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Fig. 4. Comparison of
morphology and
development of petunia
wild-type plants (W115)
and pfg cosuppression
plants. (A) Petuniawild-
type plant. After flower
induction flowers are
continuously produced from
the apical inflorescence
meristem. (B) Primary pfg
cosuppression transformant
in which the switch to
generative development is
initially made and some
flowers (f) are formed,
whereafter it revertsto
vegetative growth.

(C) Severe pfg
cosuppression plant
completely blocked in the
switch from vegetative to
generative development.
(D) Scanning electron
microscopy (SEM) image of
awild-type inflorescence.
The inflorescence meristem
(i) has generated three floral
meristems (f1 to f3), from
which the oldest one (f3)
has initiated five stamen
primordia (third whorl) and
five petal primordia (second

whorl). The sepals that partly enclose the flower at this stage were removed except for one. (E) SEM image of shoot apex from a vegetative
wild-type plant. Leaves are generated in a spiral phyllotaxy, characteristic of vegetative development. L eaves are numbered from 1 (youngest)
to 5 (oldest) in the order they are generated from the apical meristem (am). (F) SEM image of a shoot apex from an elongated shoot of a severe
pfg cosuppression plant at a stage, when wild-type plants are already flowering. Leaves are numbered as described in E. (G) Light micrograph
of longitudinal section of avegetative wild-type shoot apex. (H) Light micrograph of longitudinal section of an elongated shoot apex of a severe

pfg cosuppression plant. Bars, 100 um.

phenotype (Fig. 6H,1) and five plants showed characteristics of
both single mutants (Fig. 6J,K). No plants with an alf mutant
phenotype alone were identified, most likely due to the low

number of plants analyzed. The presence of the alf mutant
alele was confirmed using PCR amplification of an ALF-
specific fragment containing the transposon insertion site. The
pfg cosuppression trait was confirmed by northern blot
analysis. These molecular analyses confirmed that the latter
class of plants showing both single mutant features are alf~
mutants with reduced PFG mRNA levels. Based on the
residual PFG transcripts and the phenotype observed, these
plants are most likely hemizygous for the PFG cosuppression
transgene. In hemizygous pfg cosuppression mutants, the
switch from vegetative to generative development is made
initially, as demonstrated by the formation of a few flowers.
Subsequently, the inflorescence meristem reverts to a
vegetative developmental pathway and vegetative shoots arise
(see Fig. 4B). In an alf~ background, these hemizygous pfg

Fig. 5. Comparison of expression of PFG, FBP26 and ALF in wild-
type petunia plants (W115) and pfg cosuppression plants. Northern
blot analysis of total RNA isolated from leaves, bracts and flowers
(rarely formed in T30.09S mutant). Each lane contains 10 g of total
RNA. Identical blots were probed with 32P-labeled gene-specific
fragments for PFG, FBP26 and ALF (Souer et al., 1998). To show
equal loading of RNA in each lane, blots were reprobed with 18S
ribosomal DNA sequences. One of these control blots, representative
for dl, is shown.
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Fig. 6. Comparison of phenotypes and

devel opment of wild-type petunia plants (W115),
alf-S3018 mutant plants and pfg alf double mutant
plants. (A) Schematic representation of
inflorescence structures of awild-type plant, alf-
S3018 mutant and mild and severe pfg alf double
mutants. Bracts and leaves are indicated by small
green and big green ovals, respectively. Vegetative
meristems and inflorescence meristems are shown

Sourf %

Double mutant
(severe) and

alf-530.18
mutant

Double mutant
(mild)

by white and black triangles, respectively. White
circles are flowers. (B) Wild-type petunia plant
(W115). (C) Structure of awild-type petunia
inflorescence. An indeterminate inflorescence
meristem and a flower meristem develop in the
axils of two bracts (b) which are opposite each
other. (D) SEM image of awild-type inflorescence
apex. The inflorescence has generated three floral
meristems (f1 to f3), from which the oldest one
(f3) has initiated five stamen primordia (third
whorl) and five petal primordia (second whorl).
The sepalsthat partly enclose the flower at this
stage were removed except for one. (E) Side view
of an alf-S3018 inflorescence in aW115/W138
background. Bifurcation of the alf inflorescence
meristem is similar to that in wild-type
inflorescences. However, both meristems behave
as inflorescence meristems and continue to
develop bracts on their flanks and divide again to
form new inflorescence meristems, finally giving
rise to ahighly branched structure. (F) Top view of
an alf-S3018 inflorescence. (G) SEM image of alf-
3018 inflorescence. i, inflorescence meristem; b,
bract. (H) Severe pfg alf double mutant, in which
the switch from vegetative to generative

devel opment is abolished. This double mutant
phenotype isindistinguishable from that of apfg
single mutant. (1) Elongated shoot of a severe pfg
alf double mutant, with leaves arranged in a spiral
phyllotaxy. (J) Mild pfg alf double mutant. The
switch from vegetative to generative development
(t) isinitially made and the alf mutant phenotype
becomes apparent. After afew bifurcationsthe
inflorescence reverts to vegetative growth with
spirally arranged leaves as in the pfg single
mutant. (K) Detail of J.

mutants produce inflorescence meristems instead of flowers,
which after a few bifurcations eventually revert to vegetative
shoots (Fig. 6J,K). At later developmental stages, the pfg
cosuppression phenotype becomes apparent, as in the single
pfg mutants, and the alf mutant phenotype is masked.
Molecular analysis of the F, plants showing a severe pfg
mutant phenotype (Fig. 6H,I) revealed that three out of 32 were
also homozygous for the alf insertion allele. Phenotypically
these three plants are completely identical to homozygous pfg
cosuppression mutants. Inflorescence meristems are not
formed in these double mutants and consequently, the alf
mutant phenotype does not become apparent.

DISCUSSION

The onset of flowering is controlled by both endogenous and
environmental signals. The cells of the shoot meristem become

730.09S5 mutant

competent to receive flower-inducing stimuli, which are
produced in the leaves and promote the transition from
vegetative to reproductive growth. Despite the numerous
physiologica and genetic studies of the last decades,
conclusive evidence for the existence of a genetic or hormonal
factor acting as the floral stimulus, often referred to as
“florigen”, is «ill lacking. Recent genetic studies with
Arabidopsis have revealed a number of genes required for the
correct timing of flowering (for review see Levy and Dean,
1998), nevertheless, these genes are not essential for the floral
transition itself. This important process in the life cycle of a
flowering plant is till a mystery and the genetic factors
involved remain elusive. In this report, we describe a novel
petunia MADS box gene, PETUNIA FLOWERING GENE
(PFG), which isinvolved in the floral transition. PFG is not a
floral meristem identity gene because its action is earlier,
before or at the time of flower induction. In addition, the
mutant phenotype and the expression pattern of PFG suggest
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that it is also necessary to maintain the reproductive identity of
the meristem after the phase switch. Down-regulation of PFG
in transgenic petunia plants, using a sense COSUpPPression
strategy, resulted in nonflowering plants. Molecular analysis
of these transgenic plants revedled that both PFG and
FBP26, the putative homolog of the floral meristem identity
genes SQUAMOSA from Antirrhinum (SQUA; Huijser et al.,
1992) and APETALAl (APl), FRUITFULL (FUL) and
CAULIFLOWER (CAL) from Arabidopsis (Roundey et al.,
1995) are down-regulated. In addition to the analysis of the
cosuppression mutants, the interaction between PFG and the
floral meristem identity gene ABERRANT LEAF AND
FLOWER (ALF) was studied in pfg cosuppression/alf double
mutants, which provided information about the position of
PFG in the flowering process.

The pfg cosuppression mutants have a unique
nonflowering phenotype

Four cosuppression mutant lines were identified, which were
affected in the phase change from vegetative to reproductive.
The most severe mutant shows a nonflowering phenotype,
marked by elongated vegetative shoots. Because vegetative
petunia shoots are normally not maintained for extended
periods of growth without flowering, the shoot manifests itself
in a compensatory form of growth distinguished by elongation
and a reduction in leaf size relative to the wild type. The
phyllotaxy of the cosuppression mutants is maintained in a
spiral arrangement, characteristic of vegetative development
(Prior, 1957). Another morphological marker for vegetative
development of petunia is apical dominance (Prior, 1957).
Apical dominanceis maintained during the vegetative phase of
growth and lateral meristems are inhibited. After flower
induction, apical dominance is lost, lateral vegetative shoots
grow out, and several floral budsform on the inflorescence with
no cessation of meristematic activity until the flower is
completely formed (Prior, 1957). Consistent with vegetative
growth, the shoots of the cosuppression mutant plants are all
strongly apical dominant. Taken together, these results show
that the shoots of the pfg cosuppression mutants have a number
of vegetative hallmarks demonstrating that these mutants are
blocked in vegetative to reproductive transition, resulting in the
unique nonflowering phenotype.

PFG and FBP26 are down-regulated in the pfg
cosuppression mutants

Cosuppression is a phenomenon first described for the
CHALCONE SYNTHASE (CHS) genein petunia (Napoali et al.,
1990 and van der Krol et al., 1990) and occurs in a certain
percentage of plants, when an introduced transgene is partly
homologous or identical to an endogenous gene. Previous
studies using an identical approach to inhibit the expression of
MADS box genes involved in specification of floral meristem
identity (Angenent et al., 1994), flora organ identity
(Angenent et al., 1993) and ovule identity (Angenent et al.,
1995) have shown that this strategy is highly gene specific,
although it cannot be ruled out that other MADS box genes are
down-regulated as well. To determine whether more MADS
box genes besides PFG are suppressed in the pfg mutant
(T30.09), expression of FBP4, FBP20, FBP21, FBP22, FBP23
and FBP26 was investigated by northern blot analysis. These
five MADS box genes were selected from 28 petunia MADS

box genes known to date (Ferrario et a., persona
communication), because they were the closest in sequence
match to PFG.

Northern blot analysis of PFG has demonstrated that the
suppression of this geneislinked to the observed phenotypein
the cosuppression mutant. From the other MADS box genes,
only expression of FBP26 was down-regulated. Based on the
level of sequence match, the suppression could be explained
by cosuppression, or aternatively, FBP26 expression is
regulated by PFG. Because FBP26 is expressed at later
developmental stagesthan PFG, this geneis most likely acting
downstream of PFG and hence not involved in the phase switch
to generative development. Nevertheless, we cannot exclude
the possibility that there are unidentified MADS box genes
present in petunia, which are more homologous to PFG than
the five we tested and that are also down-regulated in the
mutant plants.

Position PFG in the flowering pathway

To gain insight into the position of PFG in the processes that
finally give rise to flowering, the interaction between PFG and
the floral meristem identity gene ALF was studied by analyzing
ALF expression in the pfg cosuppression mutant and double
mutants.

Northern hybridization revealed that in contrast to PFG,
ALF isexpressed in rarely formed flowers of pfg cosuppression
mutants at a comparable level to that in wild-type flowers,
indicating that the expression pattern of ALF is not affected.
Considering this result, it is most likely that ALF is not in the
same signal transduction pathway as PFG.

Double mutants, obtained by crossing alf mutant S3018
(Souer et al., 1998) and the pfg cosuppression plant (S30.09),
have a phenotype identical to the phenotype of the single pfg
cosuppression mutants. This indicates that the pfg
cosuppression phenotype is epistatic to the alf mutant
phenotype. Double mutants, which are hemizygous for the
PFG transgene have an intermediate phenotype with both pfg
and alf mutant characteristics. In these plants an inflorescence
meristem is initiated, which bifurcates into two identical
inflorescence structures. Later the meristem reverts to a
vegetative shoot with aspiral phyllotaxis. Thesereversionsaso
occur in single mutants hemizygous for the PFG transgene,
indicating that a certain threshold level of PFG is required to
maintain the reproductive identity. Theideaof athreshold level
is consistent with the observation that occasionally a normal
flower appears in the severe pfg cosuppression mutants. These
ectopic flowers are most likely produced when the threshold
level for PFG is reached in a certain meristem. The fact that
these flowers are indistinguishable from wild-type flowers
demonstrates that PFG is not responsible for the further
development of a flower, despite its expression at later
developmental stages. Thislate expression isin agreement with
the proposed additional role of PFG in maintaining the florally
determined state and preventing the reversion to vegetative
growth.

Evolutionary conservation of floral induction

The floral induction process is controlled by a complex of
environmental and endogenous signals (Bernier, 1988;
McDaniel et a., 1992) and is most likely controlled by
redundant pathways, which is consistent with the fact that a



nonflowering single mutant has never been found for
Arabidopsis (Weigel, 1995). Also the nonflowering mutant
described in this paper might be due to cosuppression of both
PFG and FBP26, athough we cannot exclude the possibility
that the inhibition of FBP26 is indirect.

Recently, the characterization and functional analysis of the
maize INDETERMINATEL gene (ID1), which is also involved
in the transition of the shoot apex from vegetative to
reproductive growth has been described (Colasanti et al.,
1998). The expression pattern of 1D1 overlaps in part that of
PFG. Early in development, similar to PFG, ID1 is expressed
in immature leaves and vegetative shoots (Colasanti et al.,
1998) and its expression increases just before the floral
transition. However, no expression of ID1 isfound in the apical
meristem itself, whereas PFG is highly expressed in these
meristematic cells just before the phase switch.

This expression pattern of 1D1 suggests that it actsin anon-
cell-autonomous manner. ID1 is produced in the leaves and
regulates the production of a transmissible signal, which
triggers the transition to reproductive devel opment in the shoot
apical meristem. In contrast, PFG may act directly at the site
of transition, athough it is unlikely that the PFG protein itself
is involved in triggering the flower induction process, for two
reasons. First, because PFG is amost ubiquitously expressed,
which makes it not a very likely candidate for the inducing
component. Secondly, humerous physiologica studies of the
last century have revealed that floral transition isinitiated by a
signal that originates in the leaves and not in the apex (Bernier,
1988). In the idl mutant, flowering is delayed and when
eventually the switch to generative development is made, the
shoot apex is converted to an inflorescence-like structure with
reversions to vegetative growth. This observed phenotype is
comparable to the phenotype of the hemizygous pfg
cosuppression plants. In contrast to the severe pfg
cosuppression plant, a complete block in the phase transition
has not been observed in id1l mutants.

Another gene, which is supposed to be involved in floral
transition and shows similarities to PFG in sequence and
expression pattern, is the Arabidopsis FRUITFULL (FUL)
MADS box gene, formerly known as AGAMOUSLIKES
(AGL8; Mandel and Yanofsky, 1995). FUL is strongly
expressed in the inflorescence meristem, the inflorescence
stem and cauline leaves (Mandel and Yanofsky, 1995). In
contrast to PFG expression, no accumulation of FUL
transcript was detected in the vegetative apical meristem (Gu
et al., 1998). Although ful single mutants have abnormal
fruits, a striking phenotype associated with the transition to
flowering was only observed when the ful mutation was
combined with mutations in CAL and APL1. In these triple ful
cal apl mutants the switch to reproductive development is
initially made, followed by a proliferation of inflorescence
meristems and leaves (Yanofsky, personal communication).
Therefore, despite the similarities in sequence and expression
pattern, PFG and FUL seems to be MADS box genes with
different functions.

Conclusions

Recent studies in maize and Arabidopsis, and this study in
petunia have reveadled the first genes to be cloned that are
essential for floral transition and floral identity maintenance.
This class of genesis clearly distinct from the early- and late-
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flowering genes, which are in general involved in perception
and signaling of the floral stimulus.

In the petunia pfg cosuppression mutant the phase transition
to reproductive growth is completely abolished. Our results
indicate that PFG is most likely not the inducing signal for
flowering and is therefore not a candidate for the “florigen”
which is supposed to be the diffusable factor that migratesfrom
the leaves to the apex in response to environmental and/or
developmental cues. PFG may be essential to establish the
competence of the apical meristem to receive the floral
stimulus and to promote the physiological changes that occur
when the vegetative meristem undergoes the transition to the
reproductive phase. More likely, PFG can be regarded as a
homeotic gene, which is in line with the function of several
other members of the MADS box gene family. If so, PFG is
an inflorescence meristem identity gene, which is essential for
determining the identity of the inflorescence meristem during
the transition of the vegetative shoot apex to an inflorescence
meristem.

We thank Dr Erik Souer for kindly providing the petunia alf-S3018
transposon insertion mutant and primers flo5 and flo6; Marty
Yanofsky for communicating unpublished results on MADS box gene
AGL8 (FUL); Adriaan van Adlst for assistance with the scanning
electron microscopy experiments; and Gerrit Stunnenberg for care of
the plants.
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