other PALs. The gene had two
exons separated by an intron of 989 bp with consensus
sequences at the intron/exon border. The predicted pri-
mary structure of the PAL protein consists of 711 amino
acids. The promoter region was AT-rich and there were
sequences similar to box 1, box 2, an AT-1 binding site and
a G box. The role of PAL in the accumulation of anth-
ocyanin is discussed.
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Anthocyanins are the dominant pigments in plants that
show red, orange, blue and purple colors. The accumula-
tion of anthocyanin is affected by various environmental
factors. The effect of light on the accumulation is well
studied. Light induces the expression of phenylalanine
ammonia-lyase (PAL) and chalcone synthase (CHS) in many
plants (Beggs and Wellmann 1994). Phytochrome, Blue/
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UV-A receptor and UV-B receptor are involved in inducing
the accumulation of anthocyanin (Mohr 1994). The pathway
of anthocyanin biosynthesis is well studied and most of the
enzymes and the genes involved have been characterized.
The fTirst step in the biosynthesis is a reaction by which
phenylalanine is converted to trans-cinnamic acid. This
step is catalyzed by PAL (EC 4.3.1.5). Because of its impor-
fant role in the biosynthesis of flavonoids, lignins and
phytoalexins, PAL and its gene are widely studied (Hahlbrock
and Scheel 1989). The expression of PAL is regulated by
various environmental factors such as light, low temperature,
infection and wounding (Kuhn et al. 1984, Leyva et al. 1995,
Lawton and Lamb 1987).

PAL is encoded by a small multigene family in many plants
(Cramer et al. 1989, Kawamata et al. 1992, Wanner et al.
1995). Each member of the family shows a distinctive
expression pattern. In bean, PAL 71 is expressed in roots,
shoots and leaves, PAL 2 in roots, shoots and petals, and
PAL3 only in roots. PAL 7 and PAL 3 were induced by
fungal infection and PAL 7 and PAL 2 were induced by light.
All three genes are induced by mechanical wounding (Liang
et al. 1989). In parsley, PAL is encoded by a small family of
at least four genes and one of the PAL genes is expressed
in response to UV irradiation and elicitor treatment. The
kinetics of mMRNA expression induced by light is completely
different from that induced by elicitor treatment (Lois et al.
1989). Besides the expression pattern, the promoter region
of the PAL gene is also characterized in several plants.
Sequences such as box1 (box L) and box2 (box P) are
reported to be conserved among promoters of the gene for
the phenylpropanoid pathway (Lois et al. 1989, Ohl et al.
1990, Logemann et al. 1995).

Pharbitis nil (Japanese morning glory), which is a common
garden flower in Japan, has been used for experiments on
flowering (Takimoto and Hamner 1964), flower opening (Kai-
hara and Takimoto 1979) and flower pigmentation (Lu et al.
1991). Several genes involved in anthocyanin biosynthesis
have been cloned by using transposon tagging (Inagaki et al.
1994, Fukada-Tanaka et al. 2000). Here, we examined the
role of PAL in the course of anthocyanin accumulation in
flower development and photo-induction in Pharbitis nil.
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Furthermore, we cloned a PAL gene and compared the
promoter region with that of other PALs.

Materials and Methods

Growth conditions

Seeds of Pharbitis nil Chois. (cv. violet) were imbibed with
distilled water for 24 hr and sown on a filter paper in petri
dishes. The petri dishes were kept in darkness for 48 hr
then seedlings were used in the experiments. Flower buds
were collected from plants grown in the experimental field of
Shinshu University. White light (WL) and red light (R) were
obtained from fluorescent tubes (FL20SD; Toshiba, Tokyo,
Japan). Acryrite No. 102 (Mitsubishi Rayon Co. Ltd., Tokyo,
Japan) was used for the generation of R. Far-red light (FR)
was obtained from fluorescent tubes (FL20SFR74; Toshiba)
with a resin-film filter (IR-1, NEC, Tokyo, Japan). Light
energy was measured with a photodiode (S1406-03;
Hamamatsu TV Co., Hamamatsu, Japan) which was calibrat-
ed with a thermopile (MIR-100Q; Mitsubishi Yuka Co., Tokyo,
Japan).

Quantification of anthocyanin

Anthocyanin was extracted from 10 pieces of hypocotyl or
a bud with 5 ml of 0.5% HCl-methanol. The extract was
centrifuged and the absorbance of the supernatant was
measured with a spectrophotometer (Ubest-30, Japan
Spectroscopic Co., Tokyo). Absorption by chlorophyll was
compensated for using the eguation Asz-0.33XAss; (Man-
cinelli et al. 1975).

Measurement of PAL activity

Proteins were extracted from hypocotyls and flower buds
by grinding fresh tissues in a buffer containing 50 mM Tris-
HCI. (pH 8.0), 1 mM EDTA, 1% sodium isoascorbate and 10%
Polyclar AT (Gokyo-Sangyo Co. Ltd.,, Osaka). The crude
extract was cenftrifuged and the supernatant was loaded
onto a Sephadex G-25 (fine) column. The effluent was
used for measuring PAL activity.

PAL activity was measured in a reaction mixture contain-
ing 10 mM-phenylalanine and 50 mM Tris-HCI (pH 8.5). The
reaction was stopped by adding perchloric acid and the
absorbance at 280 nm was measured with a spectro-
photometer.

RNA gel blot analysis and slot blot analysis

Total RNA was extracted from 10 seedlings by a standard
phenol extraction method. Total RNA (20 g per lane) was
separated on 0.66 M formaldehyde gel and transferred to a
nitrocellulose membrane. The membrane was hybridized
with Dig-labeled probe (Boehringer) overnight at 42 C in the
presence of 50% formamide. cDNA was used as a tem-
plate for preparing the probe. After hybridization, the
membrane was washed twice with 2xSSC, 0.1% SDS and
once with 0.1xSSC, 0.1% SDS for 20 min at 68 C. Signais
were detected by using a Dig nucleic acid detection kit
{Boehringer). For slot blot analysis, total RNA (7 ug for
hypocotyl, 2.5 g for flower bud) was fixed on a nitrocellulose

membrane. Hybridization and washing conditions were the
same as for RNA gel blot analysis.

Cloning and sequencing of cDNA and genomic clones

A cDNA library was constructed using a cDNA synthesis
kit (Pharmacia) and Agtl1 phage vector (Stratagene) accord-
ing to the manufacturer's instructions. A genomic library
was constructed with Sau3Al-partially digested genomic
DNA in ADASH Il (Stratagene) according io the
manufacturer's instructions. The c¢DNA library and the
genomic library (6X10° clones) were screened by using
pPALO2 of sweet potato (Tanaka et al. 1989) as a probe.
Positive cDNA clones were subcloned into pBluescript SK+.
A kit (Stratagene) was used for the mapping of the genomic
clone. A 5.1 Kkbp EcoRl fragment was subcloned in pBiue-
script SK*. A series of deletion fragments to obtain various
sized deletion clones was made using an Exolll exonuclease
deletion kit (Takara). A DNA sequencer model 373S
(Applied Biosystems) was used for sequencing. All cloning
procedures were done by standard methods (Sambrook et al.
1989).

Results

Anthocyanin accumulation, PAL activity and PAL gene
expression in flower buds
Petals of Pharbitis nil accumulate large amounts of anth-
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Fig.1.  Amount of anthocyanin, PAL activity and PAL transcript
in flower buds. A: Flower buds were harvested 1-4 days
before opening and anthocyanin accumulation and PAL
activity were examined. B: Flower buds were harvested 1.
5-4 days before opening and the level of PAL transcript
was examined by slot blot analysis. Plots show the
average value for two experiments. Bars indicate the
maximum and minimum values.
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ocyanin during the development of flowers. First, we
examined the relation between PAL expression and anth-
ocyanin accumulation during flower development. Figure 1
shows the time course of anthocyanin accumulation, PAL
activity and PAL gene expression in flower buds. The
accumulation of anthocyanin in flower buds started 2-3 days
before flower opening. PAL activity started to increase
before anthocyanin was accumulated. Transcript levels of
PAL started to increase 3 days before flower opening and
remained high for more than 24 hr.

Relation between PAL expression and anthocyanin accumu-
lation in hypocotyls

Stem and hypocotyl also accumulate much anthocyanin in
Pharbitis. Next, we examined the relation between PAL
expression and anthocyanin accumulation in hypocotyls (Fig.
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Fig. 2. Amount of anthocyanin, PAL activity and PAL transcript
in hypocotyls. Seedlings grown for 2days in darkness
were irradiated continuously with WL (18 W/m?). A: Anth-
ocyanin accumulation and PAL activity were evaluated at
0-24 hr after the start of irradiation. B: The level of PAL
transcript was determined by slot blot analysis. Plots
show the average value for two experiments. Bars indi-
cate the maximum and minimum values.
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2). Hypocotyls of dark-grown seedlings accumulated small
amounts of anthocyanin but showed relatively strong PAL
activity. WL (16 W/m?) stimulated both anthocyanin accu-
mulation and PAL expression in hypocotyls. The accumula-
tion of anthocyanin started 3-6 hr after the start of irradiation.
The PAL activity increased 0-3 hr and reached a maximum
9 hr after the start of irradiation. The transcript level of the
PAL gene reached a maximum at 2 hr and gradually de-
creased thereafter. After 12 hr, the level of PAL transcript
was reduced although the activity of PAL was still strong.

To determine whether phytochrome is involved in inducing
the accumulation of anthocyanin, we examined R-FR rever-
sibility in the photo-induction of anthocyanin (Fig. 3. Seed-
lings grown for 2 days in darkness were irradiated with R for
5 min or R for 5 min followed by FR for 5 min. R induced the
accumulation of anthocyanin and the effect of R was rever-
sed by FR, showing the involvement of phytochrome.

Structure of the PAL gene

Examining the regulatory mechanism of PAL expression
requires the cloning of the PAL gene. Therefore, we iso-
lated the gene and determined its structure. A genomic
library of Pharbitis nil was screened using a PALO2 clone of
sweet potato as a probe and one clone which is presumed
1o contain the whole coding region was isolated (Fig. 4).
The 5.2 kb EcoRl fragment was subcloned and sequenced
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Fig. 3. R-F reversibility of anthocyanin accumulation.
Seedlings grown for 2 days in darkness were irradiated with
R (1.9 W/m?) and FR (2.6 W/m?) as indicated. Each irradi-
ation lasted 5min. The amount of anthocyanin was
determined at 48 hr after the irradiation. Bars indicate SE
. (h=3).
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Fig. 4. Restriction enzyme map of the PAL gene. A fine line shows the sequenced region.
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exon regions. B: BamH|, E: EcoRl, H: Hindlll, X: Xbal
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attcttggttggatgggaccaaatgtggaaaagaaattgaagttaggcactaattttgtctgaaataaaagtcat
gaatcacatttgtcagegeaagtaaagtc: caaaagtge tcatatctttaattecttatact

g9

ctgaacatgctattgectaattgggatttgagaatttgttaattgagattteggattaggaaatttaattgecey
aattgecagttttggtaatgtecttatagtetgacctaattgtecttatatatatatataactittgrtaggttt

cctecaaaaattgggggecctatgcaatcgeteatgttagacatgetcagaaceggtectgectgtaaacacata
ttatgttottaasatattatgtatatacgttaacaatttatgtgttigtagttaacatatatattatgtgetttt
aaatatatcaactacgaatacataatctaaaaattatttagaccagaatctacaatgtaaagtagacacactagt
caacggtataaattgecctagaehacctigecaacceattcatgectttecattatagtaaagttattitaacaa
box 1
ctactegtiatasaaataatatgttaccasagataaaaatagtaccatagtagtagagatgcaaatccakatata
AT-1 AT-1
ftatataatatatgttgeatgtgatgeecacgtaaggaaatotgagecctgaaat ccatataaaatgaagggeta
AT rich
cgattaaacagecaccaaceeccaattggtecgtotgctaccaatetecttctteteteectetacacctaccta
box 2 box 1
ccaaaaattgeacceattcttagtatctatttataccacacagacacgeattagctaccacaaccaaattaacac
atttctcaatasaattetttattegteecttecogteccecacggccaataactaatatggactcagtgaagety
M D S V KL
cagaataatggccaocaaaatggcttctgcgtcaaggttgatcctttgaactgggaggtggctgccgactcattg
QNNGH QNGFCVEKVDTP S
agggggagccacctggatgaagtgaaagtaatggtggccgagtttaggaagccggcggtgaagctoggcggagag
H D EVEKVMYVAE R K
acgct:cacgqtggctcaggtgqcagctatcgcctcccchacaatgccgtcacgg‘tggagctctccgaggagtcc
TLTVAQVAAIARSRDNAVTVYVETLSTETES
cgcgccggCgttaaggccaqcagtgattgggtgatggatagcatgaacaaagggactgatagctacggcgtcacc
N K T G VT

T GFGATSHRRTIKOQGGATLRQ
introm gL.ttttgaatgctggaatattcggcaatggaacagaatcatgtcacactctt
F NAGIFGNGTESCHTTL
ccccactcaqcaacaagagccgccatgctbgtcagaatcaacacccttcttcaaggatactctggcattagattt
PHSAT M RINTILLOQGY SG F
gaaatc\:tggaagcaatcactaaattgctgaaccawawuLac,u.u_Lguu_gc,(,u,cccgtggcacaatcact
EILEATITU XKILLNHBNITPCLPILRGTTI
gcctccggtgaccttgt:cccgttatoctacattgctggcttgatcaccggccgccccaactccaaggccgtcgga
DLVPLSYIAGLTITGRPNSIE KAV
cccaaoggggagaccct:caaogcagaggaagctctgoggttagccggagtgaacggaggatttttcgagttgcag
PNGETILNAEEALRLAGVNG GGTFFETLQ
cccaaggaaggacttgccctcgttaatgggaccgccgttggttctggcatggcctctat:ggttcttttcgaggct
P KE G L v s GMA S L
aacgttcr.tgcagtgctgtctgaggttctgtcggctatttttgctgaagtcatgaacgggaaaccagaatttacc
NVLAVLSEVLSAIFAEVMNGIE KTEPTETFT
gaccatttgacgcacaagttgaagcatcaccccgggcagattgaagctgctgctattatggaacatattttggac
HLTHEKILI XKHEREPGOQTIEA AAAIMEUHTITLTD
ggcagctcttacgtgaaggcggctcagaagatgcaogaaatggatcctttgcagaaacccaaacaggatcgctat
G s S YwVv Q PLQKPI KODR RY
gccctccgcacttcgccgcaatggctcggccctcagattgaagtcattcgtgctgcaaccaaaatgattgagagg
AL RTSPQWL P Q VIRAATI KMI
gaqatcaactctgtcaaogacaaccctctcatagatgttgccagaagcaaggccttgcacggtggcaacttccag
N 8§ VNDNPTLTIDUYVYARS G F Q
ggtacaccaatcggtgtgtctatgqacaactcaagattagcccttgcatctatcggcaagttgttgtttgcccag
G TPIGV SMDNSRILALA ASI K L Q
ttctctgagcttgtgaacgactattacaacaatgggttgccttctaatctcacagcagggaggaatccaagcttg
F SELVNDYYNDNGLZPSNLTAGR P
gattatggtttcaagggcgctgaaatcgccatggcttcttactgctccgagctgcaattcttggctaatccgg‘tt
L QF aA

DY K E AMAS Y C S E
acta.accatgtccagagtgctgagcagcacaaccaggatgtgaaccccttgggtt:tgatctcagctaggaagact
T H Q EQHNOQDVNSLGLISARIEKT

gctgaagctgtggacgtgttgaaactcatgtcatccacttatctcgtggcgctttgccaagctattgacttgagg
AEAVDVLKLMSSTYLVALCOQATIDTLHR
ttettggaggagaacttgaggaatgetgtgaagaatgcagttacacaggtagctaagaggactetcactatgggt
FLEENVLUPRNAVIENAVTITQVAEKRTILTMG
gctaatggagaacttcatcccqcaaggttttgcgagaaagacttgctccgagtggtggaccgcgaatatgtcttt
A NGEULHUPA ARTF E Y V F
qcatatqccgatgatccctqcagtgctaactacccactgatgcaqaaactccgccaagccctggttgatcacgcc
A Y AD S ANYPLMOQKTILROQALV VDHA
ttgcagaacggggaaagtgagaagaacaccggcacttcaattttcctaa.aggttgcagcttttgaagatgaattg
L QN T $I FLKVAATFE L
aaggctgttctgccaaaagaagttgaggctgcaaggatcgctgtagagagtgggaacccggctattccaaacagg
KAVLPIEKEVEA AABARI S GNP AIPNR R
attaagqaqtgcaggtcttacccattgtacaagtttgttcgtgaaggcctgggcaccgagttgctgaccggagaq
ECRSYPILYK

aaggtcwgtcaccgggcga&gagtgtgacaaggtgt\:cacagctatgtgtgagggaagtatcatagatcctttg
KVRSPGEECDI KV FTAMCEGSGSTITIDTPHL
ctggaatgtcttaagagetgggatggtgctectettectatetgtiagtttatttcaattcattgettattttca
LECLIEKSWDGAPTLTPTIC
atgtaatatatacattttattttatttttctggagttatgctacttggacatgttttggettttogtaaaateca
grfcraarﬂrrffm-maafgrrrrvrrrr-rdranmnfrrrnnm-ararm’nrfrttctgtt@maaagataaa
tgagtaggcactgttgtggaataatctggagatgaatggtctetcatatttaccattcogattgecatgttttca
ggcaaacagaccattcccacatttgeagaggttgaaacaccacttaaagaatgettgeatetgcaaaagtitaty
gttggccageaasacattcecasaatactgaaagagtcattegtctatatatgtcaaagcaaaaggaceettiggt
ctgectaaactaactettttagatggtttgatcatecaatgacectacaagttgatactgtetgegactgatete
aaaatagctgcagttggtctcaagtgtcttagatgtggagegggggetetgatttcacagectact tgaaggete
ccegagaaactegtagetgtaatacaagaaaatggtotgggataatatgatgtggtgttaccaattgttctggea
gtgttgaagtegeacatggageatetgttocctggetggecaaaagtagttetggttgcaggtttgcaaatgact
ctatagtggcagecaattcaggatttggagatgttgecccaaccgetggegaacttactggtgttacttgaggay
aagtttgagacctgcagataactctgacatgactgataatagaggattttgeccgctaaattgeaaggatactga
cgataatggatgaccacctgtttgaggaaccacagattgtaactogggctgtaatataggattaccaaacaatgt
cccactecttggcaageccacagatgatatttgeagattggeagtatgetgaacagetgatgggtgattegttge
atgatccgaatt

Fig. 5. Nucleotide and amino acid sequences of PAL. Sev-
eral consensus sequences in the promoter region, putative
start and stop codons and a putative poly A signal are
underlined. The intron sequence is omitted. Genbank
accession number is AF325496.
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Fig. 6. RNA gel blot of PAL transcript. Seedlings grown for 2
days in darkness were imadiated with WL for 12 hr, then
total RNA was extracted. PAL expression was examined
by RNA gel blot analysis using a cDNA clone as a probe.

(Fig. 5). The clone contained a 1.0 kb promoter region and
the entire coding region. The PAL gene consisted of two
exons and a intron of 989 bp that was inserted between the
2nd and 3rd bases of the Arg'?® codon. The intron was
inserted at the same site as in other plants (Lois et al. 1989,
Minami et al. 1989). There was consensus seguence in the
intron/exon border. Comparing the sequence with sweet
potato PAL and considering the size of the transcript (Fig. 6),
there was only one candidate for the start codon. The
predicted primary structure of the PAL protein had 711 amino
acids and showed high homology with sweet potato PAL
(94% with pPALO2 (M29232) and 87% with PAL 2-
8(D78640). The promoter region was AT-rich. There were
several sequences similar to box1 and box2 which are
conserved among promoters of genes for the phenyl-
propanoid pathway {(Lois et al. 1989, Ohl et al. 1990).
Sequences similar to an AT-1 binding site and a G box were
also found in the promoter region of the Pharbitis PAL gene.

Discussion

The biosynthesis of flavonoids and phenylpropanoids is
regulated by various environmental factors (Kuhn et al. 1984,
Lawton and Lamb 1987) and several regulatory steps are
identified in the biosynthetic pathway. In parsley cells,
enzymes of the general phenylpropanoid pathway are in-
duced by light and fungal elicitors but enzymes of the
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flavonoid pathway are not induced by elicitors (Chappell and
Hahlbrock 1984), suggesting that the regulatory mechanisms
of these two pathways are different. Even in the flavonoid
biosynthetic pathway, the regulatory mechanism in the early
steps is different from that in the late steps (Shirley et al.
1995). Because the mechanism regulating the biosynthesis
of anthocyanin is complicated, PAL activity is not always
correlated with anthocyanin accumulation (Hrazdina and
Parsons 1982, Mohr 1972). In Pharbitis, PAL activity was
correlated with the accumulation of anthocyanin, suggesting
that PAL is a rate limiting enzyme of anthocyanin biosynth-
esis. One exception is that PAL activity was relatively
intense in dark-grown seedlings which contain only a little
anthocyanin. The PAL in dark-grown seedlings may have
other functions such as the supply of lignins to vascular
tissues.

Transcript levels of PAL in flower buds remained 3 to 1.5
days before flower opening. This pattern is different from
that in Antirrhinum in which PAL expression during flower
development is temporal (Jackson et al. 1992). The stability
in the level of transcript may enable Pharbitis flowers to
accumulate large amounts of anthocyanin. On the other
hand, PAL expression induced by irradiation was temporal
and decreased to the control level 12 hr after the start of
iradiation in hypocotyls. Thus, the kinetics of transcription
during flower development was different from that during
light induction. The regulatory mechanism in flower devel-
opment is probably different from that for the induction by
light. Further study is required to determine whether the
difference in mRNA kinetics is due to the stability of PAL
mRNA or to transcriptional activity.

R induced the accumulation of anthocyanin and this
effect was reversed by FR. These results showed that
phytochrome is at least one of the photoreceptors needed
for induction of anthocyanin synthesis. - Preliminary data
showed that continuous WL was more effective than contin-
uous R of similar fluence rate (data not shown), indicating the
involvement of other photosystem(s).

We isolated the PAL gene of Pharbitis nil and determined
its structure. The predicted amino acid sequence had high
similarity to that of other plants. The site of intron insertion
was the same as in other plants (Lois et al. 1989, Minami et
al. 1989). In the promoter region, there were sequences
similar to box 1 and box 2 (Ohl et al. 1990, Logemann et al.
1995). The sequences CCTTACCTTGC and CTACACCTA-
CC are similar to the box 1 sequence (T/C)C(T/C)XC/T)
ACC(T/AACC. The sequence CCACCAACCCCC was simi-
lar to the box 2 sequence (T/CYC/TYA/CYA/CICA/CAA/C)
C(C/AXC/AC. These sequences are conserved within
genes for the phenylpropanoid pathway (Lois et al. 1989, Ohl
et al. 1990). The sequences TATAAAAATAAT and AAT-
AAAATAA were similar to the sequence of the complimen-
tary strand of the AT-1 binding site (AATATTTTTATT). The
AT-1 binding site has a positive role in the expression of the
gene rbeS (Datta and Cashmore 1989, Ueda et al. 1989).
The sequence CCCACGTAAG is similar to the G-box in the
promoter region of Pharbitis PAL. A G-box is found in
several light-regulated genes such as CHS and rbcS as well

as in genes which are not light-regulated (Williams et al.
1992). It remains to be determined whether these
sequences in Pharbitis PAL have similar functions to those
boxes.

PAL constitutes a gene family in most plants and the
expression pattern of each member of the family is different
(Liang et al. 1989). Here, we examined only one PAL gene.
However, there are likely to be other members of the PAL
gene family in Pharbitis. Further studies on the other PAL
species are required to understand the regulatory mecha-
nism of PAL expression in Pharbitis.

We would like to thank Dr. Yoshiyuki Tanaka for providing
a pPALO2 clone of sweet potato.

References

Beggs, C.J. and Wellmann, E. 1994. Photocontrol of
flavonoid biosynthesis. In R.E. Kendrick, and G.H.M.
Kronenberg, eds., Photomorphogenesis in Plants, Ed 2.,
Kiuwer Academic Publishers, Dordrecht, pp. 733-751.

Chappell, J. and Hahlbrock, K. 1984. Transcription of plant
defense genes in response to UV light or fungal elicitor.
Nature 311: 76-78.

Cramer, C.L., Edwards, K., Dron, M,, Liang, X., Dildine, S.L.,
Bolwell,G.P., Dixon, R.A., Lamb, C.J. and Schhuch, W.
1989. Phenylalanine ammonia-lyase gene organiza-
tion and structure. Plant Molec. Biol. 12; 367-383.

Datta, N. and Cashmore, AR. 1989. Binding of a pea
nuclear protein to promoters of certain photoregulated
genes is modulated by phosphorylation. Plant Cell 1:
1069-1077.

Fukada-Tanaka, S., Inagaki, Y., Yamaguchi, T., Naito, S. and
lida, S. 2000. Colour-enhancing protein in blue petals.
Nature 407: 581.

Hahlbrock, K. and Scheel, D. 1989, Physiology and molec-
ular biology of phenylpropanoid metabolism. Annual
Rev. Plant Physiol. 40: 347-369.

Hrazdina, G. and Parsons, G.F. 1982. Induction of
flavonoid synthesizing enzymes by light in etiolated pea
(Pisum sativum cv, Midfreezer) seedlings. Plant
Physiol. 70: 506-510.

Inagaki, Y., Hisatomi, Y., Suzuki, T., Kasahara, K. and lida, S.
1994. Isolation of a Suppressor-mutator/Enhancer-
like transposable element, Tpn 1, from Japanese morn-
ing glory bearing variegated flowers. Plant Cell 6:
375-383.

Jackson, D., Roberts, K. and Martin, C. 1992. Temporal and
spatial control of expression of anthocyanin biosynth-
esis genes in developing flowers of Antirrhinum majus.
Plant J. 2: 425-434,

Kaihara, S. and Takimoto, A. 1979. Environmental factors
controlling the time of flower-opening in Pharbitis nil.
Plant Cell Physiol. 20: 1659-1666.

Kawamata, S., Yamada, T., Tanaka, Y.Sriprasertsak, P.,
Kato, H.,Ichinose, Y., Kato, H., Shiraishi, T. and Oku, H.
1992. Molecular cloning of phenylalanine ammonia-
lyase cDNA from Pisum sativum. Plant Molec. Biol. 20:
167-170.

Kuhn, D.N., Chappell, J., Boudet, A. and Hahlbrock, K. 1984.



328

Induction of phenylalanine ammonia-lyase and 4-
coumarate: CoA ligase mRNAs in cultured plant cells
by UV light or fungal elicitor. Proc. Natl. Acad. Sci.
USA 81: 1102-1106.

Lawton, M.A. and Lamb, C.J. 1987. Transcriptional activa-
tion of plant defense genes by fungal elicitor, wounding
and infection. Molec. Cell Biol. 7: 335-341.

Leyva, A,, Jarillo, J.A., Salinas, J. and Martinez-Zapater, J.M.
1995. Low temperature induces the accumulation of
phenylalanine ammonia-lyase and chalcone synthase
mRNAs of Arabidopsis thaliana in a light-dependent
manner. Plant Physiol. 108: 39-46.

Liang, X., Dron, M., Cramer, C.L., Dixon, R.A. and Lamb, C.J.
1989. Differential regulation of phenylalanine
ammonia-lyase genes during plant development and by
environmental cues. J. Biol. Chem. 264: 14486-14492.

Logemann, E., Parniske, M. and Hahlbrock, K. 1995.
Modes of expression and common structural features of
the complete phenylalanine ammonia-lyase gene family
in parsley. Proc. Natl. Acad. Sci. USA 92: 5905-5909.

Lois, R., Dietrich, A, Hahlbrock, K. and Schulz, W. 1989. A
phenylalanine ammonia-lyase gene from parsley:
structure, regulation and identification of elicitor and
light responsive cis-acting elements. EMBO J. 8:
1641-1648.

Lu, T.S,, Saito, N., Yokoi, M., Shigihara, A. and Honda, T.
1991. An acylated peonidin glucoside in the violet-blue
flowers of Pharbitis nil. Phytochemistry 30: 2387-
2390.

Mangcinelli, A.L., Yang, C.P.H,, Lindquist, P., Anderson, O.R.
and Rabino, I. 1975. Photocontrol of anthocyanin syn-
thesis. lll. The action of streptomycin on the synthesis
of chlorophyll and anthocyanin. Plant Physiol. 55:
251-257.

Minami, E., Ozeki, Y., Matsuoka, M., Koizuka, N. and Tanaka,
Y. 1989. Structure and some characterization of the
gene for phenylalanine ammonia-Ilyase from rice plants.
Eur. J. Biochem. 185: 19-25.

Mohr, H. 1972. Light-mediated flavonoid synthesis: A bio-

A. Nakazawa et al.

chemical model system of differentiation. /n Lectures
on Photomorphogenesis. Springer-Verlag, Berlin, pp.
141-148.

Mohr, H. 1994. Coaction between pigment systems. In
R.E. Kendrick and G.H.M. Kronenberg, eds., Photomor-
phogenesis in Plants, ed 2., Kluwer Academic Pub-
lishers, Dordrecht, pp. 353-373.

Ohl, S., Hedrick, S.A., Choy, J. and Lamb, C.J. 1990. Func-
tional properties of a phenylalanine ammonia-lyase
promoter from Arabidopsis. Plant Cell 2: 837-848.

Shirley, BW., Kubasek, W.L., Storz, G., Bruggemann, E,,
Koornneef, M., Ausubel, FM. and Goodmann, H.M.
1995. Analysis of Arabidopsis mutants deficient in
flavonoid biosynthesis. Plant J. 8; 659-671.

Sambrook, J., Fritsch, E.F. and Maniatis, T. 1989. Molecu-
lar Cloning, a laboratory manual, second edition. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor,
New York.

Takimoto, A. and Hamner, K.C. 1964. Effect of tempera-
ture and preconditioning on photoperiodic response of
Pharbitis nil. Plant Physiol. 39: 1024-1030.

Tanaka, Y., Matsuoka, M., Yamamoto, N., Ohashi, Y., Kano-
Murakami, Y. and Ozeki, Y. 1989. Structure and Char-
acterization of a cDNA clone for phenylalanine ammo-
nia-lyase from cut-injured roots of sweet potato. Plant
Physiol. 90: 1403-14407.

Ueda, T., Pichersky, E., Malik, V.S. and Cashmore, A.R.
1989. Level of expression of the tomato rbcS-3A gene
is modulated by a far upstream promoter element in a
developmentally regulated manner. Plant Cell 1. 217-
227.

Wanner, LA, Li, G., Ware, D., Somssich, L.E. and Davis, K.R.
1995. The phenylalanine ammonia-lyase gene family
in Arabidopsis thafiana. Plant Mol. Biol. 27: 327-338.

Williams, M., Foster, R. and Chua, N.-H. 1992. Sequences
flanking the hexameric G-box core CACGTG affect the
specificity of protein binding. Plant Cell 4: 485-496.

(Received December 7, 2001, accepted May 7, 2007)



