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Plants rely heavily on environmental cues to control the timing of developmental transi-
tions. We are beginning to better understand what determines the timing of two of these 
transitions, the switch from juvenile to adult vegetative development and the transition to 
flowering. In this review, we discuss how RNA silencing mechanisms may influence the 
juvenile-to-adult vegetative switch. We also describe the discovery and regulation of a 
component of “florigen,” the mobile flowering promotion signal that is involved in the tran-
sition to flowering. Parallel themes are beginning to emerge from a molecular comparison 
of these two developmental transitions.
Introduction
Plants undergo several developmental transitions during 
their life cycle. The first is germination, which is the tran-
sition from the embryonic to the postembryonic mode of 
growth. After germination, the seedling passes through 
a juvenile vegetative phase, where it is not competent to 
flower. This is followed by the transition to the adult veg-
etative phase, where it can respond to floral inductive 
signals (Figure 1). With the transition to flowering, the 
plant enters the reproductive phase. Meiosis marks the 
transition to the gametophytic phase, and fusion of the 
gametes during fertilization starts the embryonic phase 
of the next generation. Many of these transitions are reg-
ulated by environmental cues to align development with 
favorable environmental conditions, thereby maximiz-
ing reproductive success. The last few years have seen 
significant advances in our understanding of how these 
developmental transitions are regulated, particularly the 
juvenile-to-adult vegetative transition and the transition 
to flowering. Here, we review these recent findings and 
discuss whether there could be mechanistic similarities 
in their regulation.

Transition from Juvenile to Adult Vegetative 
Development
The environmental cues day length, light intensity, and 
ambient temperature, together with the plant hormone 
gibberellic acid, significantly influence the timing of the 
transition from juvenile to adult vegetative development, 
also referred to as the vegetative phase change (Figure 
1) (Willmann and Poethig, 2005; Telfer et al., 1997). In 
some species, such as ivy and eucalyptus, there are 
prominent morphological and physiological differ-
ences between the juvenile and adult vegetative states 
whereas in others, such as Arabidopsis thaliana and 
maize, the phenotypic consequences are much more 
Figure 1. Developmental Transitions during the Plant  
Life Cycle
Germination is the transition between embryonic and postem-
bryonic development. In the vegetative phase, the seedling pro-
gresses from the juvenile state into the adult state (vegetative 
phase change). The third major transition is the floral transition 
from the adult vegetative state to the reproductive state. Whereas 
the progression from the juvenile to the adult vegetative state is 
gradual, the floral transition is usually abrupt. All developmental 
transitions are regulated by environmental signals such as avail-
able nutrients, day length, light intensity, light quality, and ambi-
ent temperature as well as endogenous signals transmitted by 
plant hormones. Cold temperature and stress affect germination 
and the floral transition.
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subtle. Recently, progress has 
been made in understanding 
this transition through its study 
in the genetically tractable sys-
tems maize and Arabidopsis. 
Juvenile maize plants have 
short leaves covered in epicu-
ticular wax but no epidermal 
hairs, whereas the adult plant 
has long narrow leaves with 
hairs but no wax. Dominant 
gain-of-function mutations in 
the maize Teopod genes (Tp1, 
Tp2, and Tp3) prolong the juve-
nile phase but do not affect the 
onset of adult characteristics, 
suggesting that these genes 
function to promote juvenil-
ity (Dudley and Poethig, 1991; 
Poethig, 1988); however, these 
genes have not been cloned, 
and their precise function is 
unclear. Genetic mosaic exper-
iments, where sectors of wild-
type tissue were induced in Tp1 
or Tp2 mutant plants, showed 
that Tp activity is likely to involve 
a non-cell-autonomous signal 
(Dudley and Poethig, 1993). 
The leaves formed during the 
vegetative phase change are 
composites of juvenile and 
adult tissue, with the base of 
the leaf displaying more adult 
traits and the tip more juvenile 
traits, suggesting that a signal 
is perceived directly in individ-
ual leaf primordia rather than in 
the shoot apical meristem (the 
plant growing tip). This hypoth-
esis is strongly supported by 
clonal analysis of maize transi-
tion leaves and by the simulta-
neous rejuvenation of primor-
dia in cultured maize shoots 
(Orkwiszewski and Poethig, 
2000). This gradual change is also observed in Ara-
bidopsis, where the vegetative phase change is quite 
subtle: Adult leaves are slightly more elongated, are 
curled downward with serrated margins and short leaf 
stalks, and have leaf hairs on the lower surface (Will-
mann and Poethig, 2005). Mutant analysis in Arabidop-
sis has implicated a role for gibberellins in the vegeta-
tive phase change, as mutants in gibberellin synthesis 
or response show a delayed transition (Telfer et al., 
1997). However, the most informative mutants so far 
have been those showing a precocious onset of adult 
traits. Cloning of the corresponding genes has revealed 

an intriguing link between the 
vegetative phase change 
and RNA silencing pathways. 
These genes include ZIPPY 
(ZIP/ARGONAUTE7), which 
encodes an AGO-family pro-
tein (Hunter et al., 2003); SER-
RATE, a zinc-finger protein that 
has recently been shown to be 
required for the production of 
a microRNA (miRNA) (Clarke 
et al., 1999; Grigg et al., 2005; 
Prigge and Wagner, 2001); and 
SQUINT (SQN), which encodes 
the Arabidopsis homolog of 
cyclophilin 40, which is asso-
ciated with the Hsp90 chaper-
one in many species (Berardini 
et al., 2001). Moreover, plants 
defective in RNA-DEPENDENT 
RNA POLYMERASE6 (RDR6) 
and SUPPRESSOR OF GENE 
SILENCING3 (SGS3), which 
were originally identified on 
the basis of their role in post-
transcriptional gene silencing, 
also have an early onset of the 
adult phase (Peragine et al., 
2004). A similar phase-change 
defect has been found in dicer-
like4 (dcl4) mutants (Gasciolli 
et al., 2005; Xie et al., 2005; 
Yoshikawa et al., 2005).

The fact that loss-of-func-
tion Arabidopsis mutants 
reach the adult phase faster 
complements the interpreta-
tion from the dominant maize 
Teopod mutations that the 
function of the genes is to 
promote juvenility. Thus, cur-
rent models are focused on 
the role of trans-acting small 
interfering RNA (tasiRNA) 
as part of a juvenility signal 
(Figure 2) (Allen et al., 2005; 

Vazquez et al., 2004; Yoshikawa et al., 2005). tasiR-
NAs are endogenous small RNAs derived from a non-
protein-coding gene that target degradation or cleav-
age of complementary mRNAs derived from another 
locus (Allen et al., 2005; Xie et al., 2005; Yoshikawa et 
al., 2005). The tasiRNA precursor itself is targeted by 
a miRNA and cleaved by AGO1. The cleavage prod-
uct is then converted into dsRNA involving RDR6 and 
SGS3 and processed into tasiRNA by DCL4. Since 
DCL4 starts from the end that was generated by the 
miRNA-induced cleavage, all tasiRNAs have the same 
phase (see Figure 2). Although ZIP does not seem to 

Figure 2. The Vegetative Phase Change Is  
Regulated by trans-Acting Small Interfering RNAs
A microRNA (miRNA) duplex is generated from a precursor 
involving DCL1 and SERRATE (SE) activity. HST is involved 
in exporting the miRNA into the cytoplasm, where it targets 
AGO1-dependent cleavage of the precursor of the trans-
acting small interfering (tasi) RNA (pre-tasiRNA). One of 
the cleavage products is degraded, whereas the other is 
converted into dsRNA in an RDR6- and SGS3-dependent 
manner. DCL4 then cleaves the dsRNA and generates ta-
siRNA starting from the end next to the site of miRNA-de-
pendent cleavage. The miRNA duplex therefore sets the 
phase of the tasiRNA. The target gene product either pro-
motes the adult phase or represses the juvenile phase. The 
tasiRNA induces degradation of the target mRNA, which 
results in either repression of the adult state or promotion 
of the juvenile state. Thus, when tasiRNA production is 
inhibited, the juvenile phase is shortened and the phase 
transition occurs prematurely. The identities of the tasiRNA 
and the tasiRNA target genes are not yet known.
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be directly involved in the production of the tasiRNAs 
studied so far (Yoshikawa et al., 2005), the vegeta-
tive phase-change defect seen in zip mutants and the 
genetic interaction with RDR6 and SGS3 suggest that 
ZIP also functions in this pathway. Apart from the 
phase-change defect and a weak flower defect, rdr6, 
sgs3, and zip mutants do not show any obvious devel-
opmental phenotypes (Hunter et al., 2003; Peragine 
et al., 2004). Mutations in the HASTY (HST ) gene also 
accelerate the vegetative phase change. However, 
hst mutants display a number of other developmen-
tal defects (e.g., hst mutants delay the transition to 
flowering, but only in nonpromotive photoperiods; 
Bollman et al., 2003). HST encodes a homolog of the 
mammalian exportin5 nuclear export receptor and 
is thought to export miRNA into the cytoplasm (Park 
et al., 2005). Therefore, although HST clearly has a 
broad role in miRNA metabolism, during the vegeta-
tive phase change, it might specifically be required for 
the processing of the miRNA that sets the phase of the 
tasiRNA precursor, a hypothesis supported by genetic 
data showing that hst is epistatic over sgs3, rdr6, and 
zip (Hunter et al., 2003; Peragine et al., 2004).

Many interesting questions remain. What is the 
identity of the tasiRNAs, and are they the apparent 
signal predicted from the genetic mosaic experi-
ments in maize? What are the genes targeted by the 
tasiRNAs, and do they promote the adult state or 
repress juvenility? Currently, we don’t know whether 
the tasiRNAs repress accumulation of target mRNAs 
(as we expect) or perhaps promote their accumula-
tion. Once the signal is known, it will become clearer 
whether temporal regulation accounts for the grad-
ual change from juvenile to adult leaf production and 
whether the chimeric nature of leaves around the 
transition is brought about by a gradient in the com-
petence of the cells to respond or by a gradient of 
the signal itself. How the environmental cues influ-
ence the timing of the phase change also remains 
to be investigated. As the generation of siRNA is 
inhibited by low temperatures (Szittya et al., 2003), 
it is tempting to speculate that the effect of ambient 
temperature on the vegetative phase change might 
be mediated through siRNA accumulation. Finally, it 
will be interesting to address whether the juvenility 
signal is related to the presumed small-RNA signal 
that defines the dorsoventral polarity of the develop-
ing primordia.

To date, the study of juvenile-to-adult vegetative 
transition has focused on the morphological phase 
change. Other aspects of juvenility include the com-
petence to respond to floral inductive signals. Close 
relatives of Arabidopsis, including many of the Bras-
sica species, e.g., brussels sprouts and cabbage, will 
not respond to vernalization (the acceleration of flow-
ering induced by a prolonged period of cold tempera-
ture) until they have reached a certain developmental 
age. However, this phase appears to be very short 
in Arabidopsis, as imbibed seeds can be vernalized. 
Thus, the juvenile phase of the life cycle is likely to be 
composed of a number of perhaps overlapping stages 
that differ in length in different species.

The Transition to Flowering
The environmental inputs regulating the floral tran-
sition overlap considerably with those regulating 
the juvenile-to-adult vegetative transition (Figure 1). 
Physiological experiments provided the concept of 
multiple pathways that promote or repress flower-
ing, all of which quantitatively contribute to an activity 
that switches the shoot apical meristem from produc-
ing leaves to forming flowers after reaching a thresh-
old level (Bernier et al., 1993). Genetic dissection of 
flowering in Arabidopsis has supported this notion 
and identified the genes that constitute the multiple 
pathways. The floral pathways quantitatively regulate 
a common set of targets, the floral pathway integra-
tors (APETALA1, AP1; FLOWERING LOCUS T, FT; 
LEAFY, LFY; and SUPPRESSOR OF CONSTANS1, 
SOC1), which in turn activate the genes needed for 
reproductive development (Simpson and Dean, 2002). 
This genetic framework can explain the diversity in 
flowering time in Arabidopsis accessions and even in 
many other species, although we have a long way to 
go before we fully understand the evolution of flower-
ing control in all plants. The complexity of the frame-
work has necessitated independent dissection of indi-
vidual pathways, but the most recent data in the field, 
which we will concentrate on in this review, is exciting 
because it begins to integrate the individual promo-
tion and repression pathways and reveals their site of 
action in the plant.

Production of the Photoperiodic Signal
Many plant species flower in response to changes in 
photoperiod, which serve to align flowering with favor-
able seasons—e.g., plants in northern latitudes flower 
in response to the increasing day lengths of spring, 
whereas plants like rice flower in response to short 
days to avoid drought periods. Photoperiod is per-
ceived in the leaves, and a graft-transmissible signal is 
translocated to the shoot apex, where it stimulates the 
floral transition (reviewed in Zeevaart, 1976). In Perilla, 
production of the photoperiod signal is so stable that a 
single induced leaf can be grafted onto seven different 
plants successively and induce flowering in all of them 
(reviewed in Zeevaart, 1985).

The identity of this floral signal, named “florigen,” 
has perplexed plant scientists for almost a century, but 
recent progress on identification of at least one com-
ponent of it has come from analysis of the photoperi-
odic response in Arabidopsis. The CONSTANS (CO), 
FT, and GIGANTEA (GI) gene products promote flower-
ing in response to long-day photoperiods (Koornneef 
et al., 1991). CO is a putative transcriptional regula-
tor, and its expression is regulated at several levels 
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Figure 3. CO Protein Activity Is Regulated 
by the Circadian Clock and Light
The coincidence of light at the end of the (long) 
day and high CO protein levels activates the 
FT gene, which promotes flowering. The core 
oscillator of the circadian clock (upper left) 
constitutes a transcriptional/translational feed-
back loop and involves LHY, CCA1, TOC1, 
and possibly ELF4, LUX, and GI. During late 
evening, TOC1 and ELF4 activate expression 
of CCA1 and LHY, so CCA1 and LHY levels 
peak at dawn. CCA1 and LHY repress the ex-
pression of TOC1 (and possibly ELF4) through 
their binding to the “evening element” in their 
promoters. The decrease in TOC1 and ELF4 
reduces CCA1 and LHY expression during 
the day, which in turn releases the inhibition 
on TOC1. The cycle is closed by TOC1 and 
ELF4 accumulating in the evening, promoting 
the expression of CCA1 and LHY. Mathemati-
cal modeling of the clock predicted two more 
components to account for the experimental 
data, and one of them could be GI. The clock 

is entrained by light through the classical photoreceptors and ZTL and LKP2, possibly via ELF3. The clock regulates CO transcription positively 
through GI and negatively through CDF1. FKF1 releases CDF1-dependent repression of CO by degrading CDF1 specifically at dusk (hatched 
line). PHYA and CRY2 stabilize CO protein in the afternoon, whereas PHYB destabilizes it in the morning, thereby further enhancing the circa-
dian oscillation of CO activity.
(Figure 3) (Putterill et al., 1995; Samach et al., 2000; 
Suárez-López et al., 2001; Valverde et al., 2004). CO 
transcription is under circadian regulation through GI 
and CYCLING DOF FACTOR1 (CDF1) activity (Imaizumi 
et al., 2005; Mizoguchi et al., 2005; Suárez-López et 
al., 2001). The plant circadian clock is composed of 
transcriptional/translational feedback loops involv-
ing TIMING OF CAB EXPRESSION1 (TOC1), EARLY 
FLOWERING4 (ELF4), CIRCADIAN CLOCK-ASSOCI-
ATED1 (CCA1), LATE ELONGATED HYPOCOTYL (LHY ), 
and LUX ARRHYTHMO (LUX ) (Figure 3) (Alabadí et al., 
2001; Doyle et al., 2002; Hazen et al., 2005; Schaffer et 
al., 1998; Strayer et al., 2000; Wang and Tobin, 1998). 
The clock is entrained by the well-characterized phyto-
chrome and cryptochrome photoreceptors, as well as 
the ZEITLUPE (ZTL)/FLAVIN BINDING KELCH-REPEAT 
F-BOX1 (FKF1)/LOV KELCH PROTEIN2 (LKP2) class of 
proteins, which may function as photoperiodic and cir-
cadian photoreceptors (Figure 3) (Imaizumi et al., 2003; 
Yanovsky and Kay, 2003). The clock outputs are less 
well characterized but involve FKF1-dependent deg-
radation of the CDF1 protein in the afternoon, thereby 
facilitating CO transcription, which was repressed by 
high CDF1 levels in the morning (Imaizumi et al., 2005). 
Light also regulates CO at the posttranscriptional level 
through PHYTOCHROME (PHY ) B destabilizing CO pro-
tein in the morning and PHY A and CRYPTOCHROME2 
(CRY2) stabilizing it in the late afternoon (Valverde et al., 
2004). Thus, only when clock-driven high levels of CO 
expression in the evening coincide with light-induced 
stabilization of CO protein under long-day conditions 
does the CO activity reach sufficiently high levels to 
activate flowering. These findings strongly support a 
model described as the external coincidence model 
for photoperiodism developed by Bünning (1936). It 
proposes that the circadian clock drives a rhythm in 
658  Cell 125, May 19, 2006 ©2006 Elsevier Inc.
a light-sensitive process and that in long-day plants, 
photoperiodic responses are promoted when the most 
sensitive phase of the endogenous rhythm overlaps 
with the light part of the day.

Identity of the Photoperiodic Signal
As perhaps anticipated from the grafting experiments 
described above, CO expression is required in the 
leaf vasculature to promote flowering (An et al., 2004). 
The targets of CO include FT and SOC1 (Samach et 
al., 2000). Recent comparison of genes activated by 
shifting wild-type or co mutant plants from noninduc-
tive photoperiods into inductive photoperiods showed 
that only FT activation depends entirely on CO (Wigge 
et al., 2005). FT, a 20 kDa protein with some sequence 
identity to phosphatidylethanolamine binding protein 
or Raf kinase inhibitor protein (Kardailsky et al., 1999; 
Kobayashi et al., 1999), interacts with FD (a bZIP tran-
scription factor), and the effect of FT overexpression is 
blocked in fd mutants (Abe et al., 2005; Wigge et al., 
2005). FT is predominantly expressed in the vasculature, 
whereas FD is expressed at the shoot apex, suggest-
ing that FT mRNA or protein may physically move in the 
plant from the leaf vasculature, where it is induced by 
CO, to the shoot apex, where it interacts with FD and 
stimulates the expression of AP1, which then activates 
flowering (Figures 4A and 4B). Expression of FT from 
a heat-shock-inducible promoter revealed that it is FT 
RNA that moves, as levels of FT RNA from the transgene 
increased at the shoot apex after heat shocking of a sin-
gle leaf, whereas levels of a control RNA expressed from 
the same promoter did not (Huang et al., 2005). Thus, the 
current debate is whether it is FT RNA, protein, or both 
that move. Another question is whether the movement of 
proteins and RNAs in the phloem is specific to some pro-
teins or RNAs or whether it is a general and potentially 



unregulated phenomenon (Wu 
et al., 2002). Finally, how does 
FT RNA or protein get from the 
vasculature into the shoot apex 
where its interacting partner 
FD is expressed? Movement 
into the shoot apical meristem 
appears to be regulated, possi-
bly by pathways involving RNA 
silencing (Foster et al., 2002; 
Schwach et al., 2005). In con-
trast, cell-to-cell trafficking of 
proteins within the shoot meri-
stem seems to be the default 
state, and it may be that active 
subcellular compartmentaliza-
tion is necessary to prevent it 
(Jackson et al., 1994; Sessions 
et al., 2000; Wu et al., 2003). 
Certainly in developing Arabi-
dopsis embryos there is rela-
tively free cell-to-cell move-
ment (Stadler et al., 2005).

The experiments detailed 
above, in which transgenic FT 
expression was induced in the 
leaves, produced results simi-
lar to those from the physiolog-
ical experiments first describ-
ing florigen. Firstly, the rate of 
translocation of FT could be 
analyzed; if the induced leaf 
was removed up to 3 hr after 
the heat shock, no flower-
ing occurred, but after 5 hr, leaf excision had no effect 
(Huang et al., 2005). This rate appears similar to that 
determined in physiological experiments analyzing the 
photoperiodic flowering signal (Bernier et al., 1993). 
Secondly, in the heat-shock experiments, transcript lev-
els of both the transgenic and the endogenous FT gene 
increased at the shoot apex (Huang et al., 2005). This 
can be interpreted as positive autoregulation of FT and 
offers an explanation for why the Perilla leaf from the 
induced plant could induce flowering on seven succes-
sive scions. Physiological experiments involving disrup-
tion of the vasculature below the induced leaf also pre-
dicted a signal that travels from the leaves to the roots, 
where it stimulates cytokinin production, which is then 
transported to the shoot apex (Bernier et al., 1993). 
Whether this signal involves FT remains to be tested. In 
summary, it appears that FT is one component of the 
physiologically defined florigen signal.

FLC Antagonizes Production and Action of 
Photoperiodic Signal
Recent progress has given insight into how the photo-
periodic signal interacts with the floral repression path-
way, which is considered to regulate the competence 

of the shoot apical meristem. 
FLOWERING LOCUS C (FLC) 
had been identified as a central 
repressor of flowering in Arabi-
dopsis (Michaels and Amasino, 
1999; Sheldon et al., 1999) and 
is expressed in the shoot meri-
stem and vasculature (Bastow 
et al., 2004; Sung and Amasino, 
2004). Expressing FLC from 
either a phloem- or a shoot api-
cal meristem-specific promoter 
has now established that FLC 
expression is required in both 
tissues for the full repression of 
flowering (Searle et al., 2006). 
In the phloem, FLC expression 
strongly reduced both FT and 
SOC1 expression, and this was 
overcome by producing FT from 
a heterologous promoter, indi-
cating that FLC represses FT 
transcription. In the shoot mer-
istem, FLC was found to inhibit 
FD and SOC1 expression, 
thereby affecting the compe-
tence of the shoot meristem to 
respond to the FT signal com-
ing in from the leaves (Figures 
4A and 4B). The regulation of 
flowering time is thus a balance 
between promotion from path-
ways such as the photoperiod 
pathway and repression con-

ferred by FLC. FLC is likely to play additional roles in the 
floral transition, as the analysis of natural variation of the 
temperature compensation of the circadian clock found 
that FLC lengthened the period specifically at 27°C, pos-
sibly through the clock-associated transcription factor 
LUX ARRYTHMO (LUX) (Edwards et al., 2006; Hazen et 
al., 2005; Swarup et al., 1999).

Different Mechanisms Relieve FLC Repression
The major environmental pathway that represses FLC 
expression is vernalization. Vernalization occurs as 
plants experience weeks and months of low temperature 
(winter). In Arabidopsis, the optimum has been measured 
at 4°C (Napp-Zinn, 1969). FLC expression is reduced 
progressively during the cold and then remains stably 
low during subsequent growth in warm temperatures 
(Michaels and Amasino, 1999; Sheldon et al., 1999). 
Given that FLC strongly represses flowering, this slow 
reduction of FLC levels during winter aligns flowering 
with the favorable conditions of spring. A requirement 
for vernalization distinguishes winter annual and bien-
nial plants (those that overwinter in a vegetative state) 
from summer annuals and rapid cyclers, the latter often 
managing several generations a year. All these differ-

Figure 4. The Photoperiod and FLC Pathways 
Interact in the Floral Transition
In favorable photoperiods, CO activates FT in the leaf 
veins, and this leads to the induction of flowering. FT RNA 
or FT protein moves in the phloem to the shoot apex, where 
its interaction partner FD is expressed. It is unclear how FT 
moves from the end of the vasculature into the meristem. 
At the shoot apex, FT and FD together activate AP1. FLC 
represses the floral transition by antagonizing FT upregu-
lation in the leaf veins and FD and SOC1 expression at the 
shoot apex. AP1 and SOC1 induce flowering.
Cell 125, May 19, 2006 ©2006 Elsevier Inc.  659



ent types can be found among the different Arabidopsis 
accessions, whose collection sites range from the Arc-
tic Circle to the Cape Verde Islands near the Equator, 
demonstrating that different reproductive strategies are 
beneficial in different environments. The molecular evo-
lution of the genes underpinning these adaptive changes 
is currently a very exciting area of research.

The stability of FLC repression through mitotic cell 
divisions after the plants have experienced the cold 
as well as the temporal separation of experiencing the 
cold and its effect (earlier floral transition) suggested 
an epigenetic basis for vernalization. The characteriza-
tion of mutants impaired in the vernalization response 
has shown this to be the case (Figure 5). VERNALIZA-
TION2 (VRN2) is a homolog of the Drosophila Poly-
comb group gene Su(Z)12 (Birve et al., 2001; Gendall 
et al., 2001). Polycomb group (PcG) complexes in 

Figure 5. Regulation of FLC Expression
(Top panel) Expression of the floral repressor FLC is activated and re-
pressed by many pathways. The autonomous pathway (red) represses 
FLC expression and comprises FCA, FY, FLD, FPA, FVE, LD, and FLK. 
Vernalization represses FLC through VIN3, VRN1, VRN2, and LHP1 
(blue). FRI is a strong activator of FLC expression and acts together 
with FRL1, FRL2, and FES1 (green). Several chromatin regulators 
(brown) activate FLC expression (PAF1 complex, PIE1, EFS, and 
ARP6).
(Bottom panel) Regulation of FLC chromatin structure. FLC activa-
tors promote an active chromatin state at FLC, whereas many com-
ponents of the autonomous pathway promote an inactive chromatin 
state. Vernalization causes remodeling of FLC chromatin and accu-
mulation of histone modifications characteristic of heterochromatin. 
During or after meiosis, high FLC expression is reset to restore the 
vernalization requirement in the next generation.
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Drosophila are involved in the epigenetic fixation of 
gene expression states that are established during 
early embryogenesis and then kept constant during 
development through modifying the chromatin at the 
target locus (Pirrotta, 1995). The Su(Z)12-containing 
PcG complex PRC2 is thought to be responsible for 
histone H3 lysine 27 and possibly H3 lysine 9 meth-
ylation (Czermin et al., 2002; Müller et al., 2002), and 
FLC chromatin was found to accumulate these histone 
marks after vernalization (Bastow et al., 2004; Sung 
and Amasino, 2004). In animals, the methylated H3 
lysine 9 binds the heterochromatin protein 1 (HP1), 
which is thought to stabilize the repressive methylation 
mark and recruit further complexes involved in the for-
mation of heterochromatin (Bannister et al., 2001). The 
one Arabidopsis homolog of HP1, LIKE HP1 (LHP1), 
is involved in vernalization-dependent repression of 
FLC (Mylne et al., 2006). Other components of the 
vernalization response are VERNALIZATION1 (VRN1), 
which encodes a plant-specific protein with DNA 
binding domains that associates generally and stably 
through mitosis with Arabidopsis chromosomes (Levy 
et al., 2002; Mylne et al., 2006), and VERNALIZATION 
INDEPENDENT3 (VIN3), a plant homeodomain pro-
tein required for histone deacetylation at FLC (Sung 
and Amasino, 2004). VIN3 is only expressed after an 
extended period of cold, suggesting that it is an impor-
tant early component of the vernalization response, 
but it is not sufficient to initiate the process (Sung and 
Amasino, 2004). What distinguishes the early steps of 
vernalization from cold acclimation—the adaptation to 
low temperatures, which happens within minutes to 
hours of a temperature drop—is not yet known.

A second FLC repression pathway was identified 
through analysis of late-flowering mutants that still 
respond to photoperiodic cues and are sensitive to 
vernalization. They were called autonomous pathway 
mutants, and, to date, seven autonomous pathway 
genes have been cloned (Figure 5). They are either 
chromatin-associated proteins or (potential) RNA bind-
ing/processing factors. FVE encodes an MSI1 (multi-
copy suppressor of ira 1) homolog (Ausin et al., 2004; 
Kim et al., 2004) and FLOWERING LOCUS D (FLD) an 
amine oxidase homolog (He et al., 2003). Both FVE 
and FLD have been implicated in histone deacetylation 
complexes (Ausin et al., 2004; He et al., 2003). FCA, 
FPA, and FLOWERING LATE WITH KH MOTIFS (FLK) 
all contain putative RNA binding domains; the other-
wise unrelated FCA and FPA proteins contain RNA rec-
ognition motif (RRM) domains (Macknight et al., 1997; 
Schomburg et al., 2001), whereas FLK contains three K 
homology (KH) domains (Lim et al., 2004; Mockler et al., 
2004). FY is homologous to Pfs2p, an essential poly-
adenylation and 3′-end-processing factor from yeast 
(Simpson et al., 2003). Finally, LUMINIDEPENDENS 
(LD) encodes a homeodomain protein with unknown 
function (Lee et al., 1994). The autonomous pathway 
genes are likely to form a series of semiredundant 



subpathways all targeting FLC (Koornneef et al., 1998; 
Michaels and Amasino, 2001; Sheldon et al., 2000). 
Genetic and biochemical analysis indicates that FCA 
and FY form one subpathway. FCA physically interacts 
with FY through its C-terminal WW domain, which is a 
well-known protein-protein interaction module (Simp-
son et al., 2003). Abscisic acid has been reported to 
bind to FCA and block this interaction (Razem et al., 
2006). FCA negatively regulates its own expression 
in an FY-dependent manner by promoting the use of 
an internal polyadenylation site in the FCA transcript 
(Macknight et al., 2002; Quesada et al., 2003), and, 
under very low light, abscisic acid blocks this autoreg-
ulation (R.D. Hill, personal communication) (Razem et 
al., 2006). fy knockouts are embryonic lethal, whereas 
alleles lacking the FCA interaction domain only display 
the late-flowering phenotype (Henderson et al., 2005), 
suggesting that FCA might recruit selected transcripts 
to the canonical polyadenylation machinery.

FLC Upregulation to Repress Flowering
High levels of FLC expression make the plant incom-
petent to respond to factors promoting the transition 
to flowering. They occur naturally in many winter-
annual Arabidopsis accessions and are often caused 
by a dominant allele of the FRIGIDA (FRI) gene (Figure 
5) (Johanson et al., 2000). Active FRI is dominant over 
the FLC-repressing activity of the autonomous path-
way genes, although this epistasis can be reversed, 
for example through manipulation of FCA expression 
levels (Quesada et al., 2003). Cloning of FRI, a coiled-
coil-domain protein, did not reveal a potential mecha-
nism for how it upregulates FLC expression (Johanson 
et al., 2000). The search for proteins that act in the 
same pathway as FRI, through analysis of mutants 
that suppress FRI-mediated FLC activation, has iden-
tified a range of FRI-specific and nonspecific suppres-
sors (Figure 5), with the latter also blocking high FLC 
expression caused by mutations in autonomous path-
way genes. The FRI-specific suppressors comprise 
two FRI homologs and a novel zinc-finger protein, and 
they appear to act cooperatively to upregulate FLC 
rather than in a linear pathway (Michaels et al., 2004; 
Schmitz et al., 2005).

The nonspecific FRI suppressors are generally 
required for high levels of expression of FLC and act 
independently of FRI. They comprise an array of chroma-
tin-modifying proteins as well as proteins homologous to 
the yeast PAF1 (polymerase II-associated factor 1) com-
plex (He et al., 2004; Oh et al., 2004), which coordinates 
transcription elongation with chromatin modification 
and 3′-end formation of the transcript (Rosonina and 
Manley, 2005). Among the chromatin-modifying proteins 
required for high FLC expression are the putative histone 
methyltransferase EFS (also described as SDG8) (Kim 
et al., 2005; Zhao et al., 2005); an ATP-dependent chro-
matin-remodeling protein of the ISWI and SWI2/SNF2 
family (Noh and Amasino, 2003); and the ARP6 protein 
(also described as ESD1), whose yeast homolog has 
been identified as a component of the SWR1 chromatin-
remodeling complex (Choi et al., 2005; Deal et al., 2005; 
Martin-Trillo et al., 2006).

So, why do mutations in these generic chromatin reg-
ulators display predominantly flowering-time defects? 
One possible explanation is that because FLC acts as 
a quantitative repressor and the level of its expression 
is tightly regulated, small changes in gene expression 
already have visible phenotypic consequences, whereas 
they do not for genes that act more qualitatively. Alter-
natively, variation in flowering time is under such strong 
selective pressure that gene duplication events may 
have led to floral-specific chromatin regulators or loss 
of mechanistic redundancy. Despite the complexity we 
know today, there are still likely to be many more com-
ponents and even additional pathways regulating FLC to 
be discovered. Mutations in many of the components of 
the RNAi machinery (e.g., DCL1) lead to increased FLC 
expression, and, in most cases, their action has not 
yet been placed in a known pathway (F. Liu and C.D., 
unpublished data). FLC expression is therefore tightly 
regulated, and this in turn regulates the timing of the 
transition to flowering.

A Common Conceptual Framework Underlying the 
Juvenile-to-Adult and the Floral Transitions?
Our knowledge of the molecular basis of the juvenile-
to-adult vegetative phase change and the transition to 
flowering is improving, and parallels between the two 
transitions have begun to emerge. Both are significantly 
modified by similar environmental conditions and gib-
berellins. Both involve transmissible signals originating 
from outside the shoot apical meristem. Both transi-
tions are regulated by repressive pathways that pre-
vent the transition from occurring precociously. Many 
genes, like HST and genes of the autonomous and 
photoperiod flowering pathways, function in both tran-
sitions, whereas FT, SQN, TFL1, and overexpression of 
LEAFY affect one but not the other. It will be interesting 
to see whether, as our understanding develops, both 
transitions are regulated through similar mechanisms, 
namely (1) production of a diffusible, potentially RNA, 
signal and (2) its movement to the apex and antagonis-
tic action against repressors to activate a set of down-
stream genes that cause the transition to occur. Quan-
titative changes of a signal can provoke either a gradual 
response or an abrupt one, depending on whether the 
sensor responds continually or only after the signal 
has reached a certain threshold. Evolutionary modula-
tion of these responses may explain the evolution of 
both transitions and the variability observed in different 
plant species.

Acknowledgments

We thank Judith Irwin, Michael Lenhard, Scott Poethig, and Phil Wigge 
for helpful comments. I.B. was funded by NERC grant NE/C507629/1 
and C.D. by Core support to the John Innes Centre from the BBSRC.
Cell 125, May 19, 2006 ©2006 Elsevier Inc.  661



References

Abe, M., Kobayashi, Y., Yamamoto, S., Daimon, Y., Yamaguchi, A., 
Ikeda, Y., Ichinoki, H., Notaguchi, M., Goto, K., and Araki, T. (2005). 
FD, a bZIP protein mediating signals from the floral pathway integrator 
FT at the shoot apex. Science 309, 1052–1056.

Alabadí, D., Oyama, T., Yanovsky, M.J., Harmon, F.G., Más, P., and 
Kay, S.A. (2001). Reciprocal regulation between TOC1 and LHY/CCA1 
within the Arabidopsis circadian clock. Science 293, 880–883.

Allen, E., Xie, Z., Gustafson, A.M., and Carrington, J.C. (2005). mi-
croRNA-directed phasing during trans-acting siRNA biogenesis in 
plants. Cell 121, 207–221.

An, H., Roussot, C., Suarez-Lopez, P., Corbesier, L., Vincent, C., Pi-
neiro, M., Hepworth, S., Mouradov, A., Justin, S., Turnbull, C., and 
Coupland, G. (2004). CONSTANS acts in the phloem to regulate a 
systemic signal that induces photoperiodic flowering of Arabidopsis. 
Development 131, 3615–3626.

Ausin, I., Alonso-Blanco, C., Jarillo, J.A., Ruiz-Garcia, L., and Marti-
nez-Zapater, J.M. (2004). Regulation of flowering time by FVE, a reti-
noblastoma-associated protein. Nat. Genet. 36, 162–166.

Bannister, A.J., Zegerman, P., Partridge, J.F., Miska, E.A., Thomas, 
J.O., Allshire, R.C., and Kouzarides, T. (2001). Selective recognition of 
methylated lysine 9 on histone H3 by the HP1 chromo domain. Nature 
410, 120–124.

Bastow, R., Mylne, J.S., Lister, C., Lippman, Z., Martienssen, R.A., 
and Dean, C. (2004). Vernalization requires epigenetic silencing of FLC 
by histone methylation. Nature 427, 164–167.

Berardini, T.Z., Bollman, K., Sun, H., and Poethig, R.S. (2001). Regula-
tion of vegetative phase change in Arabidopsis thaliana by cyclophilin 
40. Science 291, 2405–2407.

Bernier, G., Havelange, A., Houssa, C., Petitjean, A., and Lejeune, 
P. (1993). Physiological signals that induce flowering. Plant Cell 5, 
1147–1155.

Birve, A., Sengupta, A.K., Beuchle, D., Larsson, J., Kennison, J.A., 
Rasmuson-Lestander, A., and Müller, J. (2001). Su(z)12, a novel Dro-
sophila Polycomb group gene that is conserved in vertebrates and 
plants. Development 128, 3371–3379.

Bollman, K.M., Aukerman, M.J., Park, M.Y., Hunter, C., Berardini, T.Z., 
and Poethig, R.S. (2003). HASTY, the Arabidopsis ortholog of exportin 
5/MSN5, regulates phase change and morphogenesis. Development 
130, 1493–1504.

Bünning, E. (1936). Die endogene Tagesrhythmik als Grundlage der 
photoperiodischen Reaktion. Ber. Dtsch. Bot. Ges. 54, 590–607.

Choi, K., Kim, S., Kim, S.Y., Kim, M., Hyun, Y., Lee, H., Choe, S., Kim, 
S.G., Michaels, S., Lee, I., et al. (2005). SUPPRESSOR OF FRIGIDA3 
encodes a nuclear ACTIN-RELATED PROTEIN6 required for floral re-
pression in Arabidopsis. Plant Cell 17, 2647–2660.

Clarke, J.H., Tack, D., Findlay, K., Van Montagu, M., and Van Lijse-
bettens, M. (1999). The SERRATE locus controls the formation of the 
early juvenile leaves and phase length in Arabidopsis. Plant J. 20, 
493–501.

Czermin, B., Melfi, R., McCabe, D., Seitz, V., Imhof, A., and Pirrotta, V. 
(2002). Drosophila enhancer of Zeste/ESC complexes have a histone 
H3 methyltransferase activity that marks chromosomal Polycomb 
sites. Cell 111, 185–196.

Deal, R.B., Kandasamy, M.K., McKinney, E.C., and Meagher, R.B. 
(2005). The nuclear actin-related protein ARP6 is a pleiotropic devel-
opmental regulator required for the maintenance of FLOWERING LO-
CUS C expression and repression of flowering in Arabidopsis. Plant 
Cell 17, 2633–2646.

Doyle, M.R., Davis, S.J., Bastow, R.M., McWatters, H.G., Kozma-Bog-
nár, L., Nagy, F., Millar, A.J., and Amasino, R.M. (2002). The ELF4 gene 
662  Cell 125, May 19, 2006 ©2006 Elsevier Inc.
controls circadian rhythms and flowering time in Arabidopsis thaliana. 
Nature 419, 74–77.

Dudley, M., and Poethig, R.S. (1991). The effect of a heterochronic 
mutation, Teopod2, on the cell lineage of the maize shoot. Develop-
ment 111, 733–739.

Dudley, M., and Poethig, R.S. (1993). The heterochronic Teopod1 and 
Teopod2 mutations of maize are expressed non-cell-autonomously. 
Genetics 133, 389–399.

Edwards, K.D., Anderson, P.E., Hall, A., Salathia, N.S., Locke, J.C., 
Lynn, J.R., Straume, M., Smith, J.Q., and Millar, A.J. (2006). FLOW-
ERING LOCUS C mediates natural variation in the high-temperature 
response of the Arabidopsis circadian clock. Plant Cell 18, 639–650.

Foster, T.M., Lough, T.J., Emerson, S.J., Lee, R.H., Bowman, J.L., 
Forster, R.L., and Lucas, W.J. (2002). A surveillance system regulates 
selective entry of RNA into the shoot apex. Plant Cell 14, 1497–1508.

Gasciolli, V., Mallory, A.C., Bartel, D.P., and Vaucheret, H. (2005). Par-
tially redundant functions of Arabidopsis DICER-like enzymes and a 
role for DCL4 in producing trans-acting siRNAs. Curr. Biol. 15, 1494–
1500.

Gendall, A.R., Levy, Y.Y., Wilson, A., and Dean, C. (2001). The VER-
NALIZATION 2 gene mediates the epigenetic regulation of vernaliza-
tion in Arabidopsis. Cell 107, 525–535.

Grigg, S.P., Canales, C., Hay, A., and Tsiantis, M. (2005). SERRATE 
coordinates shoot meristem function and leaf axial patterning in Ara-
bidopsis. Nature 437, 1022–1026.

Hazen, S.P., Schultz, T.F., Pruneda-Paz, J.L., Borevitz, J.O., Ecker, 
J.R., and Kay, S.A. (2005). LUX ARRHYTHMO encodes a Myb domain 
protein essential for circadian rhythms. Proc. Natl. Acad. Sci. USA 
102, 10387–10392.

He, Y., Michaels, S., and Amasino, R. (2003). Regulation of flowering 
time by histone acetylation in Arabidopsis. Science 302, 1751–1754.

He, Y., Doyle, M.R., and Amasino, R.M. (2004). PAF1-complex-me-
diated histone methylation of FLOWERING LOCUS C chromatin is 
required for the vernalization-responsive, winter-annual habit in Arabi-
dopsis. Genes Dev. 18, 2774–2784.

Henderson, I.R., Liu, F., Drea, S., Simpson, G.G., and Dean, C. (2005). 
An allelic series reveals essential roles for FY in plant development in 
addition to flowering-time control. Development 132, 3597–3607.

Huang, T., Bohlenius, H., Eriksson, S., Parcy, F., and Nilsson, O. (2005). 
The mRNA of the Arabidopsis gene FT moves from leaf to shoot apex 
and induces flowering. Science 309, 1694–1696.

Hunter, C., Sun, H., and Poethig, R.S. (2003). The Arabidopsis heter-
ochronic gene ZIPPY is an ARGONAUTE family member. Curr. Biol. 
13, 1734–1739.

Imaizumi, T., Tran, H.G., Swartz, T.E., Briggs, W.R., and Kay, S.A. 
(2003). FKF1 is essential for photoperiodic-specific light signalling in 
Arabidopsis. Nature 426, 302–306.

Imaizumi, T., Schultz, T.F., Harmon, F.G., Ho, L.A., and Kay, S.A. 
(2005). FKF1 F-box protein mediates cyclic degradation of a repres-
sor of CONSTANS in Arabidopsis. Science 309, 293–297.

Jackson, D., Veit, B., and Hake, S. (1994). Expression of maize KNOT-
TED1 related homeobox genes in the shoot apical meristem predicts 
patterns of morphogenesis in the vegetative shoot. Development 120, 
405–413.

Johanson, U., West, J., Lister, C., Michaels, S., Amasino, R., and 
Dean, C. (2000). Molecular analysis of FRIGIDA, a major determi-
nant of natural variation in Arabidopsis flowering time. Science 290, 
344–347.

Kardailsky, I., Shukla, V.K., Ahn, J.H., Dagenais, N., Christensen, S.K., 
Nguyen, J.T., Chory, J., Harrison, M.J., and Weigel, D. (1999). Activa-
tion tagging of the floral inducer FT. Science 286, 1962–1965.



Kim, H.J., Hyun, Y., Park, J.Y., Park, M.J., Park, M.K., Kim, M.D., Kim, 
H.J., Lee, M.H., Moon, J., Lee, I., and Kim, J.A. (2004). A genetic link 
between cold responses and flowering time through FVE in Arabidop-
sis thaliana. Nat. Genet. 36, 167–171.

Kim, S.Y., He, Y., Jacob, Y., Noh, Y.S., Michaels, S., and Amasino, R. 
(2005). Establishment of the vernalization-responsive, winter-annual 
habit in Arabidopsis requires a putative histone H3 methyl transferase. 
Plant Cell 17, 3301–3310.

Kobayashi, Y., Kaya, H., Goto, K., Iwabuchi, M., and Araki, T. (1999). 
A pair of related genes with antagonistic roles in mediating flowering 
signals. Science 286, 1960–1962.

Koornneef, M., Hanhart, C.J., and Van der Veen, J.H. (1991). A genetic 
and physiological, analysis of late flowering mutants in Arabidopsis 
thaliana. Mol. Gen. Genet. 229, 57–66.

Koornneef, M., Alonso-Blanco, C., Blankestijn-de Vries, H., Hanhart, 
C.J., and Peeters, A.J. (1998). Genetic interactions among late-flower-
ing mutants of Arabidopsis. Genetics 148, 885–892.

Lee, I., Aukerman, M.J., Gore, S.L., Lohman, K.N., Michaels, S.D., 
Weaver, L.M., John, M.C., Feldmann, K.A., and Amasino, R.M. (1994). 
Isolation of LUMINIDEPENDENS: a gene involved in the control of 
flowering time in Arabidopsis. Plant Cell 6, 75–83.

Levy, Y.Y., Mesnage, S., Mylne, J.S., Gendall, A.R., and Dean, C. 
(2002). Multiple roles of Arabidopsis VRN1 in vernalization and flower-
ing time control. Science 297, 243–246.

Lim, M.-H., Kim, J., Kim, Y.-S., Chung, K.-S., Seo, Y.-H., Lee, I., Kim, 
I., Kim, J., Hong, C.B., Kim, H.-J., and Park, C.-M. (2004). A new Ara-
bidopsis gene, FLK, encodes an RNA binding protein with K homol-
ogy motifs and regulates flowering via FLOWERING LOCUS C. Plant 
Cell 16, 731–740.

Macknight, R., Bancroft, I., Page, T., Lister, C., Schmidt, R., Love, 
K., Westphal, L., Murphy, G., Sherson, S., Cobbett, C., and Dean, C. 
(1997). FCA, a gene controlling flowering time in Arabidopsis, encodes 
a protein containing RNA-binding domains. Cell 89, 737–745.

Macknight, R., Duroux, M., Laurie, R., Dijkwel, P., Simpson, G., and 
Dean, C. (2002). Functional significance of the alternative transcript 
processing of the Arabidopsis floral promoter FCA. Plant Cell 14, 
877–888.

Martin-Trillo, M., Lazaro, A., Poethig, R.S., Gomez-Mena, C., Pinei-
ro, M.A., Martinez-Zapater, J.M., and Jarillo, J.A. (2006). EARLY IN 
SHORT DAYS 1 (ESD1) encodes ACTIN-RELATED PROTEIN 6 (At-
ARP6), a putative component of chromatin remodelling complexes 
that positively regulates FLC accumulation in Arabidopsis. Develop-
ment 133, 1241–1252.

Michaels, S.D., and Amasino, R.M. (1999). FLOWERING LOCUS C 
encodes a novel MADS domain protein that acts as a repressor of 
flowering. Plant Cell 11, 949–956.

Michaels, S.D., and Amasino, R.M. (2001). Loss of FLOWERING LO-
CUS C activity eliminates the late- flowering phenotype of FRIGIDA 
and autonomous pathway mutations but not responsiveness to ver-
nalization. Plant Cell 13, 935–941.

Michaels, S.D., Bezerra, I.C., and Amasino, R.M. (2004). FRIGIDA-re-
lated genes are required for the winter-annual habit in Arabidopsis. 
Proc. Natl. Acad. Sci. USA 101, 3281–3285.

Mizoguchi, T., Wright, L., Fujiwara, S., Cremer, F., Lee, K., Onouchi, H., 
Mouradov, A., Fowler, S., Kamada, H., Putterill, J., and Coupland, G. 
(2005). Distinct roles of GIGANTEA in promoting flowering and regu-
lating circadian rhythms in Arabidopsis. Plant Cell 17, 2255–2270.

Mockler, T.C., Yu, X., Shalitin, D., Parikh, D., Michael, T.P., Liou, J., 
Huang, J., Smith, Z., Alonso, J.M., Ecker, J.R., et al. (2004). Regula-
tion of flowering time in Arabidopsis by K homology domain proteins. 
Proc. Natl. Acad. Sci. USA 101, 12759–12764.

Müller, J., Hart, C.M., Francis, N.J., Vargas, M.L., Sengupta, A., Wild, 
B., Miller, E.L., O’Connor, M.B., Kingston, R.E., and Simon, J.A. (2002). 
Histone methyltransferase activity of a Drosophila Polycomb group re-
pressor complex. Cell 111, 197–208.

Mylne, J.S., Barrett, L., Tessadori, F., Mesnage, S., Jacobsen, S.E., 
Fransz, P., and Dean, C. (2006). LHP1, the Arabidopsis homologue of 
HETEROCHROMATIN PROTEIN1 is required for epigenetic silencing 
of FLC. Proc. Natl. Acad. Sci. USA 103, 5012–5017.

Napp-Zinn, K. (1969). Arabidopsis thaliana (L.) Heynh. In The Induc-
tion of Flowering, L.T. Evans, ed. (Melbourne, Australia: MacMillan), 
pp. 291–304.

Noh, Y.-S., and Amasino, R.M. (2003). PIE1, an ISWI family gene, is 
required for FLC activation and floral repression in Arabidopsis. Plant 
Cell 15, 1671–1682.

Oh, S., Zhang, H., Ludwig, P., and van Nocker, S. (2004). A mecha-
nism related to the yeast transcriptional regulator Paf1c is required for 
expression of the Arabidopsis FLC/MAF MADS box gene family. Plant 
Cell 16, 2940–2953.

Orkwiszewski, J.A., and Poethig, R.S. (2000). Phase identity of the 
maize leaf is determined after leaf initiation. Proc. Natl. Acad. Sci. USA 
97, 10631–10636.

Park, M.Y., Wu, G., Gonzalez-Sulser, A., Vaucheret, H., and Poethig, 
R.S. (2005). Nuclear processing and export of microRNAs in Arabi-
dopsis. Proc. Natl. Acad. Sci. USA 102, 3691–3696.

Peragine, A., Yoshikawa, M., Wu, G., Albrecht, H.L., and Poethig, R.S. 
(2004). SGS3 and SGS2/SDE1/RDR6 are required for juvenile devel-
opment and the production of trans-acting siRNAs in Arabidopsis. 
Genes Dev. 18, 2368–2379.

Pirrotta, V. (1995). Chromatin complexes regulating gene expression 
in Drosophila. Curr. Opin. Genet. Dev. 5, 466–472.

Poethig, R.S. (1988). Heterochronic mutations affecting shoot devel-
opment in maize. Genetics 119, 959–973.

Prigge, M.J., and Wagner, D.R. (2001). The Arabidopsis SERRATE 
gene encodes a zinc-finger protein required for normal shoot devel-
opment. Plant Cell 13, 1263–1279.

Putterill, J., Robson, F., Lee, K., Simon, R., and Coupland, G. (1995). 
The CONSTANS gene of Arabidopsis promotes flowering and en-
codes a protein showing similarities to zinc finger transcription fac-
tors. Cell 80, 847–857.

Quesada, V., Macknight, R., Dean, C., and Simpson, G.G. (2003). Au-
toregulation of FCA pre-mRNA processing controls Arabidopsis flow-
ering time. EMBO J. 22, 3142–3152.

Razem, F.A., El-Kereamy, A., Abrams, S.R., and Hill, R.D. (2006). The 
RNA-binding protein FCA is an abscisic acid receptor. Nature 439, 
290–294.

Rosonina, E., and Manley, J.L. (2005). From transcription to mRNA: 
PAF provides a new path. Mol. Cell 20, 167–168.

Samach, A., Onouchi, H., Gold, S.E., Ditta, G.S., Schwarz-Sommer, 
Z., Yanofsky, M.F., and Coupland, G. (2000). Distinct roles of CON-
STANS target genes in reproductive development of Arabidopsis. Sci-
ence 288, 1613–1616.

Schaffer, R., Ramsay, N., Samach, A., Corden, S., Putterill, J., Carré, 
I.A., and Coupland, G. (1998). The late elongated hypocotyl mutation 
of Arabidopsis disrupts circadian rhythms and the photoperiodic con-
trol of flowering. Cell 93, 1219–1229.

Schmitz, R.J., Hong, L., Michaels, S., and Amasino, R.M. (2005). 
FRIGIDA-ESSENTIAL 1 interacts genetically with FRIGIDA and FRIGI-
DA-LIKE 1 to promote the winter-annual habit of Arabidopsis thaliana. 
Development 132, 5471–5478.

Schomburg, F.M., Patton, D.A., Meinke, D.W., and Amasino, R.M. 
(2001). FPA, a gene involved in floral induction in Arabidopsis, encodes 
a protein containing RNA-recognition motifs. Plant Cell 13, 1427–1436.
Cell 125, May 19, 2006 ©2006 Elsevier Inc.  663



Schwach, F., Vaistij, F.E., Jones, L., and Baulcombe, D.C. (2005). An 
RNA-dependent RNA polymerase prevents meristem invasion by po-
tato virus X and is required for the activity but not the production of a 
systemic silencing signal. Plant Physiol. 138, 1842–1852.

Searle, I., He, Y., Turck, F., Vincent, C., Fornara, F., Krober, S., Ama-
sino, R.A., and Coupland, G. (2006). The transcription factor FLC 
confers a flowering response to vernalization by repressing meristem 
competence and systemic signaling in Arabidopsis. Genes Dev. 20, 
898–912.

Sessions, A., Yanofsky, M.F., and Weigel, D. (2000). Cell-cell sig-
naling and movement by the floral transcription factors LEAFY and 
APETALA1. Science 289, 779–782.

Sheldon, C.C., Burn, J.E., Perez, P.P., Metzger, J., Edwards, J.A., 
Peacock, W.J., and Dennis, E.S. (1999). The FLF MADS box gene: a 
repressor of flowering in Arabidopsis regulated by vernalization and 
methylation. Plant Cell 11, 445–458.

Sheldon, C.C., Rouse, D.T., Finnegan, E.J., Peacock, W.J., and Den-
nis, E.S. (2000). The molecular basis of vernalization: the central 
role of FLOWERING LOCUS C (FLC). Proc. Natl. Acad. Sci. USA 97, 
3753–3758.

Simpson, G.G., and Dean, C. (2002). Arabidopsis, the Rosetta stone 
of flowering time? Science 296, 285–289.

Simpson, G.G., Dijkwel, P.P., Quesada, V., Henderson, I., and Dean, C. 
(2003). FY is an RNA 3′ end-processing factor that interacts with FCA 
to control the Arabidopsis floral transition. Cell 113, 777–787.

Stadler, R., Lauterbach, C., and Sauer, N. (2005). Cell-to-cell move-
ment of green fluorescent protein reveals post-phloem transport in 
the outer integument and identifies symplastic domains in Arabidop-
sis seeds and embryos. Plant Physiol. 139, 701–712.

Strayer, C.A., Oyama, T., Schultz, T.F., Raman, R., Somers, D.E., Mas, 
P., Panda, S., Kreps, J.A., and Kay, S.A. (2000). Cloning of the Arabi-
dopsis clock gene TOC1, an autoregulatory response regulator homo-
log. Science 289, 768–771.

Suárez-López, P., Wheatley, K., Robson, F., Onouchi, H., Valverde, F., 
and Coupland, G. (2001). CONSTANS mediates between the circa-
dian clock and the control of flowering in Arabidopsis. Nature 410, 
1116–1120.

Sung, S., and Amasino, R.M. (2004). Vernalization in Arabidopsis 
thaliana is mediated by the PHD finger protein VIN3. Nature 427, 
159–164.

Swarup, K., Alonso-Blanco, C., Lynn, J.R., Michaels, S.D., Amasino, 
R.M., Koornneef, M., and Millar, A.J. (1999). Natural allelic variation iden-
tifies new genes in the Arabidopsis circadian system. Plant J. 20, 67–77.

Szittya, G., Silhavy, D., Molnar, A., Havelda, Z., Lovas, A., Lakatos, L., 
Banfalvi, Z., and Burgyan, J. (2003). Low temperature inhibits RNA si-
664  Cell 125, May 19, 2006 ©2006 Elsevier Inc.
lencing-mediated defence by the control of siRNA generation. EMBO 
J. 22, 633–640.

Telfer, A., Bollman, K.M., and Poethig, S. (1997). Phase change and 
regulation of trichome distribution in Arabidopsis thaliana. Develop-
ment 124, 645–654.

Valverde, F., Mouradov, A., Soppe, W.J., Ravenscroft, D., Samach, 
A., and Coupland, G. (2004). Photoreceptor regulation of CONSTANS 
protein in photoperiodic flowering. Science 303, 1003–1006.

Vazquez, F., Vaucheret, H., Rajagopalan, R., Lepers, C., Gasciolli, V., 
Mallory, A.C., Hilbert, J.L., Bartel, D.P., and Crete, P. (2004). Endog-
enous trans-acting siRNAs regulate the accumulation of Arabidopsis 
mRNAs. Mol. Cell 16, 69–79.

Wang, Z.-Y., and Tobin, E.M. (1998). Constitutive expression of the 
CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) gene disrupts circadian 
rhythms and suppresses its own expression. Cell 93, 1207–1217.

Wigge, P.A., Kim, M.C., Jaeger, K.E., Busch, W., Schmid, M., Lohm-
ann, J.U., and Weigel, D. (2005). Integration of spatial and tempo-
ral information during floral induction in Arabidopsis. Science 309, 
1056–1059.

Willmann, M.R., and Poethig, R.S. (2005). Time to grow up: the tem-
poral role of smallRNAs in plants. Curr. Opin. Plant Biol. 8, 548–552.

Wu, X., Weigel, D., and Wigge, P.A. (2002). Signaling in plants by inter-
cellular RNA and protein movement. Genes Dev. 16, 151–158.

Wu, X., Dinneny, J.R., Crawford, K.M., Rhee, Y., Citovsky, V., Zam-
bryski, P.C., and Weigel, D. (2003). Modes of intercellular transcrip-
tion factor movement in the Arabidopsis apex. Development 130, 
3735–3745.

Xie, Z., Allen, E., Wilken, A., and Carrington, J.C. (2005). DICER-LIKE 
4 functions in trans-acting small interfering RNA biogenesis and veg-
etative phase change in Arabidopsis thaliana. Proc. Natl. Acad. Sci. 
USA 102, 12984–12989.

Yanovsky, M.J., and Kay, S.A. (2003). Living by the calendar: how 
plants know when to flower. Nat. Rev. Mol. Cell Biol. 4, 265–275.

Yoshikawa, M., Peragine, A., Park, M.Y., and Poethig, R.S. (2005). A 
pathway for the biogenesis of trans-acting siRNAs in Arabidopsis. 
Genes Dev. 19, 2164–2175.

Zeevaart, J.A.D. (1976). Physiology of flower formation. Annu. Rev. 
Plant Physiol. 27, 321–348.

Zeevaart, J.A.D. (1985). Perilla. In CRC Handbook of Flowering, A.H. 
Halevy, ed. (Boca Raton, FL: CRC Press), pp. 89–100.

Zhao, Z., Yu, Y., Meyer, D., Wu, C., and Shen, W.H. (2005). Prevention 
of early flowering by expression of FLOWERING LOCUS C requires 
methylation of histone H3 K36. Nat. Cell Biol. 7, 1156–1160.


	The Timing of Developmental Transitions in Plants
	Acknowledgments
	REFERENCES


