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Floral development at the Arabidopsis shoot apical meristem occurs in response to environmental cues that
are perceived in different tissues. Photoperiod is detected in the vascular tissue of the leaf (phloem) and
promotes production of a systemic signal that induces flowering at the meristem. Vernalization, the response
to winter temperatures, overcomes a block on photoperiodic floral induction. In Arabidopsis, this block is
caused by inhibitors of flowering that comprise several related MADS-box transcription factors, the most
prominent of which is FLC. We show that FLC delays flowering by repressing production in the leaf of at least
two systemic signals, one of which is controlled by the RAF kinase inhibitor-like protein FT. Reducing
expression of these signals indirectly represses expression of genes involved in floral induction at the
meristem. In addition, FLC expression in the meristem impairs response to the FT signal by directly
repressing expression of the SOC1 MADS-box transcription factor and preventing up-regulation of the bZIP
transcription factor FD. Repression of genes acting at multiple levels in this hierarchy is required for the
extreme delay in flowering caused by FLC. An FLC:HA fusion protein binds directly in vivo to the promoter
regions of FD and SOC1 and to the first intron of FT. Thus vernalization relieves transcriptional repression of
key regulatory genes in both the leaf and meristem, allowing production of systemic signals in the leaves and
conferring competence on the meristem to respond to these signals.

[Keywords: Arabidopsis; flowering; photoperiod; vernalization]

Supplemental material is available at http://www.genesdev.org.

Received November 18, 2005; revised version accepted January 31, 2006.

In Arabidopsis, reproductive development is initiated by
the formation of floral primordia on the flanks of the
shoot apical meristem. The time at which flowering oc-
curs is governed by environmental cues such as day
length and temperature, and is influenced by endogenous
signals related to the age of the plant. Classical physi-
ological experiments demonstrated that environmental
signals that influence flowering are perceived in different
tissues. For example, day length is detected in expanded
leaves, and in response to exposure to day lengths that
trigger flowering, a systemic signal termed the floral
stimulus travels through the phloem to the shoot apical
meristem, where it induces floral development (Knott
1934; Zeevaart 1976; Corbesier and Coupland 2005). Ver-

nalization, the acquisition of competence to flower that
results from exposure to extended periods of low tem-
peratures that mimic winter conditions, typically re-
lieves a block to the photoperiod pathway (Lang 1965).
Here we describe an analysis of the tissues in which key
Arabidopsis genes involved in vernalization act to con-
trol flowering and demonstrate the significance of tran-
scriptional regulation in the phloem and the meristem
for the vernalization response.

Genetic analyses of the control of flowering in Arabi-
dopsis thaliana identified four major floral promotion
pathways (Mouradov et al. 2002; Boss et al. 2004). Envi-
ronmental responses studied genetically in Arabidopsis
include photoperiodic control of flowering, induction of
flowering by response to long days (LD) of spring or early
summer, and vernalization, which is the promotion of
flowering by extended exposures to low temperatures
that mimic winter conditions. The responses to day
length (or photoperiod) and vernalization are medi-
ated by pathways that specifically control responses to
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these environmental cues, whereas the autonomous
and gibberellin (GA) pathways appear to act indepen-
dently of these signals (Mouradov et al. 2002; Boss et al.
2004). However, these pathways converge to regulate the
transcription of a set of integrator genes, particularly
LEAFY (LFY), SUPPRESSOR OF OVEREXPRESSION
OF CONSTANS (SOC1), and FLOWERING LOCUS T
(FT) (Blazquez and Weigel 2000; Lee et al. 2000; Samach
et al. 2000; Michaels et al. 2005).

CONSTANS (CO) and FT were placed in the photope-
riod pathway because mutations in these genes delay
flowering under LDs, but not under short days (SDs), and
thereby modulate the response to photoperiod (Koorn-
neef et al. 1991). Expression of CO, which encodes a zinc
finger protein that regulates transcription, is controlled
at the transcriptional level by the circadian clock and
exposure to light, and at the post-transcriptional level by
stabilization of the protein in response to light (Putterill
et al. 1995; Suarez-Lopez et al. 2001; Imaizumi et al.
2003; Valverde et al. 2004). The combination of these
regulatory mechanisms results in accumulation of CO
protein specifically under LDs, when it activates the
transcription of FT, which encodes a protein with simi-
larity to Raf kinase inhibitor proteins (Kardailsky et al.
1999; Kobayashi et al. 1999). The activation of FT by CO
appears to occur specifically in the phloem, where CO
and FT are both expressed (Takada and Goto 2003; An et
al. 2004). The biochemical function of FT recently be-
came clearer with the demonstration that it interacts in
yeast with a bZIP transcription factor, FD (Abe et al.
2005; Wigge et al. 2005). The FT/FD heterodimer is pro-
posed to activate the expression of three genes encoding
MADS-box transcription factors: the floral meristem
identity gene APETALA1 (AP1) in floral meristems (Abe
et al. 2005; Wigge et al. 2005), and FRUITFULL (FUL)
and SEPALLATA3 (SEP3) in the leaf (Teper-Bamnolker
and Samach 2005).

A role for FT in activating AP1 in the floral meristem
is in contrast to the FT mRNA expression pattern, which
appears to be specific to the vascular tissue (Takada and
Goto 2003; Abe et al. 2005). Furthermore, misexpression
of CO specifically in the phloem complemented a co
mutation, and misexpression of FT in the phloem or the
meristem complemented co and ft mutations (An et al.
2004; Ayre and Turgeon 2004; Abe et al. 2005). Taken
together, these observations led to the suggestion that FT
may encode a transmissible signal that is transported
through the phloem to the meristem from the leaf during
the transition to flowering (An et al. 2004; Abe et al.
2005; Wigge et al. 2005). Recently FT mRNA expressed
in the leaf from a heat-shock promoter fusion was shown
to reach the shoot apex, suggesting that the FT mRNA
might comprise at least a part of this signal (Huang et al.
2005).

The photoperiod pathway is therefore activated in the
leaves and interpreted in the shoot apical meristem. The
SOC1 gene, which encodes a MADS-box transcription
factor, is one of the earliest targets of photoperiod in the
shoot apical meristem. Mutations in SOC1 cause late
flowering, and the gene is expressed in the shoot apical

meristem within 24 h of shifting plants from SDs to LDs
(Borner et al. 2000; Samach et al. 2000). However, SOC1
is also expressed in the leaves (Borner et al. 2000; Hep-
worth et al. 2002). Analysis of seedling RNA demon-
strated that SOC1 is activated rapidly by induction of
CO overexpression and by overexpression of FT (Samach
et al. 2000; Michaels et al. 2005; Moon et al. 2005; Yoo et
al. 2005). These observations suggest that SOC1 is acti-
vated in seedlings by FT, but the spatial pattern of this
expression remains unclear because SOC1 is expressed
widely and FT is expressed in the leaves but has effects in
the meristem. Similarly, induction of a heat-shock pro-
moter fusion to FT causes SOC1 expression in microdis-
sected shoot apices, but these contained small leaves as
well as the shoot apical meristem (Huang et al. 2005).

The vernalization pathway of Arabidopsis promotes
flowering in response to extended exposure to low tem-
perature. Winter-annual accessions of Arabidopsis in
which vernalization promotes flowering generally carry
active alleles at two loci, FRIGIDA (FRI) and FLOWER-
ING LOCUS C (FLC), and FRI activates FLC expression
(Michaels and Amasino 1999; Sheldon et al. 1999; Johan-
son et al. 2000). FLC encodes a MADS-box transcription
factor that represses flowering. Overexpression of FLC
from a widely expressed viral promoter reduced the
abundance of SOC1 and FT mRNAs in seedlings (Hep-
worth et al. 2002; Michaels et al. 2005). SOC1 transcrip-
tion is likely repressed by FLC directly binding to a
CArG box in the SOC1 promoter (Hepworth et al. 2002).
In response to vernalization, the abundance of FLC
mRNA and protein is reduced (Michaels and Amasino
1999; Sheldon et al. 1999, 2000), and therefore vernaliza-
tion promotes flowering by reducing FLC expression.
The reduction in FLC expression by vernalization in-
volves chromatin remodeling of FLC that requires the
VIN3 protein and stabilization of the inactive state by
the VRN2 and VRN1 proteins (Gendall et al. 2001; Levy
et al. 2002; Sung and Amasino 2004).

Vernalization is generally believed to be perceived at
the shoot apex. Localized cooling of shoot apices, which
include young leaf primordia as well as the shoot apical
meristem, was sufficient for vernalization of celery,
chrysanthemum, and Thlaspi arvense (Curtis and Chang
1930; Schwabe 1954; Metzger 1988). However, these
studies cannot distinguish between cold responses at the
meristem and young leaves. Further evidence indicates
that vernalization can occur in leaves. Young leaves of
sugar beet plants were induced to produce the floral
stimulus by vernalization, and flowering plants were re-
generated from vernalized leaves of Luannari biennis
and T. arvense but not from nonvernalized leaves
(Wellensiek 1964; Metzger 1988; Crosthwaite and Jen-
kins 1993). Therefore physiological analyses carried out
in several species provide a complex picture in which
vernalization may affect the competence of the me-
ristem to respond to the floral stimulus and/or the ca-
pacity of leaves to produce the stimulus (McDaniel
1985).

Genes with key regulatory roles in flowering-time
control have been isolated in Arabidopsis, and these pro-
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vide the opportunity to examine more precisely at the
molecular level the spatial control of vernalization re-
sponse. FLC is expressed widely in the plant including in
the shoot apical meristem, the root meristem, and in the
leaves (Sheldon et al. 2002; Noh and Amasino 2003; Bas-
tow et al. 2004). However, the tissues in which FLC ex-
pression is required to repress flowering have not been
described. Here we study the spatial interactions be-
tween the photoperiod pathway and vernalization re-
sponse by misexpressing Arabidopsis flowering genes in
specific tissues and studying the effects on flowering-
time gene expression by in situ hybridization. We con-
clude that FLC acts to repress both the expression of
systemic flowering signals in the leaf and the response to
these signals at the meristem. Vernalization reduces FLC
expression in both tissues, rendering the meristem re-
sponsive to the systemic signals and allowing the leaves
to produce these signals.

Results

FLC represses flowering when expressed in the phloem
or the meristem

Winter-annual varieties of Arabidopsis express FLC, a
repressor of flowering, at high levels in the autumn, and
vernalization promotes spring flowering by repressing
FLC expression. FLC is expressed widely, including in
the meristem and leaves (Sheldon et al. 2002; Noh and
Amasino 2003; Bastow et al. 2004). A series of promoter
fusions to FLC was made in order to drive FLC expres-
sion in specific tissues, particularly the phloem and the
shoot apical meristem, which have critical roles in floral
induction. To test the effect of these fusions on flower-
ing time, they were introduced into Columbia flc-3 mu-
tants carrying an active FRI allele (Materials and Meth-
ods). The flowering times of these plants were measured
under LDs and SDs (Fig. 1). Expression of FLC specifi-
cally in the phloem from the SUC2 or ROLC promoters
delayed flowering under LDs, causing the production of
at least 25 leaves more than flc-3 mutants (Fig. 1A). FLC
expression in the meristem caused a less pronounced
effect, but UFO�FLC and KNAT1�FLC plants produced
at least 12 leaves more than flc-3 mutants prior to flow-
ering. F1 plants in which both KNAT1�FLC and
SUC2�FLC transgenes were combined flowered ex-
tremely late under LDs, producing at least 60 leaves
more than the latest flowering flc-3 plants; these F1
plants flowered at a similar time to our reference winter-
annual line FRI FLC (Fig. 1A). In contrast, expression of
FLC in the roots from the TobRB7 promoter had no ef-
fect on flowering (Fig. 1A). Under SDs expression of FLC
only in the meristem or phloem had a weak effect on
flowering time, but plants carrying both transgenes were
significantly later flowering than flc-3 and flowered at a
similar time to FRI FLC (Fig. 1B). These experiments
indicate that the floral repressor FLC can act in the me-
ristem and the phloem to delay flowering, and that FLC
activity in these two tissues is required for the strong
delay of flowering exhibited by nonvernalized, winter-
annual Arabidopsis.

FLC expression in the phloem reduces SOC1 and FT
mRNA levels in the leaf

The floral integrator genes SOC1 and FT were previously
shown to be reduced in expression in whole seedlings of
FRI FLC and 35S�FLC plants (Hepworth et al. 2002;
Michaels et al. 2005). Whether expression of FLC specifi-
cally in the phloem repressed expression of these inte-
grator genes in the leaf was tested by RT–PCR. Abun-
dance of FT and SOC1 mRNAs was strongly reduced in
leaves of 10-d-old SUC2�FLC flc-3 plants (Fig. 2). Fur-
thermore, although flowering of KNAT1�FLC flc-3
plants was delayed, FT and SOC1 mRNA levels in the
leaves of these plants were not reduced. These data in-
dicate that FLC can act in the phloem to reduce expres-
sion of the FT and SOC1 floral integrator genes and that

Figure 1. Effect on flowering time of misexpression of FLC
from heterologous promoters. (A) Flowering times expressed as
total leaf numbers of flc-3 transgenic plants in which FLC is
expressed from tissue-specific promoters. All plants were grown
under LDs (16 h light/8 h dark). (B) As A, but plants were grown
under SDs (10 h light/14 h dark). At least 10 transformants were
recovered for each construct, and the flowering time of a repre-
sentative transformant for each construct is shown.
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FLC expression in the meristem does not reduce FT or
SOC1 expression in leaves.

To determine whether the repression of FT or SOC1 in
the leaves was responsible for the late flowering of
SUC2�FLC plants, transgenes expressing FT or SOC1
from the SUC2 promoter were introduced into the
SUC2�FLC background (Fig. 3). Expression of FT in the
phloem was previously shown to promote early flower-
ing (An et al. 2004; Abe et al. 2005). SUC2�FT plants
were crossed to SUC2�FLC, and the resulting hybrids
flowered earlier than wild-type plants under LDs, and
with ∼30 leaves fewer than SUC2�FLC plants (Fig. 3C).
However, the SUC2�FT SUC2�FLC plants did flower
significantly later than SUC2�FT (P � 0.05) (Fig. 3C),
indicating that FT misexpression did not entirely over-
come the effect of FLC. Nevertheless, these data indicate
that the effect of FLC expression in the phloem on flow-
ering time is almost entirely overcome by expression of
FT in the same tissue from a heterologous promoter.

Whether SOC1 promotes flowering when expressed in
the phloem has not been tested. Therefore SOC1 was
fused to the SUC2 promoter and introduced into the
soc1-1 mutant. The resulting transgenic plants flowered
earlier than the soc1-1 mutant progenitor (Fig. 3A,B). For

example, SUC2�SOC1 soc1-1 plants formed ∼10 leaves
fewer than soc1-1 mutants under SDs and five leaves
fewer under LDs. Therefore, SOC1 is able to promote
flowering when specifically expressed in the phloem.
However, SUC2�FLC SUC2�SOC1 plants flowered
only slightly earlier than SUC2�FLC plants, after form-
ing ∼30 leaves, ∼15 leaves more than SUC2�SOC1 (Fig.
3C). Therefore increased SOC1 expression in the phloem
of SUC2�FLC plants only weakly promotes early flow-
ering. This suggested that SUC2�SOC1 might promote
early flowering by increasing FT expression, because
SUC2�FLC delays flowering by repressing FT expres-
sion. Consistent with this suggestion, the early flower-
ing of SUC2�SOC1 plants was completely suppressed
by the ft-7 mutation (Fig. 3D). Furthermore, FT mRNA
levels were much higher in SUC2�SOC1 plants than in
wild type (Fig. 3E), although FT mRNA levels were not
reduced in soc1-1 mutants.

Taken together these data indicate that repression of
FT is the major mechanism by which FLC expression in
the leaf represses flowering and that FLC does not re-
press events in the leaf that strongly promote flowering
downstream of FT.

Alteration of patterns of SOC1 and FD expression
in the meristem by FLC activity in the phloem

FLC expression in the phloem delays flowering, and
therefore the effect of FLC activity in the phloem on the
induction of flowering gene expression in the meristem
was tested. SOC1 expression is one of the earliest avail-
able markers for floral induction at the meristem (Borner
et al. 2000; Samach et al. 2000). For example, SOC1
mRNA was detected in the meristem by in situ hybrid-
ization within 18 h of transfer of 6-wk-old Columbia
plants from SDs to LDs (Borner et al. 2000). Under our
conditions SOC1 mRNA was present in the meristem of
2-wk-old Landsberg erecta plants 16 h after shifting
them from SDs to LDs (Fig. 4A,B), but was not detected
8 h after this shift (data not shown). The abundance of
SOC1 mRNA at the meristem of wild-type Columbia
and SUC2�FLC flc-3 plants grown under LDs was then
compared by in situ hybridization (Fig. 4). In Columbia,
SOC1 mRNA was not detected at the meristem 6 d after
germination, but was present throughout the meristem
at 10 d (Fig. 4C,D). In contrast, in SUC2�FLC flc-3
plants, no SOC1 mRNA was detected at the meristem at
either 6 or 10 d after germination (Fig. 4E,F). These data
demonstrate that expression of FLC in the phloem
dramatically delays SOC1 expression in the meristem, in-
dicating that FLC expression in the phloem has an indirect
repressive effect on SOC1 expression at the meristem.

FD encodes a bZIP transcription factor that promotes
flowering and is expressed in the meristem (Abe et al.
2005; Wigge et al. 2005). FD mRNA is present in the
meristem of SD-grown plants before floral induction and
is increased by shifting plants to LDs (Wigge et al. 2005).
The effect of the SUC2�FLC transgene on FD mRNA
levels at the meristem was tested and compared with
wild-type plants. In the meristem of LD-grown Colum-

Figure 2. Analysis of mRNA levels in leaves of different geno-
types by RT–PCR. (A) FT mRNA abundance in RNA extracted
from leaves of FRI flc-3, KNAT1�FLC flc-3, SUC2�FLC flc-3,
and FRI FLC plants grown under LDs. (B) SOC1 mRNA abun-
dance in RNA extracted from leaves of FRI flc-3, KNAT1�FLC
flc-3, SUC2�FLC flc-3, and FRI FLC plants grown under LDs.
Leaves were harvested at dusk.
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bia plants, FD mRNA was detected 6 d after germination
and was strongly increased in abundance 8 and 10 d after
germination as floral induction proceeded (Fig. 5A). In
SUC2�FLC plants, FD mRNA was also present at the

meristem at similar levels to that detected in wild-type
plants 6 d after germination but remained at this level at
8 and 10 d after germination (Fig. 5A). This suggests that
FLC expression in the phloem does not prevent expres-

Figure 3. Effects of misexpression of SOC1, FT, and FLC in different genetic backgrounds on flowering time. (A) Flowering times are
expressed as total leaf numbers of soc1-1 transgenic plants in which SOC1 is expressed from tissue-specific promoters. All plants were
grown under LDs. (B) As A, but plants were grown under SDs. (C) Flowering times of transgenic plants misexpressing FLC and either
FT or SOC1. Plants were grown under LDs. Some genotypes involve crosses of Columbia FRI flc-3 to Ler, but because the Ler FLC allele
does not respond to FRI, no activation of endogenous FLC occurs (Michaels and Amasino 1999). (D) Flowering times of transgenic lines
expressing SOC1 from tissue-specific promoters in co-2 or soc1-1 and carrying the ft-7 mutation, as well as double mutants carrying
ft-7 and other flowering-time mutations. Plants were grown under LDs. (E) Analysis of FT mRNA abundance by RT–PCR in the leaves
of Ler, co-2, SUC2�SOC1 co-2, and SUC2�CO co-2 grown under SDs. Leaves were harvested at dawn.
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sion of FD at the meristem during vegetative growth
prior to floral induction, but prevents its up-regulation
associated with flowering.

FT and FD promote SOC1 expression at the meristem
during floral induction

FLC expression in the phloem reduces FT mRNA levels
in the leaf and delays the appearance of SOC1 mRNA in
the meristem. Therefore FT activity in the phloem may
be required for early expression of SOC1 in the me-
ristem. To test this prediction, the effect of the ft-7 mu-
tation on SOC1 mRNA levels at the meristem was
tested. In ft-7 mutants, SOC1 expression in the me-
ristem was severely delayed so that it was not present
10 d after germination and only weakly 20 d after germi-
nation (Fig. 4G,H). In contrast, in the meristem of 10-d-
old Landsberg erecta control plants grown under LDs,
SOC1 mRNA was present at high levels (Fig. 4I). There-
fore SOC1 expression is delayed in ft-7 mutants by >10 d.
Furthermore, transgenic plants in which CO, a positive
regulator of FT expression, was expressed in the phloem
from the SUC2 promoter caused early flowering through
the up-regulation of FT expression in the phloem (An et
al. 2004). Therefore, SOC1 mRNA levels were tested in
the meristems of SUC2�CO and ft-7 SUC2�CO plants.
In 10-d-old SUC2�CO plants, SOC1 mRNA was present
at the meristem at higher levels than in wild-type plants,
and floral primordia were already visible (Fig. 4J). How-
ever, the early appearance of SOC1 mRNA at the me-
ristem of SUC2�CO plants is severely delayed by the
ft-7 mutation, so that in meristems of 10-d-old ft-7
SUC2�CO plants SOC1 mRNA was not detected and
was only weakly detected in 16-d-old plants (Fig. 4K,L).
These results demonstrate that FT is required for early
activation of SOC1 in the meristem under LDs and FT
function in the phloem increases SOC1 activity in the
meristem.

Several observations indicated that FD may be re-
quired along with FT to activate SOC1 expression.
For example, FD mRNA is present in the meristem
before the appearance of SOC1 mRNA (Figs. 4, 5;
Wigge et al. 2005), FD interacts with FT to regulate
expression of AP1 (Abe et al. 2005; Wigge et al. 2005),
and FT is required for SOC1 expression in the me-
ristem (Fig. 4G,H). Therefore, whether FD regu-
lates SOC1was tested by studying the effect of the fd-1
mutation on SOC1 mRNA levels in the meristem
(Fig. 6B). In fd-1 mutants SOC1 mRNA was not detected
in the meristem 8, 10, and 12 d after germination, al-
though wild-type Landsberg erecta control plants
showed weak SOC1 expression at 8 d and much stronger
expression at 10 and 12 d after germination (Fig. 6B).
Similarly, 2-wk-old Columbia plants shifted from SDs
to LDs showed SOC1 expression in the meristem
after 16 h in LDs, while fd-3 plants treated in the same
way showed no SOC1 expression after 24 h in LDs (Fig.
6C). These data indicate that FD is required for early
SOC1 expression at the meristem during floral induc-
tion.

Taken together, these experiments indicate that FT
and FD are required for the induction of SOC1 expres-
sion at the shoot apical meristem, which is one of the
earliest defined steps in floral induction.

Figure 4. Analysis of SOC1 expression in the meristem by in
situ hybridization. (A) Ler plants were grown under 14 SDs (8 h
light) and shifted to LDs (16 h light) at dawn. This plant was
harvested 8 h after dawn, which represented the end of the SD
treatment or Time 0 (left). (B) This plant was harvested from the
same experiment as A but at dawn the next day, 16 h after the
end of the last SD. SOC1 expression was detected in the me-
ristem. (C,D) Columbia (Col) wild type grown under LDs for 6 d
(C) and 10 d (D). SOC1 expression is detectable in the 10-d-old
plant. (E,F) Meristem of SUC2�FLC flc-3 (Col) plants after 6
LDs (E) and 10 LDs (F). SOC1 expression is not detected. (G,H)
ft-7 (Ler) plants after 10 LDs (G) and 20 LDs (H). SOC1 expres-
sion is only detected weakly after 20 LDs. (I,J) Meristems of
Ler (I) and SUC2�CO co-2 (J) after 10 LDs. (K,L) SUC2�CO
ft-7 co-2 after 10 LDs (K) and 16 LDs (L). All SUC2�CO co-2
transgenic lines are in a Ler background. Bar, 100 µM.
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FT activity is not required for increased FD expression
in the meristem during floral induction

Expression of FLC in the phloem reduced FT mRNA lev-
els in the leaf (Fig. 2) and FD mRNA levels in the me-
ristem (Fig. 5A). This suggested that FT activity in the
leaf might be required for the increased expression of FD
that occurs during the transition to flowering. FD
mRNA was therefore compared by in situ hybridization
in ft-7 mutants, SUC2�FLC, and wild-type plants grown
under LDs (Fig. 5A,C). As previously described, in wild-
type plants FD expression rises between 6 and 10 d after
germination, whereas in SUC2�FLC plants, FD mRNA
remains at the low levels detected at 6 d. The ft-7 mutant
showed the same pattern of FD expression as wild-
type plants, so that the abundance of FD mRNA rose
between 6 and 10 d and at 10 d was similar to that of
wild-type plants. Therefore, although ft-7 mutants are
severely late flowering they are not delayed in the rise
in FD expression that occurs between 6 and 10 d under
LDs. Furthermore, the reduction of FD expression at the
meristem observed in SUC2�FLC plants suggests that
FLC represses expression of other genes in the phloem
that are required for the up-regulation of FD at the me-
ristem.

FLC activity in the meristem represses SOC1
and delays FD expression

FLC expression in the meristem delayed flowering but
did not reduce FT mRNA levels in the leaf (Figs. 1, 2).
Therefore, the effect of FLC on the expression of flower-
ing-time genes in the meristem was tested by in situ
hybridizations performed on KNAT1�FLC plants.

SOC1 expression in the meristem of KNAT1�FLC
plants was tested by in situ hybridization, because FLC
represses SOC1 in leaves (Fig. 2B). In Columbia plants
grown under LDs, SOC1 expression was not detected in
the meristem 6 d after germination, but was present
strongly 10 d after germination (Fig. 6A). In contrast, in
KNAT1�FLC plants, SOC1 mRNA was not present 10 d
after germination. This analysis suggests that FLC ex-
pression in the meristem delays and reduces the expres-
sion of SOC1.

The flowering-time gene FD is expressed in the me-
ristem prior to floral induction, and is required along
with FT for the up-regulation of SOC1 (Fig. 6B,C; Abe et
al. 2005; Wigge et al. 2005). Therefore, whether FLC re-
presses SOC1 expression at least in part by reducing FD
expression in the meristem was tested. FD expression
was compared in Columbia and KNAT1�FLC plants by

Figure 5. Analysis of FD and FLC expression in the me-
ristem by in situ hybridization and RT–PCR. (A) FD ex-
pression in the meristem of Col wild-type, KNAT1�FLC
flc-3, and SUC2�FLC flc-3 plants after 6 LDs (left col-
umn), 8 LDs (middle column), and 10 LDs (right col-
umn). FLC transgenic lines are in a Col background.
Bar, 100 µM. (B) Analysis of FD mRNA level by RT–
PCR in FRI flc-3, KNAT1�FLC flc-3, FRI FLC plants
after 10 LDs. (C) FD expression in the meristem of ft
mutants after 6 LDs (left), 8 LDs (middle), and 10 LDs
(right). (D) Before vernalization, FRI FLC plants were
grown under 14 SDs (top left), then vernalized for 28 d,
and immediately after vernalization (top right), FLC ex-
pression was analyzed in the meristem by in situ hy-
bridization. FD expression before vernalization (bottom
left) and after vernalization (bottom right) of the same
plants.
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in situ hybridization (Fig. 5A). In KNAT1�FLC plants,
FD expression in the meristem was similar to that in
Columbia plants 6 d after germination, but did not in-
crease at 8 and 10 d, continuing to be expressed weakly
(Fig. 5A). This analysis suggests that FLC expression in
the meristem does not affect the early appearance of FD
mRNA in the meristem, but delays the increase in FD
expression associated with floral induction, as was
shown earlier for FLC expression in the phloem.

Expression of SOC1 in the meristem promotes early
flowering

SOC1 is expressed in the leaf and meristem (Borner et al.
2000; Samach et al. 2000), and its expression in the leaf
accelerates flowering (Fig. 3). In addition, SOC1 mRNA

levels in the meristem are increased by FT and FD and
reduced by FLC (Figs. 4, 6). This suggests that expression
of SOC1 in the meristem is closely associated with the
initiation of flowering. To test whether SOC1 expression
in the meristem is sufficient to complement the soc1-1
mutation, SOC1 was expressed from the KNAT1 and
UFO promoters in the soc1-1 mutant. KNAT1�SOC1
soc1-1 and UFO�SOC1 soc1-1 transgenic plants flow-
ered after forming ∼10 fewer leaves than soc1-1 mutants
under LDs, and ∼20 fewer leaves under SDs (Fig. 2A,B).
The KNAT1�SOC1 soc1-1 and UFO�SOC1 soc1-1 trans-
genic plants were also significantly earlier flowering
than wild type, particularly under SDs (Fig. 2). In con-
trast, expression of SOC1 in roots from the TobRB7 pro-
moter had no effect on flowering time (Fig. 2). These data
indicate that expression of SOC1 in the meristem causes
a pronounced early-flowering phenotype that is more se-
vere than the effect of expressing SOC1 in the phloem in
soc1-1 mutants.

To test whether the functions of SOC1 in the phloem
and meristem have additive effects on flowering,
UFO�SOC1 soc1-1 and SUC2�SOC1 soc1-1 transgenic
plants were crossed and the flowering times of the re-
sulting F1 plants measured under LDs and SDs (Fig. 1).
The F1 plants flowered earlier than either progenitor,
after forming ∼30 leaves fewer than soc1-1 under SDs
and ∼12 leaves fewer than soc1-1 under LDs. The
UFO�SOC1 SUC2�SOC1 soc1-1 plants flowered with
a similar number of leaves to 35S�SOC1 soc1-1 plants,
in which SOC1 expression occurs at high levels in most
tissues. Taken together, these data indicate that SOC1
promotes flowering from the meristem as well as the
phloem, and suggest that the reduction in SOC1 mRNA
abundance detected in the meristem of KNAT1�FLC
and ft-7 plants contributes to the delay in flowering time
of these plants.

SOC1 expression is activated by FT and FD and is
downstream of the systemic signal induced in the leaves
(Figs. 4, 6). Whether SOC1 expression at the meristem is
sufficient to induce flowering in plants impaired in the
production of the systemic signal in the leaves was
tested by expressing SOC1 specifically in the meristem
of co-2 and ft-7 mutants. Expression of SOC1 from the
UFO�SOC1 or KNAT1�SOC1 transgenes in the co-2
mutant caused earlier flowering, accelerating flowering
by around five leaves (Fig. 3D). Similarly UFO�SOC1
soc1-1 ft-7 plants flowered with around seven leaves
fewer than soc1-1 ft-7 (Fig. 3D). These data indicate that
SOC1 expression at the meristem is sufficient to weakly
promote flowering independently of the CO and FT
genes that are expressed in the phloem. However, expres-
sion of SOC1 in the meristem is not sufficient to over-
come the effect of co-2 or ft-7 mutations on flowering
time, suggesting that the FT-dependent signal produced
in the leaf must have additional targets in the meristem.

Flowering-time gene expression in FRI FLC plants

The effects of FLC expression in specific tissues on the
activity of flowering-time genes was tested in the experi-

Figure 6. Analysis of SOC1 expression in the meristem by in
situ hybridization. (A) SOC1 expression in the meristem of
wild-type Col and KNAT1�FLC flc-3 plants grown for 6 and 10
LDs. SOC1 expression is detectable in wild-type (WT) but not
KNAT1�FLC after 10 d. (B) SOC1 expression in the meristem
of Ler and fd-1 (Ler) after 8, 10, and 12 LDs. (C) Columbia and
fd-3 (Col) mutant plants were grown under SDs (for 14 d) and
shifted to LDs at dawn. Eight hours after dawn was the end of
the SD treatment and was designated as the zero time point (0,
left). Sixteen hours later, SOC1 expression was detected in the
meristem of Col but not the fd-3 mutant (16, middle). Twenty-
four hours latter, SOC1 expression was still not detected in the
fd-3 mutant (24, right). Bar, 100 µM.
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ments described above. To confirm the significance of
these observations for plants expressing FLC from its
own promoter, expression of FLC, SOC1, FT, and FD was
tested by RT–PCR or in situ hybridization in vernalized
and nonvernalized winter-annual FRI FLC plants.

FT and SOC1 mRNA levels were tested by RT–PCR in
RNA extracted from leaves of FRI FLC and flc-3 plants.
The abundance of SOC1 and FT mRNA was reduced in
leaves of FRI FLC plants, as previously described for
SUC2�FLC plants (Fig. 2). This result indicates that FLC
represses SOC1 and FT in the leaves in winter annuals.

FLC expression specifically in the meristem delayed
flowering and altered SOC1 and FD expression. In FRI
FLC plants, the expression of FLC at the shoot apex was
previously described by staining whole seedlings carry-
ing FLC�GUS transgenes (Sheldon et al. 2002; Noh and
Amasino 2003; Sung and Amasino 2004). To confirm the
presence of FLC mRNA at the shoot apical meristem in
FRI FLC plants, in situ hybridizations were performed.
In 14-d-old FRI FLC plants grown under SDs and not
exposed to vernalization, FLC mRNA was detected in
the meristem and young leaf primordia (Fig. 5D). In con-
trast, no FLC mRNA was detected in the meristem or
young leaf primordia of plants exposed to low tempera-
tures for 28 d (Fig. 5D). This result demonstrates that
FLC expression in the shoot meristem is repressed by
vernalization.

FD mRNA was detected at low level in the meristem
of KNAT1�FLC plants similar to that of wild-type
plants prior to floral induction. RT–PCR analyses indi-
cated that shoot apices of FRI FLC plants contained
lower levels of FD mRNA than plants lacking active FRI
alleles (Fig. 5B). Furthermore, in situ hybridization
showed that in the shoot meristems of FRI FLC plants,
FD mRNA was present at low levels before vernalization
(Fig. 5D). In contrast, after vernalization of FRI FLC
plants, FD was expressed strongly in the meristem
(Fig. 5D).

These experiments demonstrate that in FRI FLC
plants, in which FLC is expressed widely, the effects of
FLC on SOC1, FT, and FD mRNA levels is consistent
with those observed in transgenic plants expressing FLC
in specific tissues.

Additive effects of FLC in the leaf and meristem

As discussed above, crossing SUC2�FLC and
KNAT1�FLC plants, which express FLC specifically in
the phloem or the meristem, respectively, produced
progeny that flowered much later than either parent. The
molecular analysis presented above suggests that this ad-
ditive effect is due to reducing both expression of genes
such as FT in the leaf and more strongly delaying expres-
sion of genes such as SOC1 and FD in the meristem. To
test this additive effect, the flowering times of the ft-7
fd-1 and ft-7 soc1-1 double mutants (Fig. 3D), which
partly recreate the effects of FLC in both the leaf and
meristem, were scored. The ft-7 fd-1 and ft-7 soc1-1
double mutants flowered later than either of the progeni-
tor single mutants, indicating that these mutations have

additive effects on flowering time. This is consistent
with the severe delay in flowering observed in FRI FLC
plants being due to the combined effect of repressing
expression of several flowering-time genes, including FT
expression in the leaf, as well as FD and SOC1 expres-
sion at the meristem.

FLC binds directly to FT, SOC1, and FD in vivo

FLC reduces expression of SOC1, FT, and FD (Figs. 2, 3E,
4, 5, 6). FLC was previously shown to bind in vitro to a
CArG box in the SOC1 promoter (Hepworth et al. 2002).
Chromatin immunoprecipitation (ChIP) was used to test
binding of FLC to the FT and SOC1 promoters in vivo.
Transgenic plants were constructed expressing an
FLC:HA fusion protein from the CaMV 35S promoter.
One line that flowered later than wild-type plants was
used for the ChIP experiments (Materials and Methods).
Proteins were cross-linked to the DNA of these plants
and precipitated using an anti-HA antibody. PCR was
then performed to test for fragments of the FT or SOC1
genes in the precipitated DNA (Fig. 7A,B). The region of
the SOC1 promoter previously shown to bind the FLC
protein in vitro was efficiently precipitated, consistent
with FLC:HA binding to this site in vivo. Similarly, in
the FT gene a region within the first intron of FT was
precipitated efficiently (Fig. 7B). To position the site of
FLC:HA binding within the FT gene more precisely, PCR
was performed on five DNA fragments spanning the first
exon and the first and second introns of FT. The effi-
ciency of precipitation was determined for each frag-
ment, and this produced a bell-shaped curve with a peak
near the 5� end of the first intron (Fig. 7C). This region
contains a CArG-box consensus sequence consistent
with FLC:HA binding.

Finally, binding of the FLC:HA protein to the FD pro-
moter region was tested. A total of four fragments ex-
tending from ATG to 4316 base pairs (bp) were tested.
One fragment was immunoprecipitated at high effi-
ciency, and this extended from 4316 to 3500 bp. This
region contains a CArG-box consensus sequence, sug-
gesting that FLC regulates FD expression by binding di-
rectly to the promoter region.

The ChIP experiments therefore suggest that FLC re-
presses FT, SOC1, and FD expression prior to vernaliza-
tion at least partly by binding directly to CArG boxes
within the first intron of FT and the promoter regions of
SOC1 and FD.

Discussion

We have shown that the vernalization response in Ara-
bidopsis requires derepression of key regulatory genes in
the leaf and meristem (Fig. 8). Prior to vernalization, re-
pression of FT in the leaf by the FLC transcription factor
prevents formation of a systemic signal and thereby in-
directly delays expression of the flowering-time gene
SOC1 at the meristem. FLC activity in the leaf also de-
lays expression of FD at the meristem, and, based on the
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analysis of ft mutants, this occurs independently of the
repression of FT expression by FLC. Activity of FLC spe-
cifically in the meristem did not affect FT expression in
the leaf but reduced SOC1 mRNA levels and prevented
the up-regulation of FD associated with flowering.
Therefore activity of FLC in the meristem suppresses the
response to the FT signal formed in the leaves by directly
repressing SOC1 and FD, which encodes an FT-interact-
ing protein. These data suggest that flowering is delayed
prior to vernalization because FLC represses production
of at least two systemic signals in the leaves, one that
requires FT and a second that appears to be independent
of FT, and impairs the competence of the meristem to
flower in response to these signals through the repres-
sion of FD and SOC1. The delays in flowering caused by
FLC in the leaf and meristem are additive, so that ex-
pression of FLC in both tissues causes a much more se-
vere delay in flowering. In winter-annual FRI FLC plants,
vernalization reduces FLC expression in the young

leaves and the meristem. We conclude that vernalization
acts in Arabidopsis both to allow production of floral
stimuli in the leaves and response to these stimuli in the
meristem.

Repression of flowering by FLC expression in phloem
companion cells

FLC expression in the phloem companion cells from the
SUC2 or ROLC promoters delays flowering. Previously,
CO, a photoperiod pathway component, was also shown
to act in the phloem companion cells to promote flow-
ering, and to do so through the cell-autonomous activa-
tion of FT transcription (An et al. 2004; Ayre and Tur-
geon 2004). Expression of FT in the companion cells also
complements either co or ft mutations, and FT is ex-
pressed in the phloem in wild-type plants (Takada and
Goto 2003; An et al. 2004; Abe et al. 2005). Therefore,
the antagonism between the photoperiod pathway and
FLC-mediated repression of flowering that was previ-
ously described for plants overexpressing these genes in
all tissues from the 35S promoter probably occurs in the
phloem companion cells. This conclusion is strength-
ened by our observation that expression of FLC in theFigure 7. ChIP analysis of SOC1, FT, and FD loci. (A) A SOC1

promoter fragment containing the FLC-responsive CArG box
was amplified from DNA immunoprecipitated with control
(anti-Rat IgG) or anti-HA antibodies from Ler or 35S�FLC:HA
Ler. A twofold dilution series of the input DNA was amplified
as a semiquantitative standard. The SOC1 promoter region as-
sayed is indicated by a thin horizontal line. Coding regions are
indicated by shaded boxes. (B) Five FT fragments spanning in-
trons 1 and 2 were amplified from immunoprecipitated DNA as
described in A. Fragment 3 contains a putative FLC-responsive
CArG box and was amplified from immunoprecipitated DNA,
and twofold dilutions of the input DNA are shown as a control.
Horizontal lines numbered 1–5 indicate assayed fragments.
(C) Quantification of the amplified signal from fragments 1–5
relative to the input. (D) Four fragments spanning the FD pro-
moter region were amplified from immunoprecipitated DNA as
described in A.

Figure 8. A schematic diagram illustrating the interactions be-
tween FLC and the photoperiod pathway in the leaf and me-
ristem and the effect of vernalization on these interactions.
Prior to vernalization (diagram on left), FLC acts in the leaf to
repress transcription of FT and of other genes that are illustrated
as X. In the meristem, FLC represses transcription of FD and of
SOC1. Vernalization reduces FLC expression both in the leaf
and the meristem. Removal of FLC from the leaves causes FT
and X to be expressed. FT controls a systemic signal (shown in
blue) that is required for SOC1 expression at the meristem. FT
mRNA was recently proposed to move from the leaves to the
meristem during floral induction (Huang et al. 2005), and there-
fore this signal might be comprised of FT mRNA. FD is also
required at the meristem for SOC1 expression, and because FT
and FD interact (Abe et al. 2005; Wigge et al. 2005), this het-
erodimer might activate SOC1 expression directly or indirectly.
FD expression at the meristem also rises during floral induction.
The increase in FD expression does not require FT but is
blocked by expression of FLC in the leaves. Therefore we pro-
pose that in the leaves, FLC blocks expression of X, which con-
trols a second systemic signal (shown in red) that increases FD
expression at the meristem. The reduction of FLC expression in
the meristem during vernalization allows FD and SOC1 expres-
sion in the meristem to rise in response to the X signal and
FT/FD, respectively.
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companion cells and the presence of dominant FRI FLC
alleles in winter annuals strongly reduces SOC1 and FT
mRNA levels, as shown previously in total RNA of
35S�FLC plants (Hepworth et al. 2002).

FLC activity in the leaf probably delays flowering by
repressing formation of systemic signals and thereby in-
directly reducing the activation of genes in the meristem
(Fig. 8). The reduction of FT expression by SUC2�FLC
likely contributes to repression of systemic signaling
based on previous reports of the function of FT (An et al.
2004; Abe et al. 2005; Huang et al. 2005; Wigge et al.
2005). Consistent with this idea, SOC1 expression
was reduced in the meristem in ft-7 mutants or in
SUC2�CO ft-7 plants as well as in SUC2�FLC plants.
SOC1 expression in the meristem is one of the earliest
indications of floral induction, occurring within 16 h of
the transfer of plants from SDs to LDs. The reduction in
SOC1 expression in the meristem of ft-7 mutants dem-
onstrates that activation of FT in the phloem is required
for induction of one of the earliest events of floral evo-
cation in the meristem. This conclusion is consistent
with the observation that induction of FT overexpression
in a single leaf led to activation of SOC1 in microdis-
sected shoot apices, although whether this increase in
SOC1 mRNA levels occurred in leaf primordia, vascular
tissue, or the shoot meristem was not determined
(Huang et al. 2005).

Reduction of FT expression by FLC in the phloem may
also prevent gene activation in the leaf. Consistent with
this idea, expression of the SEP3 and FUL genes was
recently shown to be increased in plants overexpressing
FT from the 35S promoter and to be reduced in ft mu-
tants compared with wild-type plants (Teper-Bamnolker
and Samach 2005). However, these genes are unlikely to
represent further major targets for FLC in the leaf be-
cause SUC2�FT could largely overcome the effect of ex-
pressing FLC in the leaf.

Expression of FLC in the phloem also reduced expres-
sion of FD at the meristem. Unlike the effect of
SUC2�FLC on SOC1 expression at the meristem, the
effect on FD cannot be explained by repression of FT
expression because in ft-7 mutants the rise in FD expres-
sion was similar to that in wild-type plants. This sug-
gests that the increase in FD mRNA levels observed at
the meristem during the transition to flowering is con-
trolled by a phloem signal that is repressed by FLC but is
independent of FT. Expression of FLC in the meristem
also represses FD expression, so the effect of SUC2�FLC
on FD expression might be explained by movement of
the FLC mRNA or protein from the phloem of
SUC2�FLC plants to the meristem. However, this
seems unlikely, because the MADS-box protein AP1 was
shown previously not to move between cells (Wu et al.
2003), and we show here that meristem expression of
SOC1, a MADS-box protein, has different effects on
flowering time than expression of SOC1 in the phloem.
Therefore the contrasting effects of SUC2�FLC and ft-7
on FD expression support the idea that the floral stimu-
lus contains at least two activities, one that is FT-depen-
dent and regulates SOC1 and a second that is indepen-

dent of FT and regulates FD. The importance of the FT-
independent signal in the timing of the floral transition
is still not clear, and any effect it might have on flower-
ing time can be largely overcome by expressing FT at
high level, since SUC2�FT SUC2�FLC plants flowered
only slightly later than SUC2�FT plants. Further ge-
netic analysis is required to characterize this signal and
its relationship to previously described flowering-time
genes.

The significance of SOC1 expression in the leaves has
not been clear, and may be related to the recent obser-
vation that other MADS-box transcription factors with
roles in flowering such as FUL and SEP3 were also shown
to be expressed in the leaves and to be regulated by FT
(Teper-Bamnolker and Samach 2005). We demonstrated
that expression of SOC1 from the SUC2 or ROLC pro-
moters is sufficient to accelerate flowering in a soc1-1
mutant, indicating that SOC1 expression in these tis-
sues can influence flowering. In SUC2�SOC1 plants, FT
expression is increased and ft-7 mutations suppress the
early flowering of SUC2�SOC1 plants. Therefore, in
these plants SOC1 promotes flowering by activating FT
expression, and this activation of FT is also likely to be
the basis of the strong suppression of the co-2 phenotype
by SUC2�SOC1. However, no reduction in FT expres-
sion was observed in soc1-1 mutant seedlings. Further-
more, no increase in FT expression was observed previ-
ously when SOC1 was expressed from the 35S promoter
(Lee et al. 2000; Yoo et al. 2005). This indicates that the
effect of SOC1 on FT expression may only occur when
SOC1 is expressed at high levels in the phloem from the
SUC2 promoter or that it reflects regulation of FT by
SOC1 at other stages of plant development. Alterna-
tively, a reduction in FT expression might not be ob-
served in soc1-1 mutant seedlings due to redundancy with
other related MADS-box proteins expressed in the leaf.

The mechanism of FLC-mediated repression of FT and
SOC1 in the leaf likely involves direct binding of FLC to
the sequences in the first intron of FT and to the pro-
moter region of SOC1. In vivo ChIP studies detected
binding of FLC:HA to these regions, and they also con-
tain consensus CArG boxes. The significance of the in-
tron CArG sequence for FT regulation remains to be
tested, but these experiments are consistent with previ-
ous observations that FLC binds to the SOC1 promoter
in vitro and that removal of the CArG-binding site re-
duces repression of SOC1 expression by FLC (Hepworth
et al. 2002).

Repression of flowering by FLC expression in the shoot
apical meristem

FLC expression in the meristem reduces expression of
the flowering-time genes FD and SOC1. FD encodes a
bZIP transcription factor that is expressed in the me-
ristem prior to the onset of flowering, and the abundance
of FD mRNA is increased during the transition to flow-
ering (Abe et al. 2005; Wigge et al. 2005). FD protein
interacts with FT, and the resulting complex is proposed
to activate transcription of the floral meristem identity
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gene AP1 in the floral meristem (Abe et al. 2005; Wigge
et al. 2005). Mutations in FD cause late flowering, and
we show that fd mutants exhibit reduced and delayed
expression of SOC1 mRNA in the meristem of plants
grown under LDs or plants shifted from SDs to LDs.
Therefore, both FD and FT are required for SOC1 acti-
vation in the meristem, suggesting that interaction of
these proteins is required for SOC1 expression prior to
the activation of AP1 (Abe et al. 2005; Wigge et al. 2005).
This extends the role of FT and FD to the earliest known
stages in floral induction at the meristem. These data
suggest that FD expression confers on the meristem the
competence to respond to the FT signal by facilitating
the activation of SOC1 by FT. This would represent an
earlier stage in meristem competence than the ho-
meobox genes PENNYWISE and POUND-FOOLISH be-
cause mutations in these genes impaired competence of
the meristem to respond to inductive signals but did not
prevent expression of SOC1 (Smith et al. 2004).

FLC expression in the meristem does not affect the
initial appearance of FD mRNA, which is expressed at
similarly low levels in wild-type and KNAT1�FLC
plants, but delays its up-regulation. ChIP experiments
indicated that FLC:HA binds directly to a CArG box in
the 5� region of FD. Nevertheless, the effect of FLC:HA
on FD expression is different from that observed for
SOC1 and FT, because a low level of expression of FD
was detected in the presence of FLC but FD up-regula-
tion was blocked. This effect may be due to the distal
location of the FLC-binding site in the FD promoter. Fur-
ther experiments are required to test the significance of
this FLC-HA-binding site for FD regulation.

Consistent with the previous observation that FD is
expressed under SDs prior to flowering (Wigge et al.
2005), our data indicate that FD expression can be di-
vided into two phases, one that occurs prior to floral
induction and leads to low-level expression at the me-
ristem that can be maintained through vegetative
growth and a second phase that involves up-regulation
coincident in wild-type plants with the transition to
flowering. However, the up-regulation of FD can be sepa-
rated from the transition to flowering in ft-7 mutants,
where it occurs at the same time as in wild-type plants
although flowering of ft-7 is severely delayed. FLC ex-
pression in the meristem maintains FD mRNA levels at
the lower level associated with vegetatively growing
wild-type plants prior to flowering.

Flowering of plants expressing FLC in the meristem is
delayed even although they express FT in the leaf and FD
at the meristem at similar levels to wild-type plants
when these plants initiate flowering. This suggests that
plants expressing FLC in the meristem cannot respond to
the FT/FD signal. At least in part this may be due to
direct repression of SOC1, which is activated by FT/FD
in the meristem, and the appearance of SOC1 mRNA in
the meristem is severely delayed by expression of FLC in
the meristem. SOC1 may have a major role downstream
of FT/FD in the promotion of flowering. In support of
this suggestion KNAT1�SOC1 plants promoted earlier
flowering of ft-7 mutants, although only weakly. The

relatively weak promotion of flowering caused by
KNAT1�SOC1 suggests that FT/FD has additional tar-
gets in the meristem that are required for early flower-
ing. In FRI FLC plants, vernalization restores the com-
petence of the meristem to respond to FT by reducing
FLC expression, allowing FD and SOC1 expression to
rise during floral induction.

Our data demonstrate that FLC acts at different levels
in the regulatory hierarchy (Fig. 8). FT expression is re-
pressed in the leaf, the up-regulation of FD in the me-
ristem is prevented, and SOC1, a likely target of FT/FD
function in the meristem, is repressed by direct binding
of FLC. Repression of multiple steps in the hierarchy
probably results in much later flowering than would be
possible by repressing a single step. This is supported by
double-mutant analysis. We found that the fd-1 ft-7
double mutants flowered later than either single mutant,
as suggested for fd-1 and ft-3 alleles, although this was
not shown in direct comparisons in the same experiment
(Abe et al. 2005). Similarly, the soc1-1 ft-7 double mu-
tant flowered later than either single mutant, as previ-
ously shown in the 35S�CO background (Onouchi et al.
2000). Therefore, repression of multiple steps in the flow-
ering hierarchy by FLC is probably an important factor in
the extreme delay of flowering observed in winter annuals.

Significance of FLC activity in the leaf and meristem
for vernalization response

Classical experiments indicated that vernalization is
perceived in the shoot apex (Curtis and Chang 1930;
Melchers 1937; Lang 1965). For example, localized cool-
ing of the apex was sufficient to induce vernalization in
celery and chrysanthemum (Curtis and Chang 1930;
Schwabe 1954). Although such experiments are consis-
tent with the meristem being the site of cold perception
in vernalization, localized cooling studies cannot rule
out the involvement of young leaves. Indeed, in sugar
beet the unvernalized meristem could be induced to
flower by grafting it onto a shoot containing leaves that
produce the floral stimulus (Stout 1945). Therefore, in
this species, the meristem is competent to flower with-
out vernalization. Furthermore, vernalization of sugar
beet leaves that were already present prior to vernaliza-
tion, and therefore not produced from a vernalized me-
ristem, induced flowering (Crosthwaite and Jenkins
1993), demonstrating that vernalization can be detected
in the leaves of this species. Perception of vernalization
in the leaf was also demonstrated in experiments in
which plants were regenerated from vernalized tissues.
In Thlaspi arvense and Lunaria bennis, plants regener-
ated from leaves that were young and developing during
cold exposure flowered without vernalization, whereas
plants regenerated from nonvernalized leaves did not
(Wellensiek 1961, 1964; Metzger 1988). These experi-
ments indicated that cells in the leaf can respond to ver-
nalization.

In Arabidopsis, FLC is the primary target of vernaliza-
tion, and its expression is progressively repressed by
longer periods of cold (Michaels and Amasino 1999; Shel-
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don et al. 1999). FLC mRNA is present in the leaf and the
meristem, indicating that, in principle, FLC could re-
press flowering by both repressing formation of the floral
stimulus and the competence of the meristem to respond
to it. Our data support a dual role for FLC by showing
that its expression in the meristem or the phloem delays
flowering. Furthermore, vernalization of FRI FLC plants
reduces FLC expression in the meristem and leaves. We
propose that FLC-mediated repression is essential in the
leaves to prevent formation of the transmissible signal
controlled by FT. Indeed, our results indicate that repres-
sion of FLC target genes only in the meristem is probably
not sufficient to repress the floral-inducing effect of the
FT signal for long enough to delay flowering to an extent
that would be ecologically significant (Fig. 1). Classical
results from many species indicate that in inductive pho-
toperiods, the transmissible signal is typically produced
most effectively from mature source leaves, which ex-
port photosynthate through the phloem to the apex so
that the floral stimulus is cotransported with photosyn-
thate in the phloem (Zeevaart 1976, 1985). In plants in
which flowering is promoted by vernalization followed
by inductive photoperiods, flowering probably requires
that these mature source leaves have become vernalized.
The mechanism of vernalization-mediated epigenetic re-
pression of FLC involves modifications of the histones at
FLC chromatin (Gendall et al. 2001; Bastow et al. 2004;
Sung and Amasino 2004). Such modifications probably
require DNA replication to facilitate remodeling of the
chromatin of FLC and would not be expected to occur in
mature leaves that produce the floral stimulus, because
their cells are no longer undergoing division. Vernalized
mature source leaves could be derived from either a ver-
nalized meristem or from young leaves that were still
competent to directly become vernalized during cold ex-
posure. Thus in certain species, the range of tissues in
the apex that are competent to become vernalized will
influence the length of time after vernalization required
for mature floral stimulus-producing source leaves to ap-
pear. A corollary is that repression of genes such as FT
and SOC1 in mature leaves would still delay flowering
immediately after vernalization, until new vernalized
source leaves were produced. Variation in the range of
tissues that are competent to respond to vernalization
and the length of time required for source leaves to be
produced could contribute to differences in the vernal-
ization response among different plant species. Further-
more, the genes that confer a vernalization response ap-
pear to differ between Arabidopsis and wheat (Yan et al.
2003, 2004), suggesting that the vernalization response
evolved independently in different Angiosperm families
and that the relative roles of the leaves and the meristem
in the vernalization response might differ between species
depending on the patterns of expression of these genes.

Materials and methods

Plant material and growth conditions

Arabidopsis plants used for transformation experiments were
FRI flc-3 (Columbia, Col), in which the FRI allele from the San

Feliu-2 (SF2) accession was introgressed into Columbia (Micha-
els and Amasino 1999), soc1-1 (Landsberg erecta, Ler), or co-2
(Ler). Arabidopsis mutants used for flowering-time experiments
fd-1, ft-7, fd-1 ft-7, and soc1-1 ft-7 were in the Ler background.
FRI FLC and fd-3 (T-DNA insertion SALK_054421) were in the
Col background. Plants were grown on soil in controlled envi-
ronment rooms under LDs (16 h light/8 h dark) or SDs (10 h
light/14 h dark) as described (Putterill et al. 1995), or on MS agar
under LDs (16 h light/8 h dark). Plants were vernalized at 4°C
for 28 d under LD conditions. Flowering time was measured by
scoring the number of rosette and cauline leaves on the main
stem of at least 18 individuals. Data are expressed as mean ± SE.

Plasmid constructions

GATEWAY entry clones containing the AtSUC2, AtKNAT1,
AtUFO, AtML1, rolC, TobRB7, and CaMV35S promoters were
described by An et al. (2004). The SOC1 and FLC cDNAs were
PCR-amplified using each primer pair SOC1_F, 5�-CTGGTACC
GATGGTGAGGGGCAAAACTCA-3� and SOC1_R, 5�-GTAC
TAGTTCACTTTCTTGAAGAACAAG-3�; and FLC_F, 5�-CCC
CTCGAGCCATGGGAAGAAAAAAACTAGA-3� and FL C_R,
5�-TCCACTAGTAAGGTGGCTAATTAAGTAGTC-3�, respec-
tively. The cDNAs were fused downstream of the GATEWAY
(GW) vector conversion fragment rfA in pGreen to generate bi-
nary destination vectors. Different promoter fusions were pro-
duced by LR reactions. FLC-HA fusion protein was made by
amplifying the FLC cDNA with primers FLC_HA_F, 5�-CCAT
GGGAAGAAAAAAACTAGAAATC-3� and FLC_HA_R, 5�-CA
TTAAGTAGTGGGAGAGTCACCGG-3�, flanked by GW re-
combination sites, and recombined into a GW entry clone. The
FLC cDNA was then recombined into a pJawohl binary desti-
nation vector to produce 35S�FLC-HA.

Plant transformation

All plasmids were introduced into Agrobacterium strain
GV3101(pMP90) (Koncz and Schell 1986) and transformed into
FRI flc-3, soc1-1, or co-2 plants by floral dip (Clough and Bent
1998).

In situ hybridization

Methods of digoxigenin labeling of mRNA probes, tissue prepa-
ration, and in situ hybridization were as already described (Brad-
ley et al. 1993) with small modifications. Protease treatment
was performed not with Pronase but with Proteinase K (1 µg/mL
in 100 mM Tris at pH 8, 50 mM EDTA) at 37°C for 30 min, and
the post-hybridization washes were performed in 0.1× SSC. The
probe used to detect the FT transcripts was prepared from
pD301 containing 450 bp of the 5� FT cDNA. Probes to detect
the FD and SOC1 transcripts were PCR-amplified from cDNA
using primer pairs FDT7-2R, 5�-TAATACGACTCACTATAGGG
ACCAGAGCCTCGAAAGAGGT-3� and FDT3-2F, 5�-ATTAAC
CCTCACTAAAGGGATTTCATCCTCATCACCATCG-3�, and
SOC1T3-4F, 5�-ATTAACCCTCACTAAAGGGAATCGAGGA
GCTGCAACAGAT-3� and SOC1T7-4R, 5�-TAATACGACTC
ACTATAGGGTTGACCAAACTTCGCTTTCA-3�, respectively.
The underlined nucleotide sequence indicates either the T3 or
T7 RNA polymerase-binding sites.

Analysis of FD, FLC, FT, and SOC1 mRNA abundance

RNA was isolated from leaves using TRIZOL reagent, and DNA
contamination was removed by using Ambion’s DNA-free kit.
RNA was analyzed by RT–PCR. For synthesis of cDNA, 2.5 µg
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of total RNA was primed using dT15 primer. cDNA was diluted
to 100 µL with water, and 3 µL of diluted cDNA was used for
PCR. Amplified products were detected using SyBR Green I in a
IQ5 (Bio-Rad) thermal cycler. FD was amplified using primers
FD_F, 5�-CTTTTCCACCTCCTGCAACTG-3�and FD_R, 5�-CA
TTTTCTGCCTGCAAGTGAG-3�. FT was amplified using
primers FT_F, 5�-ACAACTGGAACAACCTTTGGCAATG-3�

and FT_R, 5�-ACTATATAGGCATCATCACCGTTCGTTACT
CG-3�. Tubulin was amplified using primers described by Lee et
al. (2000). SOC1 was amplified using primers SOC1_F, 5�-GAA
CAAATTGAGCAGCTCAAG-3� and SOC1_R, 5�-GCAGCTT
TAGAGTTTTGTTAC-3�.

ChIP assays

The 35S�HA:FLC line used flowered with 12.01 (±0.21) leaves
compared with 11.08 (±0.18) for wild-type plants, and was there-
fore later flowering than wild-type plants (P � 0.05). A complete
description of the ChIP assays is provided in the Supplemental
Material. Briefly, 10-d-old plants grown on GM agar were har-
vested, immersed in PBS supplemented with 1% formaldehyde,
and vacuum-infiltrated for 20 min. Glycine was added to a final
concentration of 0.1 M and incubated for 5 min, and the seed-
lings were then removed from the solution and frozen in liquid
nitrogen. Approximately 2.0 g of seedlings was ground in liquid
nitrogen and resuspended in 25 mL of NIB. After centrifugation
at 2500g for 20 min at 4°C, the nuclear pellet was resuspended
and washed in NWB. After centrifuging, the pellet was resus-
pended in 1 mL of TE buffer supplemented with 0.5% SDS and
mixed on a rotator. The chromatin was diluted with TE buffer
to a final SDS concentration of 0.25%. The DNA was sheared by
sonication to ∼500–1000-bp fragments. After centrifugation, ap-
proximately one-tenth was mixed with RIPA dilution buffer in
a 2:3 ratio, and DTT, RNase A, proteinase inhibitor cocktail,
and anti-HA (Sigma H6908) or anti-ratIgG (Sigma R3756) were
added. After incubation overnight with rotation at 4°C, the
samples were cleared by centrifugation. A 30-µL aliquot of
washed ProteinA-coupled agarose beads was added to the super-
natant, and the incubation continued on the rotating wheel.
The agarose beads were then washed five times with 1 mL of
RIPA buffer. Immunocomplexes were eluted from the beads two
times with 200 µL of glycine elution buffer, and the combined
elutes were neutralized with 100 µL of 1 M Tris-HCl. Cross-
links were reversed by incubation at 37°C in the presence of 60
µg/mL Proteinase K followed by at least 8 h of incubation at
65°C. The DNA was purified by two successive phenol/chloro-
form/isoamyl alcohol extractions and ethanol precipitation.
Pellets were washed with 70% EtOH and resuspended in 100 µL
of H2O, of which 4 µL was used per PCR.

The primers used for the ChIP assay are described in the
Supplemental Material.
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