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A Pair of Related Genes with
Antagonistic Roles in Mediating
Flowering Signals

Yasushi Kobayashi," Hidetaka Kaya, Koji Goto,? Masaki Iwabuchi,*
Takashi Araki'f

Flowering in Arabidopsis is promoted via several interacting pathways. A pho-
toperiod-dependent pathway relays signals from photoreceptors to a tran-
scription factor gene, CONSTANS (CO), which activates downstream meristem
identity genes such as LEAFY (LFY). FT, together with LFY, promotes flowering
and is positively regulated by CO. Loss of FT causes delay in flowering, whereas
overexpression of FT results in precocious flowering independent of CO or
photoperiod. FT acts in part downstream of CO and mediates signals for
flowering in an antagonistic manner with its homologous gene, TERMINAL

FLOWERT (TFL1).

In higher plants, flowering—the transition
from vegetative to reproductive growth
phase—is controlled via several interacting
pathways influenced by both endogenous fac-
tors and environmental conditions. In Arabi-
dopsis, a photoperiod-dependent pathway
promotes flowering in response to an induc-
tive long-day (LD) photoperiod, whereas an
autonomous pathway functions independent-
ly of the photoperiod and other environmen-
tal conditions (7). Recent studies suggest that
the FT gene may be regulated via both pho-
toperiod-dependent and autonomous path-
ways and may act redundantly with LFY in
promoting flowering (2).

We identified the FT gene by transferred
DNA (T-DNA) tagging (3). The predicted
FT open reading frame encodes a protein
with similarity to the TFLI gene product
(Fig. 1, A and B) (4). FT and TFLI are
members of a gene family in Arabidopsis
(Fig. 1, B and C) (). Putative FT orthologs
in other species were found in databases
(Fig. 1, B and C) (6). FT and TFLI repre-
sent two clades that may have branched
before the diversification of angiosperms
(Fig. 1C). FT was expressed in all tissues in
seedlings and mature plants (Fig. 2A). The
FT mRNA level gradually increased with
time under both LD and short-day (SD)
photoperiods (Fig. 2, B and C). Under LD
conditions, expression was first detected on
day 4 and plateaued around day 6, preced-
ing floral commitment around days 9 and
10 (7). Up-regulation of FT expression was
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delayed and reduced under SD conditions
(Fig. 20).

CO is up-regulated under LD condi-
tions, and it activates meristem identity
genes (8, 9). We investigated whether CO
regulates FT. In the co-1 mutant, up-regu-
lation of FT expression was delayed (Fig.
2C), suggesting that it may require CO
during the early vegetative phase. In con-
trast, the FT mRNA level was not affected
in fha-1, which lacks cryptochrome 2 (10);
fea-1, which is defective in the autonomous
pathway (/1); or fwa-2, which is similar to
ft in terms of genetic interactions with LFY
and API (2) (Fig. 2D). When CO activity
was induced from the CO-glucocorticoid

Fig. 1. Structure of the A
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receptor (CO:GR) fusion protein by treat-
ing 35S::CO:GR; co-2 plants (9) with
dexamethasone (dex), up-regulation of FT
expression was observed within 12 hours
(Fig. 2E). The FT mRNA level was elevat-
ed in dex-treated 355::CO:GR; co-2 plants,
but not in plants with similar precocious
flowering phenotype due to overexpression
of LFY (12), AP1 (13), or TSF (see below)
(Fig. 2F). Therefore, up-regulation of FT
expression upon induction of CO activity
was not a secondary effect of induced ac-
celeration of flowering. Because up-regula-
tion of FT expression eventually occurs in
the co mutant and in the SD photoperiod,
there is probably a photoperiod-indepen-
dent pathway for FT up-regulation. Al-
though the physiological relevance is not
clear, early transient expression of FT was
observed in the co mutant and in the SD
photoperiod (Fig. 2C).

Constitutive overexpression of CO caus-
es photoperiod-independent precocious
flowering (9). If FT promotes flowering
under the control of CO, then constitutive
overexpression of FT should result in flow-
ering, independent of the photoperiod and
CO function. All transgenic lines that over-
express FT (35S::FT) flowered early with
determinate inflorescence similar to #f1], as
did 358::CO plants (9) (Fig. 3, A and B).
Overexpression of TSF or CiFT results in
the same phenotype (/4). Early flowering
was correlated with FT mRNA accumula-
tion: Plants with the highest level flowered
with only two rosette leaves (/4). Neither
the SD photoperiod nor co-1 affected the
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hPEBP to generate the HCNP (underlined) (23). (C) A phylogenetic tree, constructed by the neighbor-
joining method, for 13 representative proteins from plants, hPEBP, and Saccharomyces TFS1 (GenBank
accession number X62105), RCN1 and RCN2 from rice (25), SP (GenBank accession number U84140),
CEN (GenBank accession number $81193), and BnTFL1-1 (GenBank accession number ABO17525).

Bootstrap values are shown on each branch.
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early-flowering phenotype of transgenic
plants (Table 1), which indicates that FT
regulates flowering by acting in part down-
stream of CO. Consistent with this obser-
vation, f#-1 partially suppressed the preco-
cious flowering phenotype of 355::CO
(15). In contrast, the semidominant fwa-2
mutation, which did not affect FT expres-
sion (Fig. 1D), partially suppressed the pre-
cocious flowering phenotype of 35S::FT

REPORTS

(Table 1). Thus, FWA may interfere with
pathways downstream of FT (14).

The SD photoperiod and co-I actually
enhanced the precocious flowering pheno-
type in 35S::FT plants (Table 1). The LD
photoperiod or CO may also enhance the
expression of genes antagonistic to F7. One
candidate for such a gene is TFLI, which is
up-regulated by the LD photoperiod and CO
(4, 9). FT and TFLI play opposite roles in

Fig. 2. Analysis of FT ex-
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flowering, as loss of function and ectopic
overexpression of these genes results in near-
ly opposite phenotypes [this study and (16—
19)]. Haploinsufficiency of FT in the
358::TFL1 background (Table 1) and of
TFL! in the wild-type background (/7) sug-
gests the importance of the balance between
the two. This is further supported by the
enhancement of the phenotype of 35S::FT by
tfl1 and of the phenotype of 35S::TFL1 by ft
(Table 1 and Fig. 3C).
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Temporal profile of expression of FT, TSF, and TFL1 genes in aerial parts of LD-grown plants. AFT indicates FT

deletion line (3) on day 14. (C) Effect of photoperiods and co-1 on FT expression (LD, 16 hours light/8 hours
dark; SD, 8 hours light/16 hours dark). (D) Effect of late-flowering mutations on the level of FT expression on
day 7, when the level in the wild type plateaued [see (B)]; co-1 is in the Col background, and fha-1, fca-1, and
fwa-2 are in the Ler background. (E) Up-regulation of FT expression by activation of the CO-GR fusion protein
(26). CO-GR fusion protein was activated by application of dex. Numbers indicate hours after application of
dex (+Dex) or the solvent (—Dex); rRNA stained with ethidium bromide (EtBr) is shown as a loading control
(F) FT expression in transgenic plants overexpressing various genes. RNA blot analysis of 10 g of total RNA.
FT/TFL1 and TFL1/FT are chimeric genes coding for FT(1-63)/TFL1(67-177) and TFL1(1-66)/FT(64—175)
fusion proteins, respectively. 355::CO:GR (+) indicates 355::CO:GR; co-2 plants 4 days after application of

dex (26).

Fig. 3. Phenotype of
transgenic plants. (A) A
35S::FT plant. (B) A “ter-
minal flower” on the pri-
mary inflorescence of a
355:FT plant. (C) A
358:FT; tfl1-17 plant
with single terminal
flowers replacing the pri-
mary and secondary in-
florescences; tfl1-17 is
an RNA-null allele as the
result of a 1-kb deletion
in TFL1 (20). (D and E)
355:FT/-  35S:LFY/-
plants. In (A) through (E),
the arowhead indicates
a rosette leaf; arrow,
bract; TF, terminal flow-
er; AF, axillary flower. (F

and G) Shoot apex of a 3-day-old seedling of 355::FT/~ (F) and 35S::FT/~; 355::LFY/~ (G). The arrow indicates
one of the first two leaves or bracts left intact; the arrowhead indicates the shoot apex in between. One
cotyledon (large asterisk) and one leaf or bract (small asterisk) were removed. In 355::FT/—; 35S::LFY/-, the
shoot apical meristem itself was transformed into a single terminal flower (se, sepal; p, petal; s, stamen; g,
gynoecium), whereas it had two bract primordia and the shoot apical meristem between them in 355::FT/-.
Scale bars, 5 mm (A, C, D, and E), 2.5 mm (B), 100 wm (F and G).
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blocking the other’s activity. 35S::FT;
35S8::TFLI plants and ft; ¢fl1 plants showed a
phenotype similar to that of 35S::FT and ft
plants, respectively (2) ( Table 1), which sug-
gests that the level of FT activity is likely
more important in the timing of flowering.

Hyperactivity of the FT-mediated path-
way alone was not sufficient to induce flow-
ering immediately upon germination, even in
the absence of the antagonistic activity of
TFL1 (Fig. 3C). Because FT may function in
parallel with LFY (2), we investigated wheth-
er the combined activity of these genes is a
limiting factor for induction of flowering.
358::FT/~; 358::LFY/- plants germinated
normally and had cotyledons and hypocotyls
indistinguishable from those of the wild type
(Fig. 3, D and E). However, a terminal flower
with one or two bracts developed within 3
days after germination, replacing the com-
plex shoot system observed in the wild type
(Fig. 3, D to G, and Table 1). Thus, a simul-
taneous excess of FT and LFY activity from
the very beginning of post-embryonic devel-
opment induces flowering with almost no
intervening vegetative phase. In contrast, nei-
ther, 35S::FT; 35S::APl1 nor 35S::LFY;
35S8::AP1 plants showed such an extreme
phenotype (20, 21).

Our results and those of others (2, 9, 19)
suggest that FT and TFL] mediate signals for
floral transition in part downstream of CO in an
antagonistic manner (/4). What, then, are the
biochemical functions of FT and TFL1? They
belong to a family of possibly membrane-asso-
ciated proteins that includes phosphatidyleth-
anolamine-binding protein (PEBP) (22). Inter-
estingly, PEBP in humans and rats is a precur-
sor of hippocampal cholinergic neurostimulat-
ing peptide (HCNP) (23) (Fig. 1B). Whether
the function of FT and TFL1 involves the gen-
eration of peptide molecules as the transmissi-
ble signal is an interesting question.
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