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Abstract

A nearly full-length PAL ¢cDNA clone was isolated from petals of carnation (Dianthus caryo-
phyllus). Northern analysis revealed that the cDNA obtained here as a probe gave a strong signal
corresponding to PAL transcripts prepared from petals, but weak signals in young and old leaves, stems
and toots, The amount of PAL transcripts in petals increased with development from small buds to
opening flowers, along with the accumulation of anthocyanin in petals. This is the first report of a PAL

cDNA clone derived from petals.

Carnation (Dianthus caryophyllus) petals come in
several colors including light pastel, yellow, white,
pink and red. The pink and red pigments in the
petals consist of anthocyanin, which is synthesized
by the phenylpropanoid pathway followed by the
flavonoid (anthocyanin) pathway (Geissmann ef al,
1947; Terahara et al., 1986; Forkmann et al., 1995).

Most molecular biological analyses on antho-
cyanin pigmentation in petals have focused on the
genes encoding enzymes involved in the flavonoid
pathway, e.g., chalcone synthase (CHS), flavanone
3- hydroxylase, dihidrofravenol 3-reductase, antho-
cyanindin synthase, and UDP - glucosyltransferases
(reviewed by Van Tunen and Mol, 1991). Some of
the transcription regulatory factors in the gene
expression of the above enzymes have been iden-
tified (Avila et al, 1993; de Vetten et al, 1997,
Uimari and Strommer 1997; Elomaa et al, 1998;
Quattrocchio et al., 1998, 1999). Molecular engi-
neering to obtain new coloration in petals has made
use of sense and anti-sense technology with the
genes involved in the flavonoid pathway (van der
Krol et al., 1988; Courtney - Gutterson 1994; Gutter-
son, 1995; Mol et al., 1995). Little attention, how-
ever, has been paid to the expression of genes of
enzymes involved in the phenylpropanoid pathway
during the development of petal colors. Clearly, an
increase in the activity of enzymes involved in the
phenylpropanoid pathway is needed to supply p-
coumaroyl- CoA, which is an important substrate of

CHS, the first enzyme of the flavonoid pathway
(Hahlbrock et al., 1989). The gene expression of
these enzymes during the pigmentation by antho-
cyanin in petals should be examined.

Because the induction of phenylalanine ammonia
-lyase (PAL) gene expression plays an important
role in defense response, recent approaches to in-
vestigate the expression have focused on the induc-
tion by environmental stresses. Most cDNAs for
PAL have been obtained from elicitor-treated, in-
jured, or ultraviolet (UV) light exposed cells, organs
and tissues (reviewed by Hahlbrock ez al, 1989;
Lamb, 1994). There has been no report of PAL
cDNA cloning from petals. As a first step in study-
ing the role of the phenylpropanoid pathway in
petals accumulating anthocyanin, a cDNA for PAL
transcribed in carnation petals was obtained and the
expression patterns of the PAL transcripts
corresponding to a PAL cDNA obtained here were
examined.

To prepare of cDNA libraries, total RNA was
extracted from 5 g fresh weight of petals of carna-
tion (Dianthus caryophyllus cv. Symphony Rose) at
stage 3 (see Fig. 5 A) using a modified phenol
method followed by CsCl-ultracentrifugation (Oze-
ki et al., 1990). Poly(A)" RNA was prepared from
total RNA using oligotex-dT30 <Super>(TaKaRa,
Otsu) as described in the manual from the supplier.

A cDNA library was constructed in 2 ZAPII using
ZAP-cDNA Synthesis Kit (Stratagene, La Jolla).
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The phage clones containing cDNAs for PAL were
screened using carrot PAL cDNA (Ozeki et al,
1990) as a probe. To determine the double strand
nucleotide sequence, deletion mutants were pre-
pared by Exonuclease III/ mung bean nuclease
digestion. The nucleotide sequences were deter-
mined using an automated DNA sequencer (LI-
COR model 4000).

The genomic DNA was prepared from leaves of
carnation using the CTAB method (Murray and
Thompson 1980). Bglll-, EcoRI- and HindIII-
digested genomic DNAs (4 1 g each) were separated
by 0.8 % agarose gel electrophoresis and stained
with ethidium bromide to visualize a molecular
weight marker. The DNAs were blotted and fixed
on a nylon membrane filter then hybridized with the
%P-labeled PAL cDNA of carnation at 60 °C. The
filter was washed twice at room temperature with 2
x 85C, 0.5% SDS solution for 15 min, then twice at
room temperature with 0.5 x SSC, 0.1% SDS for 10
min, and finally twice at 55°C in 0.5 x SSC, 0.1%
SDS for 30 min. The filters were then exposed to X
-ray film (Kodak) at - 80 °C.

Total RNA (20 xg) was prepared using a modi-
fied phenol method and separated by a 1.5% formal-

dehyde-denaturing agarose gel electrophoresis and
stained with ethidium bromide to visualize ribo-
somal RNA. RNA was blotted and fixed on a nylon
membrane filter then hybridized with the 32P-
labeled PAL cDNA of carnation at 65 °C. The filters
were washed twice at room temperature with 2 x
S8C, 0.5% SDS solution for 15 min, then twice at
room temperature with 0.1 x SSC, 0.1% SDS for 10
min, and finally twice at 65 °C with 0.1 x SSC, 0.1%
SDS for 30 min. The filters were then exposed to X
-ray film at - 80 °C.

Anthocyanin was extracted from fresh tissues (0.1
to 0.5 g) using methanol (1 m!) containing 1% HCI
in the dark at 4 °C overnight. The absorbance of the
extract was measured at 530 nm and the amount of
anthocyanin was presented as A.y, per gram tissue
fresh weight.

One positive clone for carrot PAL cDNA as a
probe under the mild hybridization condition
(hybridization at 55 °C, final wash at 55 °C with 0.5 x
SSC) was obtained from 2.2 x 10° independent
phage clones of the carnation cDNA library. The
clone was 2090 bp long (DDBJ accession number
ABO041361) and encoded a 618-amino acid poly-
peptide (Fig.1). The ¢cDNA displayed 73.4% simi-

1 GGATRAGTATGAATAAAGGGACAGATAGTTATGGTGTAACTACTGGETTTGGTGOCACTTCTCACCGTAGAACT AAGCAAGGTCGTGCTCTTCARAAGGAACTCATTAGATTCTTGARCGC 120
b s MNZXGTDS Y GV TTGT ¥ ¢ ATSHRTP RTTIEKTPGS G ATZLT OTZ XTETLTT®RTFTLTN A

121  TGGAGTTTTCGGCAATGGAACAGARACAAGCCACACATTGCCACACACGGCATCAAGCGCEGCAATGTTGGTTAGRATTAACACCCTTCTAC ARGGETACTCCGGTATTCOTTGGEARAT 240
G VFGWNGTETSUHTILPHTAST RAA AMTELTYH®RTINTTULULGOTGT Y S$ GG IRUWETI

241  CCTCGAAGCGATCACTAGCCTCCTIAACCACGACGTCACTCCTTGCCTICCTC TECGCGGARCAATCACTGCGTCAGGTGACTTGGTCCCGE TTTCCTACATTGCTGGGCTTITAACTGE 360
L EAITS$SLLNHODV VT TZ®PCTLZ ELZRSGTTITA AT SGDTILV P PIL S Y IAGTELTELTG

361  CAGGCCCAACGCCAARGCUGCGGGOCCCARCGGTGAGATCCTCACCCCTGAGGAAGCE PTICAAGGCCGCCANARTTGAGTCCCCATT T TTGAGC TCCAGCCTAAGCAGEGACTTGCGAT 480
RPNAZKAAMGEPWGETIILT® ATETEA AMTFTE KA ADSTE KTITET ST PTFTFETLG OT?ETETGTA M

481  GGTGARCGGTACTGLCCTCCEETCAGGCATGGCCTCGAT TGTCCTC TACGAAGCEAACATTT TAGCTCTTCTGGC THAGGTCATATCAGCAGTGTTTGCTGARGT TATGARCGGARAACE 600
vV NGTAV GS GMASTIUVILYTEATSNTITLAVYVTLELUWATETVYTISUATVTATETUVYVMUN EGTZX P

601  CGAGTTCACGGACCACTTGACCCACAAATTGARGCACCACCCAGETCARATTGAGGC TGCTGCAATARTGGAGCATATATTAGATGGAAGC TCETACATGARRGCGGCCARGGAGTTACA 720
EF T™oDHTLTHZ KTULIXHET®P G Q I EAAATIMMETEHTITULODGTESSTYMTES ASDSTE KTETLH

721  CGARATGGATCCGCTCCAGAAGCCTAAGCAGGATAGGTATGCCCTGAGGACGTCGCCACAGTGCGTTGGECCACARAT TGAGGTCATTCGTTGGGCGACTARGTCCATCGAGCGTGAGAT 840
EMDPLQEKZPZXOQDRYALTZ RTSZPOQCV GP $IEUVTIRTWA ATTETESETITETRTET

841 TAACTCTGTCAACGATAATCCICTTATTGATGITTCTCGTAACAAGGCC TTGCACGETEGGAACTTCCAGGETACGCCCATTGRAGTE TCCATGEATARTACCOGTTTAGCTATTTCCGC 960
sV NDUNPLTIDVSRUNZKXKATLTESEGSGDNTFOQGTTPTIGTYVSUMMODONTTRTIELATS a

261 TATTGGGARGCTGTTGT TTGCECAGTTCTCTGAACTAGT TAACGACTTTTACAACAATGGTCTGCC ATCARACTTGACTGCAAGCCGAGACCCTAGCTTGEACTATGGTTTCARRGETGE 1080
1 &¢kKLLFAQTFSETLVUNDTFZ YUND NSO GTLTP?SDNTILTAS ST RTDTEPSLDGYGTTZEKG &

1081  GGAAATCGCTATGGCATCTTACTGTTCTGAGCTTCAGTTI TTGGGGAACCCTGTGACGAACCATGT GCAGAGCGCTGAACARCATAACCAGGACGTCARCTCTTTGGGACTCATCTCTEC 1200
EI AMASYCCSELS QTFTLGNT PV TNUHVY QS AEGQTI HTSN ¥OQDUTVHNTSTGTILTI S A

1201  GCETAAGACATTTGAGGCGGTCGAGATTCTGARAC TCATGTCGTCCACCTTCC TTGTCGCTCTCTGCCAGECAGTCEACCTGAGE CACATCCAGGAGAACC TTC AGAGCGCGGTGARARA 1320
R XKTFZEAVETILILTZ KTLMSSTTFTLVALT CECO QAT YT DTILTZ RETIL IETETNTLTG SR AT YEN

1321 CACAGTGAGCCAAGTCTGCAAACGGGTCC TGATCACTGGLGTAARAGGGGAGCTTCACCCAGGACGATTCTGCGAGAAGCATCTEATCAGAGTGETCEAGAGAGAGCACGTCTTCACCTA 1440
T V5 9QVCKRVYLITGVYZ EKGETLTEHTPGRTFTCETZ KT DTILTITZRVYTYET RTETETYTFTY

1441 CGCAGACGACCCCTGCAGCTCARCCTACCCACTACTCCARAAGCTCCGACAAGTCOTCGTGGACCARGC TCTCE TAAATGEAGACGCCGAGAACGTCACARCCACTTCCATCTCCCAARA 1560
ADD®PCS ST ZY¥YPLLOQEKTLE RO QVDLVYDO QALTYVUYNT GD ATETE KTV ATT STISE EOQEK

1361  GATTGGTGCGTTCGAAGAAGAGCTCARGECACGECTCCC TAAGGARATCGAGGCTGTC ACATGCGCAGTGEAGAACGGTTCTGC TACAATCCCARRCAGAATCAARGAGTECAGCTCTTA 1680
I GAF EEETLTZKARTILT EPZXETILITES AVI RTCAVYVTETNSGS ATTITPUNTZ RTITIEKTETECT RUGSY

1681 CCCGCTGTACAAGTTCGTGAGGGAAGTGCTTAAGACCGACTTGTTGACAGGCGACGGAGTAAGGTCACCAGGTGAGGAAAT CGACAAGETGTTC ACGGCACTTAACGAAGGGAAGATAGT 1800
PLYEKTFUVREVYVLZXTODULTLTGETGVERSTPGETETITDTEKT YT FTA ATLTTNTETGTEKTI V

1801 CGATCCTCTACTGGAGTGICTTCAGGAGTEGAATGGTGCTCCTCTACCAATTTGTTGATAACAGCTTACAGTEGCCTTATATTG TG TTACTACAGACTACAGTAATATGTTTAAPTTTCT 1920

b ? L LECLQEUWINTG® ATPTLTPTIC *
1920 CAGARCTAATGTTGTTCAGARATTGT TTTTG TTTTATCARACTGTGT TTAGAGTACTGEGACTGTTTT T TG TG T TTATG TTT TG TG T TG TTAAT G TAATCATCATATGTTTATTTTTTGA 2040
2041 AATGAGAAATTAAAGTCATCTATAAAAATAAAAAAAAAAAARAAAAARAL 2090

Fig. 1. The nucleotide and deduced amino acid sequences of the PAL cDNA obtained from
Dianthus caryophyllus (carnation).



larity to carrot PAL cDNA (Ozeki et al., 1990), but
was not full-length. In comparison with the other
PAL cDNAs previously reported, this cDNA might
lack longer than 200 bp of the 5” end.

A phylogenetic relationship of Dianthus and
previously reported 30 PAL genes was inferred
using the PROTDIST, NEIGHBOR, SEQBOOT,
and CONSENSE programs in the PHYLIP version
3.572¢ software package (Felsenstein, 1995). Nu-
cleotide sequences of these PAL genes were aligned
using the program CLUSTAL W (Thompson et al.,
1994). Gap positions were removed, and the evolu-
tionary distances were calculated using the 1787
nucleotides with the program PROTDIST under the

100 Nicotiana tabacum palB [AB008200C] -
100 Lycopersicon esculentum PALS [M90692]

93 L Nicotiana tabacum PAL [X78269]
Ipomoea bataras PAL [D78640)
Ipomoea batatas PAL [M29232]

60‘_°°_F
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Dayhoff and PAM matrix model (Dayhoff, 1978).
The gene tree was constructed with the Neighbor-
Joining method (Saitou and Nei, 1987) by the
NEIGHBOR program. Statistical support for inter-
nal branches was estimated by bootstrap analysis
with 100 replications using the SEQBOOT and
CONSENSE programs. The PAL gene tree shows
that PAL genes are not extensively duplicated
during the course of seed plant evolution, and that
Dianthus caryophyllus PAL gene is orthologous to
other seed plant PAL genes (Fig.2).

Genomic DNA from leaf tissue of carnation was
digested with restriction endonucleases, BglII,
HindIIl and EcoRl, all which do not digest the PAL

Solanaceae

Convolvulaceae

Digitalis lanata PAL [AJ002221] -— ~ Scrophulariaceae
100 — Lithospermum erythrorhizon PAL [D83076] —_— Boraginaceze
L Lithospermum erythrorhizon PAL [D83075] _—
100 Petroselimmr crispum PAL2 [X81158] —
100 Petroselinum crispum PAL3 [X81159] :l Apiaceae
& Daucus carota gDePAI L [D85850] _
Camellia sinensis PAL [D26596] ———- ———— —— Theacea¢
73 Trifolinm subterraneum PALI [MS1 192}
i 100 -l:Medicagu sativa PAL [X58180}
100 L Pisum sativum PAL [D10001] Fabaceae
190 Glycine max PALI [X52953]
58 % Stvlosanthes humilis PAL17.1 [L36822] -
| L Prunus avium PAIL1 [AF036948] — - -— Rosaceae

Popuius tricocarpa x Populus delioides PAL [L11747]

100 :
50 Populus kitakamiensis palgl [D30656]

j Salicaceae

100 Citrus limon pal6 [U43338] e — "~ Rutaceae
__|7 Populus kitakemiensis palg2b [D43802] —— — Salicaceae
Persea americana PAL [U16130] - ———— —— Lauraceae
7 Egnrhus caryophyllus PAL |[AB041361] | — — rc:tryophyllaé;‘{
100 Arabidopsis thaliana PAL [L33677] —
2 Arabidopsis thaliona PAL2 [L33678] Brassicaceae
? Arabidopsis thaliana PAL3 [L33679]
Bromheadia finlaysoniana PAL [X99997] —- »~——— ~— Orchidaceae
100 JI Oryza sativa PAL [X16099]777 : Poaceae

Oryza sativa PALZBS [X87946]

— Pinaceae

Pinus weda IpPAL [U39792]

3 Il
— 1

0.1

Fig. 2 A Neighbor- Joining tree of 31 seed plant PAL genes with nucleotide sequences. The
1787 nucleotides corresponding to positions 1 to 136, 151 to 288, 292 to 436, 443 to 1331,
1333 to 1341, 1344 to 1360, 1375 to 1387, 1395 to 1516, 1521 to 1529, 1534 to 1536,
1539 to 1542, 1548 to 1577, 1579 to 1599, 1602 to 1621, 1623 to 1645, 1647 to 1698,
1702 to 1840, 1842 to 1855 in the Dianthus caryophyllus PAL cDNA coordinates (Fig. 1)
were used to calculate the evolutionary distances. Bootstrap values are indicated for
branches supported by more than 50% of 100 bootstrap replicates. The conifer Pinus taeda
PAL gene is used as an outgroup. The scale bar corresponds to 0.1 amino acid substitution
per residue. Accession numbers in the databases are shown in parenthesis.
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— 941
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— 2.32
— 2.03

— 0.57

Fig. 3. Genomic southern blot hybridization of carna-
tion with the PAL cDNA probe. The genomic
DNA (4 1 g each) of carnation was digested with
various endnucleases and separated by 0.8 %
agarose gel electrophoresis, The DNAs were
blotted on a nylon membrane filter then
hybridized with the *P-labeled PAL cDNA as
a probe. Lane Bg, Bglll; E, EcoRI; H, HindIIl

PAL

Fig. 4. Northern blot analysis of PAL mRNA expres-
sion in organs. 1, young leaves; 2, old leaves; 3,
stems; 4, roots; 5, petals. RNA (20 upg) was
loaded onto the gel and hybridization was
carried out using PAL ¢DNA obtained in this
work as a probe. Control shows 258 ribosomal
RNA stained by ethidium bromide before blott-
ing.

cDNA of carnation, and analyzed by southern
blotting under the mild hybridization condition
(Fig.3). PAL genes have been known to comprise a
small multi-gene family in several plant species
(Cramer et al., 1989; Ohl et al.,1990; Logemann et
al,, 1995; Fukasawa- Akada et al., 1996). Southern
hybridization patterns (Fig. 3) suggested that carna-
tion has at least five PAL genes as a multi- gene
family, because at least five bands with strong
signal strength were observed on the lane of EcoRl
digested genomic DNA and more than five bands
with various signal strength were done on that of
Bglll or HindIll digested one.

To analyze the expression of the PAL gene
corresponding to the cDNA obtained here, PAL
transcripts were detected in young leaves, old
leaves, stems, roots and petals by northern hybrid-
ization using the cDNA as a probe under the strin-
gent condition (Fig. 4). A strong signal
corresponding to PAL transcripts prepared from
petals was observed, but only weak signals from
young and old leaves, stems and roots.

During flower development in carnation, antho-
cyanin is not synthesized in petals of young buds
(Fig. 5A and B, stage 1 and 2). It is, however,
rapidly accumulated in mature buds up until the
flowers open (Fig. SA and B, stage 3-5). At stage
1, the PAL transcripts were almost undetectable
(Fig. § C). Nevertheless, the PAL gene expression
level increased gradually from stage 2 o 5, along
with the amount of anthocyanin in petals.

These expression patterns suggested that the PAL
c¢DNA obtained here is involved in the petal-spe-
cific expression in carnation. The importance of
genetic manipulation of the phenylpropanoid path-
way has been proposed to improve the defense
responses via the production of phytoalaxins (Dixon
et al., 1996, 1998). Much attention should be paid to
the expression ofgenes of the enzymes involved in
the phenylpropanoid pathway in flowers, as well as
those of the flavonoid pathway. Metabolic engineer-
ing of the phenylpropanoid pathway in flowers will
give us novel tints and tones of petal colors.
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