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Floral induction and determination:
where Is flowering controlled?

Frederick D. Hempel, David R. Welch and Lewis J. Feldman

Flowering is controlled by a variety of interrelated mechanisms. In many plants, the environment
controls the production of a floral stimulus, which moves from the leaves to the shoot apex.

Apices can become committed to the continuous production of flowers after the receipt of
sufficient amounts of floral stimulus. However, in some plants, the commitment to continued flower
production is evidently caused by a plant’s commitment to perpetually produce floral stimulus

in the leaves. Ultimately, the induction of flowering leads to the specification of flowers at the shoot

apex. In Arabidopsis , floral specification and inflorescence patterning are regulated largely by

the interactions between the genes  TERMINAL FLOWER, LEAFY and APETALA1/CAULIFLOWER .

utside the shoot apex induce the formation of flower priit- is important to note that different determination assays might
mordia (Fig. 1). The photoperiodic induction of floweringyield alternative conclusions for the same primordia (the caveats
was discovered 86 years ago by Julien Tornois in‘h@bertly associated with determination experiments are discussed in Ref.
afterwards, additional experiments suggested that the photop#fi}. A third type of assay has been used to test leaf commitment to
odic control of flowering was a general phenomenon, which catite continued production of floral stimulus: in this assay, photo-
trolled flowering in most plantsLater, focused-light experimentsinduced leaves are removed from the plant following an inductive
showed that leaves perceive photoperiodic sigriffese studies, treatment.
and numerous grafting experiments, indicate that the productiorin this review we discuss firstly a variety of experiments that
of the photoperiod-induced floral stimutugcurs in the leaves of indicate the site(s) that control flowering. Secondly, we review
a wide variety of flowering plants. recent studies that indicate how a few key molecular players regu-
In contrast with floral induction, floral determination can béate the specification of flower primordia Arabidopsis
defined as the assignment of flower(ing) fate, which is persistent
even when the flower-inducing conditions no longer &Xist Floral determination assays
Assays for floral determination include: Photoperiodic assays for floral determination
» Changing environmental conditions (from inductive to noriFhe simplest type of determination assay is one in which plants
inductive). are moved to non-inductive conditions after various lengths of
» Microsurgical removal of shoot apices, and the placementtohe under inductive conditions. Using this method, the duration
those apices into neutral environméits of photoinduction treatment required to produce flowers can be

p)ral induction is the process by which stimuli originatingHowever, both types of determination assay have limitations, and
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Fig. 1. During the induction of flowering a floral stimulus (un-
broken, blue arrows) moves from the leaves to the shoot af
Photoperiodic flower-inducing signals are perceived in the leay
which produce the floral stimulus. Once this stimulus reaches
shoot apex it might act on the apical meristem (AM), or it mig
act directly on developing primordia (P). If the determination
flowering is controlled by the apical meristem, this implies that t

control the commitment to flowering, it is possible that the flor.
stimulus acts directly on developing primordia and/or on the sh
meristem (blue, broken arrows indicate the potential pathway
floral stimulus). Young leaves (L) are also a potential site for flo
stimulus production, although they might have to develop furth
before they are able to do so. In apex-removal determination as
these young leaves would be transplanted as part of the shoot g

meristem responds directly to the floral stimulus. If the leaves

regions of the plant are removed and grafted to rootstocks. Grafted
apices that have not been determined to flower produce approxi-
mately the same number of vegetative nodes as a normal plant.
However, grafted apices that have been determined to flower, pro-
duce flowers much more rapidly, indicating that they were com-
mitted to flower before they were removed from the original plant.

Because meristems cannot be removed and grafted without the
inclusion of a few young leaves or leaf primordia, one potential
limitation of a grafting experiment is that it does not conclusively
indicate whether meristems have been determined. Interestingly,
the expression of two genes involved in the control of flowering,
indeterminatan maize andCONSTANSh Arabidopsis occurs in
young leave$™® The expression of these flower-promoting genes
in young leaves suggests that leaves that are removed along with
the shoot meristem might be able to affect the determination status
of the shoot apex. It is possible that, in some cases, these leaves
can be induced to produce sufficient floral stimulus to affect the
determination status of the shoot apex (Fig. 1).

Assays for leaves that are committed to the persistent production
of floral stimulus
Leaf removal experiments can be used to test for a commitment to
persistent floral stimulus production in the leaves. In red-flowered
Impatiens balsaminat has been shown that a continuous supply
of a leaf-derived floral stimulus is needed to maintain floral identity
in developing flower primordfd Without a persistent supply of
floral stimulus, the inner whorls of red-flowerkdpatiendlowers
revert to vegetative growttt’, Although red-floweredmpatiens
flowers revert when returned to non-inductive conditions, other
lines ofImpatiensdo not revert (i.e. once flowers begin to form, the
plant is irreversibly committed to produce complete flowdgrs
Recent leaf-removal experiments on a non-reverting purple-
flowered Impatiensindicate that the irreversible commitment to
flowering is because of the continued production of floral stimu-
eX.lus by leaves that unfolded during the photoperiodic induction
ES, treatment (Fig. 3). In these experiments, when the leaves that un-
the folded during the photoperiodic induction treatment were re-
?ft moved, floral shoots reverted to veggtative growth. If the same
e leaves were not removed, the plants did not revert after they were
s blaced in non-inductive conditiolis This indicates that commit-
ment to flowering did not occur because the meristem became
hot determined to produce flowers, but because the leaves became
for committed to continually produce floral stimulus. Additionally,
al the observation that commitment and reversion are often incomplete
er in Impatienssuggests that above-threshold levels of floral stimulus
sayare required for the full specification of flower primordia
PEX. This recent work otmpatiendits well with the initial concept

=2

of photoperiodic induction put forward by V.N. Lubimenko and

O.A. Sceglov®. They proposed that photoperiodic induction

deduce®*> A major limitation of this type of determination assayreatments cause stable changes that affect the whole plant, and not
is that ‘determination’ is measured at the level of the whole plaptst the ephemeral production and movement of a ‘florigen’ that
Therefore, it is not possible to draw strict conclusions about whacts at the shoot apex. Of course, in the case of purple-flowered
individual primordia become irreversibly committed to develop dmpatiens,changes at the shoot apex are stable only if the com-
flowers. Thus, it is also not possible to deduce whether an irreunication with the leaves is maintained. The evidence for a leaf-
versible commitment to flowering is because of a commitmentbased commitment to flowering is also consistent with classical
flowering within the shoot meristem, or if it is because of a congrafting experiments in which leaves detached from photoperiodi-
mitment to the production of floral stimulus by the leaves (Fig. 9ally induced plants were able to induce flowering when grafted
However, the two types of assays discussed next are designeahto non-induced plants growing in non-inductive photopefiods
help make this distinction.

Floral induction, determination and specification in
Microsurgical assays for florally determined shoot apices Determination experiments
In the past two decades, microsurgery experiments have b&be types of leaf-removal experiments described here have not been
used to assay for floral determination in shoot aficédJsing a reported forArabidopsis Indeed, the growth habit and architecture
grafting assay (Fig. # axillary shoot apices from variousof Arabidopsiswould make such experiments difficult. However,

Arabidopsis
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Fig. 2.Grafting assay for floral determinationNicotiana tabacum
When grown under uniform environmental conditions, tobacco pfo- Traaviedis g1 Plard S
duces a certain number of nodes before forming a terminal flower.
Axillary shoot apices below the inflorescence are relatively inactiye,
but will develop rapidly after rooting or grafting, or after decapj-
tation of the plant. When excised from a donor plant (b) and grafted
to the base of a second decapitated plant (a and c), apices githe
produce approximately the same number of nodes as a normal plant
before forming a terminal flower (c), or produce significantly fewer
nodes (a). The grafted shoot apex in (a) is judged to have beer
determined to flower before grafting, whereas the apex in (c)| is
judged to have been undetermined. Adapted from Ref. 16.

Fig. 3. Leaf removal experiments in the purple-flowehagbatiens
balsamina (a) Plants from a purple-flowered line lofpatiensare
grown for five days in inductive conditions. When transferred o
non-inductive conditions, the plants do not revert and continue| to
flower. Abbreviations: SD, short day (8 h light and 16 h dark); LD
long day (16 h light and 8 h dark). (b) Plants receive the same indugtive
treatment, but, at the time of transfer to non-inductive conditions,|all
unfolded leaves are removed. These plants revert and, after the|pro-
duction of several intermediate organs, leaf production resumes
from the terminal flower. This data, coupled with the fact that red-
floweredImpatiensplants revert to vegetative growth after transfer
. L L from inductive to noninductive conditidt¥§ indicates that meri-
the results of simple photoperiodic determination assays havestem commitment does not occutimpatiensand that primordium
been reported It is evident from these studies that the early- fate is controlled by the amount of floral stimulus coming from the
flowering ecotypes ofirabidopsiscan be irreversibly committed | leaves. (c) A reverted shoot that was formed under the experimental
to flower within one day of the start of photoinduction, and that conditions described in (b). Note that the purple petal tissue is
low red:far-red light ratios strongly promote the commitment {o evidence of the initiation of a ﬂoyvering before the _reversion of this
flowering'®? This is not surprising, as high red:far red ratios, aqt- Shoot. Photograph courtesy of Fiona Tooke and Nick Battey.
ing through phytochromes (particula®BHY B, are known to
prolong vegetative growth iArabidopsi$®** Additional deter-
mination assays indicate that plants grown in long-day photeecauseArabidopsis apical meristems cannot be reverted to
periods are determined to flower after approximately severmgetative growth, there is no evidence to indicate that this is the
days*, when the first two leaves are approximately the same sizse. Furthermore, data on the commitment to flowering in
as the cotyledors Arabidopsis®*****?4s consistent with the hypothesis that the irre-
Photoinduction experiments also indicate that flowers can bersible commitment to flowering is controlled outside the shoot
formed from undetermined primordia that are present alreadynagristem.
the shoot apex at the start of strong photoinduction treatthents The mechanism(s) by whichrabidopsisprimordia are com-
These experiments, and additional experiments in which a partiatted to flower should, in part, be elucidated by the molecular
reversion of flowering occurrél suggest that the determinationand biochemical analyses of flowering-time genes and mutants
of primordium identity inArabidopsisis not instantaneous. Thus,over the next few years. Within the catalog of genes that corre-
developing primordia evidently respond to floral induction signatgpond to early and late-flowering genes (reviewed in Refs 29,30)
over a period of time. we should find genes involved in floral stimulus production, floral
It is not known whetheArabidopsismeristems are florally stimulus transport and floral stimulus perception within the shoot
determined, or if the leaves are committed to a perpetual prodapex. It will be interesting to see if we also find genes for meristem
tion of floral stimulus. Although it might be tempting to assumedetermination, and/or genes for the irreversible commitment to
that the Arabidopsisshoot meristem is determined to flowerfloral stimulus production in the leaves.

=
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In wild-type plants,LFY is expressed throughout flower pri-
ia) = mordia early in their ontoge?fi?’. AP1andCAL expression also
' ’ ' i occurs throughout flower primordia, although the expression of
e ., ", these two highly similar and largely redundant genes occurs in
Iy i primordia only after they have become distinct from the meri-
/ ke sten?®*(Fig. 4). Furthermore, the upregulationAd®1during flo-
Y " ral induction treatments does not occur until many hoursleftér
has been upregulatéd® In Ify mutants AP1 expression is both
weak and delayét] whereas the ectopic expression LdFY
induces the ectopic expression A1 in leaf primordia and in
axillary flower primordi&. These results clearly indicate th&ty
is a formal regulator cAP1
New investigations into the regulation AP1 by LFY have
shown that a steroid-inducible LFY::rat-glucocorticoid-receptor-
b binding-domain gene can transcriptionally activafel in the
b} TFL absence of protein synthesis. This indicates thakfigpromoter

T v is a direct target of LFY (Ref. 41). TheG promoter is also evi-
A dently a direct target of LFY, as it has a LFY-responsive enhancer
that is required for its activit§ Thus,LFY has direct and distinct
S c roles in both the specification of flowers and in the patterning of
"-1"~.1 : floral organd®***2 Furthermore, the direct regulation AP1 by
d Ty’ : LFY and the temporal lag ilP1expression (Fig. 4) indicates that
Ly AP1ITAL LFY is upstream of AP1 in the flower meristem specification

process. However, recent analyses suggestAtRatalso posi-
Fig. 4.Genes controlling flower primordium specification and inflor-  tjvely requlate4.FY. For example, i85S::AP1plants, the upregu-
escence patterning iArabidopsis (a) The expression patterns o lation of LFY occurs earlier, suggesting th®1 regulates. FY

LEAFY (LFY), APETALAL/CAULIFLOWERAP1/CAL andTER- - . . . 0
MINAL FLOWER 1(TFL1) in the shoot apex.FY andAP1/CAL via a feedback loop, or through an interaction with another factor

are expressed in young flower primordia. Only relatively high levels .

of LFY are depicted here. Low levelsldfY expression occur in leaf | /téractions between LFY, AP1 and TERMINAL FLOWERI

primordia before, and after, flowering begins. High levelsRf or (TFL1) during the transition to flowering

AP1/CAL induce flower development.FY expression precedes| Although the initial specification of flowers is controlled largely by
AP1/CALexpressionTFL1is expressed in the center of indetermi-  the floral-meristem-identity genésY andAP1/CAL the patterning

nate meristems iArabidopsis (b) Interactions betweéfFL1, LFY of the Arabidopsisinflorescence is regulated by interactions be-
and AP1/CALduring flower primordium specificatio.FL1 sup- tween these genes anBL1 (Fig. 4).TFL1prevents the expression
presses both the expression and the activit Ff and APL of floral meristem identity genes in the shoot meristem and pro-
ConverselyLFY and AP1 suppress the expression L1 LFY motes indeterminate growtH? although the mechanism by which

and AP1 positively regulate each othdrFY promotesAP1 tran-

scription directly. NoteAP1 andCAL are MADS-box genes with it does this is unknown. Because TFL1 has similarity to animal

high similarity®. They are largely redundant, particularly with proteins that .aSSOCiate with membrane protein comple?(es, itis un-
re%ard to the)i;r roraIYmeristemg-]idZntity function,pas indicgted by likely that it directly regulateFY andAP1/CALtranscription*
comparing theapl mutant with theapl caldouble mutant. In the | More likely, TFL1 affects the movement of signals or is the source
aplmutantCALexpression is sufficient for floral meristem identity ~ Of @ signal that affects the expression of genes sutfésnd
(although it is not sufficient for the supression of axillary flowets APL TFL1is also able to suppress the activityAfflandLFYin
from the base of the sepals). However, irepi caldouble mutant, the shoot primordia of plants that are expressing ectopically both
flowers are converted to indeterminate shoots indicating that either TFL.1 and LFY or AP1 (Ref. 44), which indicates thaFL1 can
CALor APl(OI‘ bOth) is necessary for floral meristem |dent|ty alSO prevent Shoot menstems from respond”«lg:tvandAPl
ConverselyLFY andAP1are both able to suppress the activity
of TFLL In Ify plants, ectopidFL1 expression is evident in the
Control of flower primordium specification by LEAFY and secondary meristems that normally would produce flotteirs
APETALA1/CAULIFLOWER 35S::LFYplants, there is no detectable TFL1 expression at any
Although we know little about the mechanisms involved in thtame during developmetit Similarly, TFL1is ectopically expressed
production of floral stimulus in the leaves Afabidopsis we in the proliferating meristems of tia@1 caldouble mutarit, and
have a much better idea of the mechanisms by which flowers &iFd.1expression is suppresse®@BS:: AP Iplant$®*4 WhethelLFY
specified on the flanks of the shoot apex. For example, thedAP1suppres3FL1expression directly or indirectly is unknown.
replacement of flowers with indeterminate shoot§jiand inapl
cal double mutant indicates thiafY andAP1/CALare critical for Future prospects
flower primordium specificatiof®. The conversion of shoots toIn recent years, there has been a concerted effort to use model sys-
flowers in plants that ectopically exprddsY andAP1(35S::LFY tems to unravel the secrets of floral induction, but many unan-
and35S::AP1plants) indicates that these genes are sufficient $wered questions remain. With regard to floral commitment, we
specify flowers when expressed in shoot primd?dfaOf course do not know whether it is generally controlled by the leaves or by
many other genes are also involved in the specification of flowetlse shoot meristem. However, it is now clear that in one plant,
along withLFY andAP1/CAL But, because the genetics of florapurple-floweredmpatiens the commitment to flowering is con-
meristem specification was reviewed only receftiye will limit  trolled by the leavé§ although the specification of flowers must
our discussion primarily to the molecular interactions betweafso include additional levels of regulation within the flowering
LFY and the MADS-Box genesP1/CALandAGAMOUS(AG).  shoot apex. IrArabidopsis we have uncovered much about the
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Arabidopsis Nature384, 59-62
initial specification of flowers, and many key genes involved izo Pouteau, Set al (1997) The induction and maintenance of flowering in
floral meristem identity have been identified. One of these genes)mpatiens Development24, 3343-3351
LFY, promises to be critically important for the further unravelingl Krishnamoorthy, H.N. and Nanda, K.K. (1968) Floral bud reversion in
of floral induction mechanismd.FY is of particular interest  Impatiens balsaminander non-inductive photoperioddanta80, 43-51
because the transition to floweringAnabidopsidgs modulated by 22 Lubimenko, V.N. and Sceglova, O.A. (1931) Sur l'induction photoperiodique
levels of LFY activity in the meristei. Thus, analyses dfFY dans le processus du developpement des pldutsJardin Bot. Acad. Sci.
promoter activation might well identify molecules that make up URSS30, 1-52
the floral stimulu®. The makeup of the floral stimulus remaing3 Corbesier, Let al (1996) Design irirabidopsis thalianaf a synchronous
one of the great mysteries of plant science. It potentially includessystem of floral induction by one long ddlant J.9, 947-952
proteins or peptides, sugars, plant hormones and/or other sr&affhory, J. (1997) Light modulation of vegetative developnféiant Cell9,
diffusible molecule’s Will these molecules, or their second mes- 1225-1234 N o
sengers, interact with the emerging primordia (at, for example, fiteempel, F.D. (1996) The morphology of the transition to flowering in
LFY promoter) or with the shoot meristem? Will we find molecular MustardsSemin. Cell Dev. Biok, 391-400 S ,
evidence for irreversible changes that lead to the perpetual pQr%HempeI, F.Det al (1998) Photoinduction of flower identity in vegetatively

duction of floral stimulus within the leaves, and if so, within which_ Piased primordiaPlant Cell10, 1663-1675
leaves? Time will tell 27 Okamuro, J.Ket al.(1996) Flowers into shoots: photo and hormonal control

of a meristem identity switch iArabidopsis Proc. Natl. Acad. Sci. U. S. A.
93, 13831-13836
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