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for the accumulation of chs mRNA suggest that GA induces
the anthocyanin biosynthetic genes indirectly. In the hier-
archy of control steps, GA may first induce the production
of one or more regulatory proteins that subsequently acti-
vate transcription of the anthocyanin biosynthetic genes.
All anthocyanin biosynthetic genes that have been ana-
lyzed are transiently expressed during corolla develop-
ment (Van Tunen et al., 1988; Beld et al., 1989; Koes et al.,
1989; Weiss et al., 1993; Kroon et al., 1994). The cause of the
decline in expression at the beginning of anthesis is un-
known (Koes et al., 1989). It could be due to a reduced level
of GA that has been observed in other species (Pharis and
King, 1985). However, in petunia the application of GA,
does not prevent the decline (Weiss et al., 1992). Either the
tissue becomes insensitive to GA at later developmental
stages or GA is counteracted by an antagonist, for example
ABA.

Until now we have studied corolla maturation using
GA;. However, the endogenous GAs of corollas and an-
thers have not been identified. Here we describe the iden-
tification of GA,, GA,, and GA, in both tissues. All three
GAs stimulate the accumulation of anthocyanins and the
induction of chs transcription in a manner similar to that of
GA;. We also show that ABA inhibits all GA-induced
processes, including corolla elongation, anthocyanin accu-
mulation, and cks transcription. These results provide fur-
ther evidence for a crucial role of GA in the development
and pigmentation of corollas.

MATERIALS AND METHODS
In Vitro Culture Conditions of Flower Tissue

For all our studies we used the Petunia hybrida line VR.
The plants were grown under normal greenhouse condi-
tions. For the in vitro culture system corollas were de-
tached from young flower buds at developmental stage 3
(Weiss and Halevy, 1989; Weiss et al., 1992). These corollas
are between 1.3 to 1.7 cm long, which is about 15 to 20% of
the final size, and are mostly green except for the veins that
contain some anthocyanins. For each assay, 10 detached
corollas were placed in a glass test tube containing 5 mL of
a 150-mM Suc solution, pH 5.5 (Weiss and Halevy, 1989),
supplemented with the plant hormones, as indicated in the
figures. When intact flowers were used, the buds were cut
from the plant approximately 1 cm below the sepals and
placed in a Petri dish containing 150 mM Suc and the
appropriate hormones. For some experiments it was nec-
essary to make a small longitudinal incision at the base of
the corolla tube through which the anthers were carefully
removed from the flower buds. Both detached corollas and
complete or emasculated flower buds were incubated at
23°C under constant light from cool-white fluorescent
lamps with a PPFD of 80 pmol m™? s™! for the times
indicated in the figures.

Expression of Anthocyanin Biosynthetic Genes

Pigmentation of corollas was quantified by measuring
the amount of anthocyanins as described previously (Weiss
and Halevy, 1989). To measure mRNA accumulation, RNA
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was extracted after the time periods indicated ir the figure
legends and analyzed on northern blots (Van Tunen et al.,
1988). From each sample 10 pg of total RNA was size-
fractionated on a formaldehyde agarose gel, after which the
gel was briefly stained with ethidium bromide and photo-
graphed in order to be able to normalize for slight loading
differences. The RNA was blotted onto Hybond-N" filters
(Amersham, Buckinghamshire, UK) and hybridized with
%2P-labeled full-size petunia cDNA probes for chs (Koes et
al., 1986), chi (Van Tunen et al., 1988), dfr (Beld et al., 1989),
or rt (Kroon et al., 1994).

To demonstrate the effect of GAs and ABA on the acti-
vation of the chsA promoter, corollas were used from a P.
hybrida VR transgenic plant that contained a chimneric trans-
gene consisting of a 2400-bp chsA promoter fragment fused
to the uidA coding region (gusA) (Van der Meer et al., 1990).
Corolla tissue was treated as described above and GUS
expression was determined by measuring GUS enzyme
activity according to described protocols (Jefferson, 1987;
Weiss et al., 1992).

Chemicals

ABA, GA;, and methyl ester derivatives of GA; and GA,
were purchased from Sigma. GA; was purified from a GA;
preparation (Sigma) containing less than 1% GA, using
HPLC. GA, was purified from a GA,,, mixture obtained
from ICI (Yolding, UK). GA, and GA, were gifts from ICI.

Identification and Quantification of Endogenous GAs in
Corollas and Anthers

Endogenous GAs were identified and quantified accord-
ing to the protocol of Croker et al. (1990) with some mod-
ifications. Briefly, corollas and anthers, approximately 10 g
each, from flowers at stage 3 of their development were
ground in liquid N, and homogenized in 150 mL of 80%
MeOH together with [PH,IGA,, [PH,IGA,, and [PH,IGA,
(100 ng of each) (L.N. Mander, Research School of Chem-
istry, Canberra, Australia) for quantification of their endo-
genous levels. The homogenate was stirred overnight at
4°C. After centrifugation and filtration, the residue was
extracted ultrasonically for 1 h in 100 mL of &0% MeOH.
The MeOH was removed under reduced pressire at 40°C.
The aqueous residue was adjusted to pH 7.5 and washed
with light petroleum. It was then filtered through a PVP
column (about 1 g) prewashed with 2 X 2.5 mL water
(adjusted to pH 8 by adding KOH). The eluate was ad-
justed to pH 2.5 with 6 N HCl and partitioned against ethyl
acetate (3 X one-fifth volume). The combined aqueous
phases were acidified to pH 3.0 with 6 N HCI, partitioned
against diethyl ether (3 X equal one-third volume), and
subsequently dried at 30°C. The residue was applied onto
a QAE Sephadex A-25 (Pharmacia) anion-exchange column
(5 cm long, 1 cm i.d.), which was equilibrated with 1%
sodium formate, pH 8.0, in four portions of 10 raL of water.
The column was washed with 3 X 5 mL water and the GAs
were eluted with 4 X 5 mL 0.2 M formic acid onto a
pre-equilibrated C,4 Sep-Pak cartridge (Waters Associates,
Milford, MA). After washing with a mixture of 2 mm acetic
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acid and 1% MeOH (2 X 5 mL), the GAs were eluted with
5 mL of 80% MeOH. The sample was dried in vacuo at
40°C and resuspended in an appropriate volume for HPLC
analysis.

GAs were fractionated by reversed-phase HPLC, using a
250 X 10 mm column packed with Chompher Cq
(Chrompack, Bergen op Zoom, The Netherlands) and a
linear gradient of increasing MeOH concentration in 0.01%
acetic acid (10-70% MeOH over 25 min) at a flow rate of 4
mL/min. Samples were dissolved in 300 uL. of MeOH and
water was added to a final volume of 1 mL and injected
onto the column using a 1-mL loop. Fractions of 12 mL
were collected and dried. Fractions were treated with an
excess of ethereal diazomethane and fractionated once
more using the same reversed-phase HPLC system and
MeOH gradient. Putative methyl ester derivatives of GA;-
containing fractions were collected and dried and methyl-
silylated with 15 uL of Deriva-Sil (Chrompack) at 20°C for
10 min. GA measurements were done on a Hewlett-Pack-
ard GC-MS system. Four- to 5-uL. samples were injected
splitless into a Hewlett-Packard Ultra-1 fused silica capil-
lary column (cross-linked methyl silicone; 25 m X 0.2 mm
X 0.33 um film thickness) at an oven temperature of 70°C.
After 2 min the temperature was increased to 250°C at
30°C/min, and next to 310°C at 2.5°C/min. The tempera-
tures of the injector and interface were 275°C and 310°C,
respectively. Mass spectra were acquired after 13 min, full
scan from 600 to 200, or using selected ion monitoring. For
GA identification, the KRI values were determined with a
paraffin series for the Ultra-1 column. The spectra were
compared to pure standards or to published spectra
(Gaskin and MacMillan, 1991). For quantification, cor-
rected calibration curves were made for each GA by iso-
tope dilution analysis (Hedden, 1987). After a correction
for the contribution of the natural isotopes (14.6% in ion
508 for GA; methylester-trimethylsilyl; 6.8% in ion 420 for
GA, methylester-trimethylsilyl; and 5.1% in ion 300 for
GA, methylester), the peak area ratios were entered into
the calibration curves and endogenous amounts were cal-
culated.

RESULTS
Endogenous GAs in Corollas and Anthers

Corollas, in which the anthocyanin biosynthetic genes
were expressed (stage 3), and anthers were analyzed for the
presence of the endogenous GAs listed in Table I by the
method of Croker et al. (1990) (see “Materials and Meth-
ods”). Both corollas and anthers contain detectable
amounts of GA;, GA,, and GA,, although the levels in
corollas were higher than in anthers. In both tissues GA,
was the most abundant GA. The level in corollas (21.5ng/g
fresh weight) was 5- to 6-fold higher than that of GA; and
about 9-fold higher than that of GA,, which is a precursor
of GA,.

Different GAs Induce chs Expression

Previously, we used GA; to study induction of corolla
pigmentation. To determine whether the native GAs are
also able to induce pigmentation, the effect of GA,, GA,,

GA,, and GA, on the accumulation of chs mRNA and on
the activation of a petunia chs promoter was determined.
Detached corollas were grown in Suc medium containing
one of the GAs mentioned at a concentration of 107> M for
24 h and then analyzed for chs RNA accumulation. Figure
1A shows that all four GAs stimulated chs expression about
as strongly as GA;. Even GA,, which lacks both 38 and
13B-hydroxyl groups and is inactive by itself in most sys-
tems, was active. This may indicate that corollas contain a
3B-hydroxylase that converts GA, into the bioactive GA,
or, in conjunction with 13a-hydroxylase, into GA, via GA,,
(Junttila et al., 1992). We also tested the GAs at a 100-fold
lower concentration (1077 m). Figure 1B shows that the
accumulation of anthocyanin by GA, was approximately
20% higher than that by the other GAs. Because GA, is
most abundant (Table I), this result may indicate that in
corollas GA, is the main bioactive GA. At a concentration
of 107° M, GA, induces chs mRNA accumulation slightly
less than GA; (Fig. 1A). Since GA; and GA, activate the
chsA promoter equally (Fig. 1D), GA, seems to increase the
stability of the chs mRNA. Both GAs are present in corollas
and it is therefore possible that they have distinct roles in
gene expression and in the synthesis and accumulation of
anthocyanins.

To demonstrate the specificity of the GAs on anthocya-
nin biosynthetic gene expression, the methyl ester deriva-
tives of GA,; and GA, were tested for their ability to stim-
ulate chs mRNA accumulation. The RNA blot in Figure 1C
shows that the methyl ester derivatives of GA; and GA,
hardly stimulated chs expression. Moreover, methyl ester
derivatives of GA; or GA, did not inhibit the activity of
GA; or GA,, even though the concentrations were 10-fold
higher.

We previously showed that GA; stimulates chs expres-
sion at the level of transcription (Weiss et al., 1992). To test
whether all bioactive GAs stimulate gene expression tran-
scriptionally, corollas from a transgenic petunia containing
a 2400-bp chs promoter fragment controlling the uidA
(gusA) coding region (Van der Meer et al., 1990) were
incubated in Suc medium in the presence or absence of the
different GAs. After 48 h of incubation a protein extract
was made and the GUS enzyme activity was measured
(Jefferson, 1987). Figure 1D shows that, as expected, Suc
alone did not induce uidA expression. At a concentration of
1075 M, all GAs, including GA,, stimulated GUS expression
to a similar extent. On average, the stimulation in the
GA-treated corollas was about 20-fold higher than in Suc-
treated corollas.

GA; Induces EBGs and LBGs with Similar Kinetics

The analysis of mutants of P. hybrida and Antirrhinum
majus affected in regulating pigmentation indicates that the
anthocyanin biosynthetic genes can be divided into two
classes and that each class is likely to be controlled by
different regulatory proteins. In petunia, chs, chi, and f3h
are EBGs, and dfr, as (ant17), uf3gt, and rt belong to the
LBGs (Fig. 2A). Expression of the LBGs is controlled by the
regulatory loci Anl, An2, and Anll, whereas that of the
EBGs is not (Van Tunen and Mol, 1990; Martin et al., 1991;
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essential to perform feeding experiments with radiolabeled
GAs followed by the identification of GA metabolites at
different time points and in different organs of the flower.

The GA methyl ester derivatives had a very low activity
in inducing chs expression (Fig. 1C). Moreover, the methyl
ester derivatives for GA; and GA, were not able to inhibit
the corresponding active GA, even at a 10-fold higher
concentration, which suggests that they do not compete for
binding to the same target protein or receptor (Hooley et
al., 1993; Gilroy and Jones, 1994). Also, in other systems in
which the role of GA is evident, methy!l ester derivatives of
GA; and GA, are poor activators and do not inhibit the
native GAs (Beale et al.,, 1985; Smith et al., 1993). This
shows the specificity and selectivity of the bioactive GAs in
vivo. :

Anthocyanins are synthesized by the flavonoid pathway,
a branch of the general phenylpropanoid pathway. The
EBGs (chs, chi, and f3h) and the LBGs (dfr, as, ufgt [UDP-
Glc:flavonoid O-glucosyltransferasel, rt, act [anthocyanin
acyl transferasel, amt [anthocyanin methyltransferase]) of
the flavonoid pathway of petunia are regulated by differ-
ent transcriptional activators (Beld et al., 1989; Martin and
Gerats, 1993; Quattrocchio et al., 1993) (Fig. 2A). Comple-
mentation experiments with petunia mutants affected in
the regulation of the LBGs (Quattrocchio et al., 1993) and
studies in Zea mays and A. majus indicate that some of the
regulatory proteins belong to myb- and myc-type transcrip-
tion factors (Dooner et al., 1991). To coordinately activate
all biosynthetic genes, the different regulators need to act
in concert, which might be governed by a common signal.
GA seems to be a good candidate to fulfill this function,
since it induces members of the EBGs and LBGs with
similar kinetics (Fig. 2B). The prediction is that there are
GA-inducible transcriptional regulators in flowers. Indeed,
we have identified several myb-type genes whose expres-
sion in flowers is induced by GA before that of the antho-
cyanin biosynthetic genes (L. Mur, C. Spelt, ].M. Kooter,
unpublished results). The products of these early GA-in-
duced myb genes are putative candidates to cooperate with
other transcriptional regulators in the control of anthocya-
nin biosynthetic gene expression.

ABA strongly inhibited pigmentation not only of de-
tached corollas in the in vitro culture system (Fig. 3A) but
also of intact flower buds (Fig. 4A). This strongly supports
the hypothesis that the anthers stimulate corolla elongation
and pigmentation by means of GA. GA has also been
shown to be responsible for inducing the synthesis of car-
otenoid pigments and of a chromoplast-specific protein in
flowers of cucumber, processes that are also inhibited by
ABA (Vainstein et al., 1994). Therefore, GA appears to be a
very general corolla maturation factor.

It is not known whether endogenous ABA regulates
steps late in the maturation of petunia corollas, for exam-
ple, causing the down-regulation of anthocyanin biosyn-
thetic gene expression at anthesis (Koes et al., 1989). How-
ever, the accumulation of ABA in petals of roses (Borochov
et al., 1976) and of carnation (Eze, 1986) during flower
senescence provides some support for this possibility.
Thus, it might be that GA and ABA, which most often have

opposite effects, orchestrate a number of physiological pro-
cesses in corollas as they do, for example, in seeds (Chand-
ler and Robertson, 1994). To test this hypothesis it will be
necessary to determine endogenous ABA levels in corollas
at different stages of development. In addition, since the
anthers direct steps of corolla development before anthesis,
it would be of interest to see how other organs, for exam-
ple, the ovary, control later steps in the development such
as corolla senescence.
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