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ABSTRACT Little is known about the signals that govern
the network of meristem and organ identity genes that control
flower development. In Arabidopsis, we can induce a hetero-
chronic switch from flower to shoot development, a process
known as floral meristem reversion, by manipulating photo-
period in the floral homeotic mutant agamous and in plants
heterozygous for the meristem identity gene leafy. The trans-
formation from flower to shoot meristem is suppressed by hyl1,
a mutation blocking phytochrome activity, by spindly, a mu-
tation that activates basal gibberellin signal transduction in
a hormone independent manner, or by the exogenous appli-
cation of gibberellins. We propose that LFY and AG play an
important role in the maintenance of flower meristem identity
and that floral meristem reversion in heterozygous I/fy and in
ag flowers is regulated by a phytochrome and gibberellin
signal transduction cascade.

Plant growth and morphogenesis is controlled by meristems,
organized tissues containing pluripotent stem cells whose
identities and activities are regulated by intrinsic and environ-
mental signals. In Arabidopsis, the shoot apical meristem
undergoes two phases, vegetative and inflorescence; both
phases are characterized by reiterative and indeterminate
patterns of growth and organogenesis (1). The vegetative
meristem produces a compact rosette consisting of a short stem
and a variable number of leaves. By contrast, the inflorescence
meristem produces an elongated stem punctuated by narrow
cauline leaves, lateral secondary shoots, and flowers that are
derived from the flanks of the inflorescence meristem. Al-
though closely related spatially and by cell lineage to the
inflorescence meristem, the floral meristem proceeds along a
determinate developmental pathway producing four compact
whorls of organs (four sepals, four petals, six stamens, and two
carpels). At the completion of organogenesis, the floral mer-
istem is thought to be depleted or its activity is suppressed (2,
3). The transition from vegetative to inflorescence shoot
meristem is controlled by environmental signals including
photoperiod and temperature (4-6), by intrinsic growth reg-
ulators such as the gibberellins (6-8), and by a system of
flowering time genes (9). The inflorescence meristem in turn
produces an indeterminate number of floral meristems. Ge-
netic and molecular studies have shown that the establishment
of floral meristem identity is governed by a network of genes
including APETALAI (API), APETALA2 (AP2), CAULI-
FLOWER (CAL), CLAVATAI (CLVI1), CLAVATA3 (CLV?3),
and LEAFY (LFY) (3, 10-18), and several models have been
proposed to explain how these genes function together (17, 19,
20). By comparison, much less is known about the signals and
genes required for the maintenance of flower meristem iden-
tity.

Recently several genes have been implicated in the main-
tenance of flower meristem identity including LFY and AGA-
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MOUS (AG) (3, 15, 17, 21-23). The LFY gene encodes a novel
polypeptide that is reported to have DNA binding activity in
vitro (20). AG encodes a protein that belongs to the evolu-
tionarily conserved MADS domain family of eukaryotic tran-
scription factors (24, 25). However, little is known about how
these proteins govern meristem identity at the cellular and
molecular levels. Previous studies suggest that the mainte-
nance of flower meristem identity in /fy and in ag mutants is
controlled by photoperiod and by one class of plant growth
regulators, the gibberellins (12, 15, 21). Under short day (SD)
photoperiod heterozygous /fy-6 and homozygous ag-1 flowers
display a heterochronic transformation from flower to inflo-
rescence shoot meristem—a novel developmental switch
called floral meristem reversion (21). We have used the floral
meristem reversion process to begin exploring the photo and
hormonal control of flower meristem identity in Arabidopsis.

MATERIALS AND METHODS

Plant Material. Landsberg-erecta (L-er) was used as wild-
type flower control. ag-1 (L-er) and hyl-1 (L-er) were provided
by Maarten Koornneef (Wageningen Agricultural University,
Wageningen, The Netherlands). Ify-6 (L-er) was provided by
Detlef Weigel (Salk Institute, La Jolla, CA). The [fy-6 allele is
a well-characterized null mutant (14, 16). spy-2 and spy-3 (Col)
(26) were provided by Neil Olszewski (University of Minne-
sota, Minneapolis).

Plant Growth Conditions. Plants were grown under a mix-
ture of cool white fluorescent (Sylvania CW/VHO) and
incandescent lights (Phillips) in a Conviron E15 chamber
(Controlled Environments, Asheville, NC) in a 1:1:1 mixture
containing vermiculite/perlite/peat moss. Long day (LD)
growth conditions consist of 16 h light, 150-180 wmol-m~2s~1,
and 8 h darkness. SD conditions were 9 h light, 150-180
pmol'm~2s~1 and 15 h darkness. SD double incident light
[SD(D)] conditions consist of 9 h light, 300 wmol-m~2s~1.
Plants were watered with a 1/4 strength Peter’s solution
(Grace-Sierra, Milpitas, CA). For night-break experiments,
red light was produced by using Sylvania cool white fluorescent
lamps wrapped in a Lee HT026 filter (Lee Colortran, Burbank,
CA). The transmission of light at wavelengths less than 580 nm
was less than 0.5%. For gibberellin spray experiments, exog-
enous application of gibberellin A; (GA3) (Sigma) and gib-
berellin As+7 (GA4+7) was performed as described by Wilson
et al. (8). GA4.7 was kindly provided by Phil Grau (Abbott
Laboratories).

Analysis of Floral Reversion. Plants segregating for Ify-6 and
ag-1 were grown under SD(D) light conditions as described
previously and were scored for the presence of ectopic shoots

Abbreviations: GA3, gibberellin Az; GA4+7, gibberellin A4 +7; LD, long

day; SD, short day; [SD(D)], SD double incident light.
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or swollen carpels by position from basipetal to acropetal on
the primary inflorescence. For Ify-6, 31 of 60 plants displayed
a strong floral reversion phenotype. All 31 plants were con-
firmed heterozygous by F1 analysis. Thirteen plants were
confirmed as homozygous wild type for LFY. The remaining
17 plants were homozygous /fy-6 and did not produce flowers
or seed. For ag-1, 16 plants were homozygous ag-1, and all
produced flowers displaying floral meristem reversion. To
generate [fy-6 spy mutants, homozygous /fy-6 was crossed with
spy-2 and spy-3. F2 seedlings homozygous for spy were selected
by germination on 1.2 X 10~* M paclobutrazol (26), washed
extensively with H,O, transplanted to soil, and grown under
SD(D) conditions.

Structural Analysis Using Light Microscopy. Flowers were
fixed overnight in FAA (3.7% formaldehyde/5% acetic acid/
50% ethanol), dehydrated in a graded ethanol series, infil-
trated, and embedded in plastic resin. Serial 2 wm longitudinal
sections were stained with toluidine blue-basic fuchsin. Images
were obtained by using bright-field optics.

In Situ Hybridization Analysis. In situ hybridizations were
performed by using a digoxygenin-labeled AG RNA probe
(24) as described (27) with the exception that the acetylation
step was omitted. Hybridization was detected using a modified
Genius (Boehringer Mannheim) procedure (G. N. Drews,
personal communication). Images were photographed using
dark-field optics.

Image Processing. All images were scanned and digitized
using a Polaroid Sprintscan 35 (Polaroid, Cambridge, MA).

Proc. Natl. Acad. Sci. USA 93 (1996)

Color balance and brightness were adjusted using PHOTOSHOP
3.0.1 (Adobe Systems, Mountain View, CA). Printed images
were generated using a Codonics NP1600 printer (Codonics,
Middleburg Heights, OH).

RESULTS

Transforming Flowers into Shoots. Homozygous Ify mutants
are characterized by a partial and conditional block in the
establishment of the flower meristem (12, 15, 16). Under LD
photoperiod, early-arising basipetal flowers are indeterminate
and shoot-like, whereas the later-arising acropetal flowers are
determinate. As shown in Fig. 14, a homozygous acropetal
Ify-6 flower is distinguished by the production of sepals and
carpels and by the absence of petals and stamens when grown
under LDs. By contrast, Ify-6 flower development is strongly
repressed under SD conditions. Determinate floral buds are
replaced by indeterminate shoots that continuously produce
leaf-like organs (Fig. 1B).

We previously suggested that SD photoperiod dramatically
alters flower development in heterozygous Ify-6 plants (21).
SDs can induce heterozygous Ify-6 flowers to undergo a
heterochronic transformation from flower to shoot develop-
ment. Fig. 1C shows that initially the heterozygous Ify-6 floral
meristem produces the normal complement of floral organs—
four sepals, four petals, six stamens, and two carpels. Later, the
ovary of the first 15-25 flowers along the primary inflores-
cence becomes swollen (Fig. 1D) and ruptures (Fig. 1E).

Fic. 1. Photoperiod controls floral meristem activity in [fy-6 and ag-1 flowers. (4) LD homozygous [fy-6 flower. [fy-6 flowers show a basipetal

to acropetal gradient of phenotypes (16). A typical acropetal LD Ify-6 flower is characterized by the production of sepals (s) and carpels (c) and
the absence of petals and stamens. (B) SD homozygous Ify-6 flower. Ify flower development is suppressed under SDs (12, 15). A typical SD “flower”
produces an indeterminate number of leaf-like organs (1). (C—F) SD heterozygous Ilfy-6 flower development. Heterozygous Ify-6 flowers produce
a normal complement of organs (C) and are initially indistinguishable from wild type. Later, basipetal flowers are distinguished by a dramatically
swollen ovary (so) (D). The swollen ovary often ruptures and a single flower-bearing ectopic shoot (es) emerges (E). The resulting shoot (es)
produces several leaf-like organs, numerous flowers, displays internode elongation, and a spiral pattern of phyllotaxis (F). Flowers produced by
the ectopic shoot appear either wild type or resemble ap2 mutant flowers. (G) LD ag-1 flower. ag-1 flowers are characterized by the transformation
of stamens into petals and an indeterminate pattern of floral organogenesis (sepal, petal, petal),. (H and /) SD ag-1 flower development. Basipetal
SD ag-1 flowers initially produce several whorls of sepals and petals (H). Organogenesis then ceases and is replaced by the production of an ectopic
shoot (es) that bears numerous flowers and displays internode elongation (/). (/-L) Ectopic shoot formation in basipetal SD heterozygous Ify-6
flowers. Longitudinal sections (2 um) were prepared as described in Materials and Methods. An ectopic shoot (es) arises directly from the apical
dome of the floral meristem (J). A magnified view of the ectopic shoot is shown in K. At this stage of development the ectopic shoot produces
leaf-like organs (). The ectopic shoot continues to grow and eventually fills the ovary (L). ov, The ovary wall. (Bar = 0.1 mm.) (M) Wild-type
flower. Shown is a longitudinal section (2 um) through a SD wild-type flower. Floral meristem activity is suppressed after carpel primordia are
established. (Bar = 0.1 mm.) (N and O) Ectopic shoot formation in SD ag-1 flowers. A 2-um longitudinal section through a SD basipetal ag-1 flower
shows floral buds (fb) emerging from the apex of the floral meristem (N). A LD ag-1 flower is shown for comparison (O). (Bar = 0.1 mm.) (P-R)
AG gene expression in SD heterozygous Ify-6 flowers. The spatial pattern of AG gene expression in SD heterozygous Ify-6 (P and Q) and wild-type
flowers (R) was determined by in situ hybridization as described. The presence of AG transcripts is revealed by the orange staining. The flowers
in P, Q, and R are at stages 3, 8, and 10, respectively (28). es, The ectopic shoot primordium. (Bar = 0.1 mm.)
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Emerging from the center of the ruptured ovary is a single
ectopic flower-bearing shoot (Fig. 1F), suggesting that the
flower meristem has been reprogrammed and has undergone
floral meristem reversion. The ectopic inflorescence is similar
to a normal inflorescence, producing both leaf-like organs and
flowers, displaying internode elongation, and a spiral pattern
of phyllotaxis. Table 1 shows that this SD-induced switch in
flower meristem identity is photoperiod dependent and not
due to the decrease in total light per day because a compen-
satory increase in SD light intensity did not suppress the
frequency of meristem transformations. By contrast, LD-
grown heterozygous Ify-6 flowers remain phenotypically wild
type (Table 1). These results show that [fy is haplo-insufficient
under SDs and that the heterochronic switch from flower to
shoot development is controlled by photoperiod.
Photoperiod plays a similar role in controlling ag flower
meristem identity (21). As shown in Fig. 1G, LD ag-I flowers
are distinguished by the homeotic transformation of stamens
into petals and the replacement of carpels with a new flower
primordium (30, 31). This pattern of organogenesis is repeated
indeterminately, resulting in a (sepal, petal, petal), pattern of
development. By contrast, under SDs the ag-1 floral meristem
can produce several whortls of floral organs and then revert to
an inflorescence meristem and flower production (Fig. 1 H and
11). This phenotype is distinct from those described for weak
loss-of-function ag mutants or for transgenic AG antisense
plants that display floral meristem indeterminacy but do not
change identity (22, 23). As in the case of heterozygous Ify-6
flowers, the maintenance of ag-1 flower meristem identity is
not influenced by light intensity but is controlled by photope-
riod (Table 1). Thus both AG and LFY play key roles in the
maintenance of floral meristem identity under SD conditions.
Ectopic Shoot Meristem Development. Longitudinal sec-
tions through SD heterozygous /fy-6 flowers show that the
ectopic shoot originates from cells located within the ovary at
the apex of the floral meristem. Fig. 1 J-L shows that the cells
in this region continue to proliferate despite the presence of a
structurally normal septum, placenta, and ovules. At this level,
the structure of the ectopic shoot meristem is indistinguishable
from that of a normal shoot apex. A section through a
wild-type flower is shown for comparison (Fig. 1M). Similarly,
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longitudinal sections through a SD ag-1 flower reveal that the
ectopic shoot also emerges from the apex of the ag-1 floral
meristem (Fig. 1N). A section through a LD ag-I flower is
shown for reference (Fig. 10). One interpretation of these
results is that under SDs the heterozygous [fy and the ag-I
flower meristems are reprogrammed during flower develop-
ment. Alternatively, the ectopic shoots may arise from a cryptic
population of cells that were never committed to flower
development when the floral meristem was initially formed.

We carried out an AG in situ hybridization experiment to
determine whether cells that give rise to the ectopic shoot in
SD heterozygous Ify-6 flowers were initially floral in identity.
In LD wild-type flowers, AG gene transcripts are undetectable
in vegetative and inflorescence meristems and are restricted to
developing stamens and carpels (24, 32). Fig. 1P shows that in
young SD heterozygous Ify-6 flowers AG gene transcripts are
detectable throughout the stamen and carpel primordia. AG
transcripts are detectable continuously at the floral apex
through later stages of flower development (K.D.J., data not
shown) and are even detectable in the nascent ectopic shoot
meristem (Fig. 10) but not at later stages of ectopic shoot
development (K.D.J., data not shown). The distribution of AG
gene transcripts in a SD wild-type flower is shown in Fig. 1R
for comparison and is similar to that observed in LD flowers.
We conclude that the ectopic shoot meristem is formed from
cells that were originally floral in identity, and that the
heterozygous [fy-6 floral meristem is not irreversibly deter-
mined but retains a photoperiod-dependent capacity for in-
determinate shoot development.

Spatial Control of Ectopic Shoot Formation. Previous stud-
ies have shown that homozygous Ify flower development varies
by the position of each flower on the inflorescence stem (15,
16, 33). The strongest [fy phenotypes are found in early-arising
basipetal flowers and decrease in severity acropetally or
toward the apex of the inflorescence. Similarly, we found that
the frequency of floral meristem reversion in SD heterozygous
Ify-6 and in SD ag-1 plants is highest in basipetal flowers. Fig.
24 shows that 80-100% of heterozygous Ify-6 flowers from
positions 1-15 on the primary inflorescence stem display
swollen ovaries and produce ectopic shoots. The frequency of
flower meristem reversion gradually declines to zero from

Table 1. Photo and hormonal control of floral reversion

Flowers per

plant showing No. of

Light and hormone floral plants

Genotype treatment reversion® scored
wT LD 0 14
wT SD 0.4 (0.7) 9
Ify-6(+/-) LD 0 16
Ify-6(+/-) SD 12 (2.2) 16
Iify-6(+/-) SD(D) 15 (6.5) 31
ify-6(+/—) hyl-1 SD(D) 1.9(2.7) 30
Ify-6(+/-) SD + 0.5 hr red NB 4.0 (5.4) 24
Iify-6(+/-) SD + 2 hr red NB 0.1(0.3) 16
Ify-6(+/-) SD(D) + 107> M GA3 0.1 (0.5) 15
Ify-6(+/-) spy-2 SD(D) 0 17
Ify-6(+/—) spy-3 SD(D) 0 24
ag-1 LD 0 15
ag-1 SD(D) 16 (4.5) 16
ag-1 hyl-1 SD(D) 0 15
ag-1 SD + 0.5 hr red NB 0.2 (0.4) 6
ag-1 SD + 2 hr red NB 0 4
ag-1 SD(D) + 107> M GA3 0 14

Growth conditions and light regimes are described in Materials and Methods. NB, night break (29).
*Average number of flowers per primary inflorescence per plant displaying ectopic shoot development
or swollen ovaries. Standard deviation values are given in parentheses. No floral meristem reversion was
observed in hyl, spy-2, spy-3, or WT + 10=> M GAj; control plants grown under SD conditions.
THeterozygous [fy-6 plants were confirmed by F1 analysis.
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FiG. 2. Frequency of floral meristem reversion exhibits a basipetal-acropetal gradient. (4) Floral meristem reversion in SD heterozygous [fy-6

flowers. (B) Floral meristem reversion in SD ag-1 flowers.

positions 15-30. Fig. 2B shows a similar pattern for ag-I
flowers. Together these results show that floral meristem
reversion is induced in both mutants in a significant number of
flowers and with a high degree of certainty. Moreover, these
results suggest that there is a progressive acropetal decrease in
the requirement for LFY and AG activities for the maintenance
of floral meristem identity.

We also observed that floral meristem reversion occurs at a
low frequency in SD-grown control plants. Table 1 shows that
the first 1-2 flowers produced by the primary inflorescence in
Landsberg-erecta produce an ectopic shoot at a frequency of
two flowers per every five plants. A similar reversion can be
induced in several ecotypes including Dijon, Wein, Muhlen,
and Moscow (A. Murphy, L. Taiz, and J.K.O., unpublished
results). Based on these results we propose that the increased
frequency of floral meristem reversion observed in heterozy-
gous [fy-6 and in ag-1 flowers may be due to a decreased
sensitivity of the floral meristem for a signal required for the
maintenance of flower meristem identity, or alternatively, to
an enhanced sensitivity to a signal that promotes shoot devel-
opment.

Control of Ectopic Shoot Formation by Phytochrome. The
observation that flower meristem reversion is photoperiod-
dependent suggested to us that meristem identity may be
governed in part by the phytochrome system of photorecep-
tors. To explore this hypothesis we first used a night-break
strategy similar to that used to analyze the role of phytochrome
in the photoperiodic control of flowering time in Arabidopsis
(29). Table 1 shows that a 0.5-h night-break pulse of red light
was sufficient to suppress floral reversion in ag-I flowers.
However, the same treatment was only 87% effective on
heterozygous Ify-6. By contrast, a 2-h night-break was sufficient
to suppress floral meristem reversion in both mutants (Table
1).
Although the night-break results could be construed as
being consistent with a phytochrome hypothesis one could
argue that night-break treatments suppress floral meristem
reversion by simply promoting LD growth. Thus we adopted a
genetic approach to test whether phytochrome activity is
required for SD floral meristem reversion. There are at least
five phytochrome genes in Arabidopsis (PHYA-E) (34, 35). The
activities of all five genes are strongly suppressed by the Ayl
mutation that blocks phytochrome chromophore biosynthesis
(36). We used the hyl-1 allele (37) to generate ag-1 hyl-1 and
Ify-6(+/—) hyl-1 mutants and grew them under SDs. Table 1
shows that hyl-1 completely suppressed SD floral meristem
reversion in ag-1 flowers. Meristem reversion was suppressed
by 87% in heterozygous [fy-6. Together, these results support
the proposal that floral meristem identity in heterozygous Ify
and ag flowers is controlled in part by phytochrome.

Gibberellin Signal Transduction Promotes the Mainte-
nance of Flower Meristem Identity. How does the perception
of photoperiod by phytochrome control flower development?
First, previous studies showed that gibberellin synthesis or
activity is governed by photoperiod in many plant species
including Arabidopsis (38—41). In tobacco, gibberellin levels in

the leaf can be reduced by the overexpression of the oat
phytochrome A gene (42). Second, the gibberellins are one of
at least two signals that can promote flowering in Arabidopsis
(6-8). Under SD conditions the gibberellin biosynthetic mu-
tant gal-3 does not flower but grows vegetatively for an
indefinite period of time (8). Moreover, SD-grown gal-3
mutants can be rescued by the application of exogenous
gibberellins (8). Thus, gibberellins are absolutely required to
initiate flowering under SD conditions. Therefore, we rea-
soned that floral meristem reversion may be a programmed
response to decreased gibberellin levels or gibberellin activity.

To test the gibberellin hypothesis we treated SD heterozy-
gous lfy-6 and SD ag-1 plants with 107> M GA; and with 1073
M GA4+7. Both GA3; and GA4+7 have been shown to be
biologically active in Arabidopsis (7, 43). Table 1 shows that
GAj; completely suppressed floral reversion in both mutants.
There was no detectable difference between LD and GA;-
treated SD flower morphology. GA4.7 was equally effective in
suppressing floral reversion (K.D.J., C.L.-P., and J.K.O., data
not shown). Thus exogenous gibberellins promote the main-
tenance of flower meristem identity over shoot meristem
identity.

To determine genetically whether a gibberellin signal re-
sponse can suppress floral meristem reversion we used the
SPINDLY (SPY) gene mutations spy-2 and spy-3 (26). Ho-
mozygous mutations in SPY activate a basal level of gibberellin
signaling in a hormone independent manner but exhibit no
dramatic effects on floral meristem identity. Table 1 shows that
both spy-2 and spy-3 completely suppressed floral meristem
reversion in SD heterozygous [fy-6 flowers. Together, these
results show that a gibberellin signal can promote the main-
tenance of floral meristem identity in SD heterozygous Ify and
in ag mutant flowers and that a decrease in gibberellin activity
may be responsible for SD changes in flower development.

DISCUSSION

We have begun to explore the signals and genes that control
the maintenance of flower meristem identity in Arabidopsis
using a novel process called floral meristem reversion. Our
results show that flower meristem identity and determinacy
must be actively maintained in Arabidopsis, even after the
initiation of all four types of floral organs, and that the
maintenance of flower meristem identity involves LFY and
AG, as well as phytochrome and gibberellin signal transduc-
tion.

The frequent occurrence of floral meristem reversion ob-
served in SD heterozygous Ify-6 flowers (Fig. 2A4) provides two
important insights into LFY gene function. First, LFY is
important for the maintenance of flower meristem identity.
Second, LFY is haplo-insufficient for the maintenance of
flower meristem identity under SDs. Since ectopic shoot
formation is detectable in stage 8 heterozygous Ify-6 flowers
(Fig. 1Q), and since LFY gene activity is also required to
initiate flower development (12, 15, 16, 18), we hypothesize
that LFY is active continuously from initiation through at least
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the middle of flower development and organogenesis. Consis-
tent with this hypothesis, LFY gene transcripts are detectable
during early flower development, in flower anlage to the
immature carpels of stage 9 flowers (16).

We observed that AG is also required for the maintenance
of flower meristem identity under SDs. Unlike LFY, however,
AG is haplo-sufficient for the maintenance of meristem iden-
tity. One important question for understanding the contribu-
tion of LFY and AG to the maintenance of meristem identity
is whether the effect of heterozygous LFY on flower meristem
identity is due, in part, to the role of LFY as a regulator of AG
gene expression. Weigel and Meyerowitz (14) showed that the
appearance of AG transcripts is delayed in young LD homozy-
gous [fy flowers. They also showed, however, that AG transcript
levels recovered as mutant flowers matured (14). Our results
suggest that AG gene expression is not affected at the RNA
level in SD heterozygous Ify-6 flowers since AG transcript
levels (Fig. 1P) are equal to if not greater than that observed
in LD wild-type flowers (K.D.J., data not shown). Thus, it does
not appear that floral meristem reversion in heterozygous /fy-6
flowers is the result of the down regulation of AG gene
expression.

Do LFY and AG function together to maintain flower
meristem identity? LFY represents a novel class of evolution-
arily conserved nuclear proteins (16) that reportedly can bind
to DNA in vitro (20). By contrast, AG belongs to the MADS
domain family of transcription factors (24, 25) including the
flower control genes API, AP3, and PI (44-46). The AG
protein is capable of forming both homo- and heterodimers in
vitro (47). Although it is not known whether LFY and AG
interact physically in cells, it has been reported that Ify-1 ag-1
flowers display novel inflorescence-like traits such as branch-
ing and the production of axillary floral buds under LDs (15),
suggesting that LFY interacts genetically with AG. LFY has
also been shown to interact genetically with AP1 (15, 16) and
with AP2 (12, 13, 15) to promote flower meristem identity and
to positively regulate the expression of genes that specify
flower organ identity including AP3, PI, and AG (14). By
contrast, LFY and AG may function together to maintain
flower meristem identity, in part, by negatively regulating the
expression of genes that promote shoot development such as
TFL (48, 49), EMF (50), or STM (51). Consistent with this
hypothesis, we have detected the ectopic expression of a
putative Arabidopsis homolog of the snapdragon shoot apical
meristem gene CENTRORADIALIS (52) in ectopic shoots
produced by SD heterozygous Ify-6 flowers (W.S. and J.K.O.,
data not shown).

How is flower meristem identity governed by photoperiod?
SD-induced floral meristem reversion in heterozygous Ify-6
and in ag-1 plants was strongly suppressed by either a 30-min
or a 120-min red light night-break treatment (Table 1), sug-
gesting that phytochrome might be involved in the control of
flower meristem identity. However, it could be argued that the
long night-break treatment suppresses floral meristem rever-
sion by simply inducing a LD phenotype rather than by a
photochemical change in phytochrome activity. Our double
mutant studies using hyI-1 provide genetic support for the role
of phytochrome in controlling flower meristem identity (Table
1). hyl-1 completely suppressed floral meristem reversion in
ag-1 mutant flowers (Table 1). hyl-1 also strongly suppressed
meristem reversion in heterozygous [fy-6 flowers. However, a
low but significant level of residual flower meristem reversion
was observed in heterozygous [fy-6 hyl-1 flowers (Table 1).
One interpretation of the residual flower reversion is that a
second signal, perhaps from another pigment system, may
promote ectopic shoot development. Alternatively, residual
flower meristem reversion may be attributable to the presence
of a low level of physiologically active and biochemically
detectable phytochrome in Ayl-1 plants (53, 54).
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The frequency of floral meristem reversion in SD heterozy-
gous Ify-6 and in ag-I1 flowers forms a basipetal-acropetal
gradient along the inflorescence stem (Fig. 2), suggesting that
the concentration, activity, or perception of one or more
intrinsic signals may vary with time or distance during inflo-
rescence development. Similarly, the effects of homozygous /fy,
apl, and ap2 mutations on floral meristem activity are position
dependent and sensitive to photoperiod (10-12, 15, 16, 33, 55,
56). We hypothesize that the position-dependent change in the
establishment and maintenance of flower meristem identity in
these mutants can be explained, in part, by changes in gib-
berellin signal transduction which in turn is controlled by
phytochrome. Consistent with this hypothesis we showed that
meristem reversion is suppressed in both heterozygous Ify-6
and in ag-1 flowers by exogenously applied gibberellins and
genetically by mutations in spy (Table 1). Moreover, the
basipetal-acropetal gradient of flower phenotypes exhibited
by apl and weak ap2 mutant flowers (10-12, 55, 56) is also
suppressed by gibberellins (K.D.J., C.L.-P., and J.K.O., data
not shown) and by spy (C. Brown and J.K.O., unpublished
results). Taken together, these results suggest that gibberellin
signal transduction is important to the control of Arabidopsis
floral meristem identity.

Our observation that cells that initiate floral meristem
reversion are separated, temporally and spatially, from those
that initiate flower development at the shoot apex (Fig. 1)
suggests that the establishment and maintenance of flower
meristem identity are distinct processes. We can propose a
speculative model for the maintenance of flower meristem
identity that begins to integrate phytochrome and gibberellin
signal transduction together with AG and LFY gene activity.
As shown in Fig. 3, the maintenance of flower meristem
identity under SDs is controlled, in part, by a putative signal
transduction cascade involving phytochrome, gibberellins,
SPY,AG, and LFY. One key feature of this model is that floral
meristem identity is positively regulated by gibberellins and
that gibberellin synthesis or activity is downregulated by
phytochrome under SDs, as it is in many plant species including
Arabidopsis (38—41). Fig. 3 also shows that gibberellin signal
transduction is negatively regulated by SPY as shown by
Jacobsen and Olszewski (26). In contrast to wild type, both
heterozygous Ify and ag plants are competent for the estab-
lishment of flower meristem identity under SDs, but a gib-
berellin-mediated signal is required for the maintenance of
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F1G.3. A speculative model for the photo and hormonal control of
the maintenance of floral meristem identity by LFY and AG. In
wild-type plants cells produced by the inflorescence meristem (IM) are
committed to flower meristem development (FM) by a network of
genes including AP1, AP2, CAL, CLV1, CLV3, LFY, and others. Under
SDs floral meristem reversion, represented by the broken arrow from
FM to IM, is strongly but not totally repressed by LFY and AG (see
Table 1). GA signal transduction is negatively controlled by SPY. GA
synthesis or activity is negatively regulated by phytochrome (PHY).
This model suggests three possible pathways for the maintenance of
flower meristem identity by gibberellin (GA) signal transduction as
shown by arrows 1-3 (see text).
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meristem identity. Floral meristem reversion is not observed in
homozygous [fy-6 plants because the requirement for LFY in
SD flower development is absolute (12, 15).

According to the model, there are three possible pathways
for the maintenance of flower meristem identity by a gibberel-
lin-mediated phytochrome signal transduction cascade in wild-
type flowers under SDs (Fig. 3). First, gibberellins may pro-
mote the maintenance of flower meristem identity by a path-
way independent of LFY and AG gene activity (arrow 1). For
example, floral meristem reversion has been reported at very
low frequencies in both api-1 and clvl flowers (3, 11). It is not
known, however, whether the frequency of floral reversion in
these mutants is significantly greater than that which we
observed in wild-type flowers (Table 1). It has also been
reported that the frequency of floral meristem reversion is
higherinapl-1 ag-1 and api-1 clvl flowers (3, 11), and inap1-1
ap2-2 ag-1 flowers (11). However this could be attributed to the
presence of ag in these mutants, or to the role of CLVI as a
positive regulator of AG gene expression (3). Second, gib-
berellins may promote the activity of genes located genetically
downstream from LFY and AG (arrow 2) or genes that function
together with LFY to promote determinate flower develop-
ment such as API/CAL (18), CLVI (3), CLV3 (17), or the
flowering time gene CONSTANS (CO) (57). Finally, gibberel-
lins may repress floral meristem reversion by promoting LFY
gene activity directly or indirectly (arrow 3). We reasoned that
LFY is a likely target for gibberellin signaling because het-
erozygous I[fy-6 mutants exhibit meristem reversion and re-
spond to exogenous gibberellins, whereas homozygous /fy-6
mutants remain blocked in flower development. By contrast,
AG is not a likely target of gibberellins because ag-1 is a null
mutant (24) yet displays strong floral meristem reversion and
responds to exogenous gibberellins. Alternatively, gibberellins
may suppress the activity of genes in the floral meristem that
may promote shoot development such as TFL, EMF, or STM
(48-51).

The capacity of the floral meristem, normally a determinate
structure, to be developmentally reprogrammed and switch to
indeterminate shoot development has been observed in many
plant species. Floral meristem reversions were described for
roses and carnations in 1790 by Johann von Goethe (58) and
have been observed in monocotyledonous and dicotyledonous
plant species (59). The combination of phytochrome and
gibberellin signal transduction mutants together with /fy and ag
provide a novel opportunity to integrate plant signal trans-
duction with the genetic and molecular systems controlling
plant reproduction.
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