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Light and temperature signals are the most important environmental cues regulating plant growth and development. Plants 
have evolved various strategies to prepare for, and adapt to environmental changes. Plants integrate environmental cues with 
endogenous signals to regulate various physiological processes, including flowering time. There are at least five distinct path-
ways controlling flowering in the model plant Arabidopsis thaliana: the photoperiod pathway, the vernalization/thermosensory 
pathway, the autonomous floral initiation, the gibberellins pathway, and the age pathway. The photoperiod and tempera-
ture/vernalization pathways mainly perceive external signals from the environment, while the autonomous and age pathways 
transmit endogenous cues within plants. In many plant species, floral transition is precisely controlled by light signals (photo-
period) and temperature to optimize seed production in specific environments. The molecular mechanisms by which light and 
temperature control flowering responses have been revealed using forward and reverse genetic approaches. Here we focus on 
the recent advances in research on flowering responses to light and temperature. 
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INTRODUCTION 

The timing of the developmental transition from vegetative 
growth to reproductive development (flowering transition) is 
crucial for reproductive success in higher plants. In many 
plant species, flowering is controlled by the seasonal cue day 
length and also temperature. Here we focus on photoperiodic 
responses and also flowering responses to temperatures. 

PHOTOPERIODIC RESPONSES 

Both light quality (spectral quality) and photoperiod (day 
length) affect the initiation of flowering. As a facultative 
long day species, Arabidopsis flowers more rapidly under 
long-day (LD) photoperiod than under short-day (SD) con-

dition (Andres and Coupland, 2012; Romera-Branchat et al., 
2014). The CO (constans) and FT (flowering locus T) genes 
are among the most important regulators that integrate light 
and temporal signals to control floral initiation in response 
to photoperiods (Kobayashi et al., 1999; Putterill et al., 
1995). CO is a zinc finger transcription regulator that pro-
motes flowering, at least partially, by activating the expres-
sion of FT (Onouchi et al., 2000; Samach et al., 2000). FT is 
a RAF kinase-related protein, which acts as a long-distance 
signal, migrating from leaves through the vascular system to 
the apical meristem (Corbesier et al., 2007; Lifschitz et al., 
2006).  

Transcriptional and post transcriptional regulation of 
CO 

The circadian clock and light signals regulate the expression 
of CO, while light signals stabilize the CO protein 
(Valverde et al., 2004; Yanovsky and Kay, 2002). Plants 
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possess a serials of photoreceptors to absorb light at differ-
ent wavelengths. There are five red/far-red light receptors 
phytochromes (PhyA-E) (Quail, 2002), seven blue light 
receptors, including two phototropins (Phot1 and Phot2) 
(Briggs and Christie, 2002), two cryptochromes (CRY1 and 
CRY2) (Lin, 2002), and three LOV/F-box/Kelch domain 
proteins FKF1 (flavin binding, kelch repeat, F-box protein 
1), ZTL (zeitlupe), LKP2 (lov kelch protein 2) (Demarsy 
and Fankhauser, 2009), and one ultraviolet-B receptor 
UVR8 (Rizzini et al., 2011). These receptors harvest dif-
ferent qualities of light and work together to modulate 
physiological responses, such as flowering.  

Light activation of CO transcription is induced by the 
blue-light-dependent interaction between the FMN (flavin 
mononucleotide) containing F-box blue light photoreceptor 
FKF1 and the plant specific protein GI (gigantea). Both 
FKF and GI are also circadian clock components (Baudry et 
al., 2010; Sawa et al., 2007). The abundance of FKF mRNA 
and FKF protein show robust diurnal rhythmic with peaks 
in the afternoon, just coincides with the peak of CO. FKF1 
was shown to simultaneously interact with the cycling dof 
factor 1 (CDF1) transcription factor and control the stability 
of CDF1, which represses the transcription of CO and FT. 
The blue light dependent interaction of FKF1 and GI was 
shown to induce the degradation of the CDF1 protein and 
remove the repression of CDF1 on CO and FT in the after-
noon (Fornara et al., 2009; Imaizumi et al., 2005; Song   
et al., 2012).  

The cryptochromes are photolyase-like blue light recep-
tors that originally discovered in Arabidopsis, and later 
found widely exist in almost all species. The photoexcited 
CRY undergoes a serial of biophysical and biochemical 
changes, including circular electron transfer, phosphoryla-
tion, ubiquitination and conformational changes to alter 
gene expressions at both the transcriptional and posttransla-
tional levels (Liu et al., 2010; Liu et al., 2011). CRY2 was 
shown to activate FT mRNA expression in response to blue 
light by suppressing the degradation of CO (Valverde et al., 
2004; Yanovsky and Kay, 2002). The action of CRY2 on 
CO protein stability may be explained, at least partially, by 
the light-independent interaction between CRY2 and COP1 
(constitutive photomorphogenic 1), and the blue-light-  
dependent interaction between CRY2 and SPA1 (suppressor 
of phya). COP1 is an E3 ubiquitin ligase that targets CO and 
several other transcription factors for degradation (Jang   
et al., 2008; Wang et al., 2001; Zuo et al., 2011), and pho-
toexcited cryptochrome2 interacts with SPA1 to suppress 
COP1-dependent degradation of CO. It has been proven that 
COP1 physically interacts with CO in vivo, and that COP1 
facilitates the ubiquitination of CO in vitro, while SPAs 
interact with COP1 to form a complex and target CO for 
degradation under dark condition (Laubinger et al., 2006; 
Liu et al., 2008b). 

Phytochromes are synthesized in the cytosol in their in-
active form (Pr), and change to their active form (pfr) by 
light perception, which also induces their nuclear localiza-

tion to trigger light-induced responses. PhyA stabilizes CO 
by suppressing the activity of the SPAs-COP1 complex. In 
contrast to PhyA, PhyB delays flowering by promoting the 
degradation of CO, although the molecular mechanism of 
phyB-mediated CO destabilization remains unclear 
(Valverde et al., 2004). A recently study found that a unique 
PHL (phytochrome-dependent late-flowering) gene was 
involved in the PhyB-dependent regulation of flowering. 
PHL can physically interact with PhyB and CO. Genetic 
and biochemical evidences suggest that PHL may suppress 
the activity of PhyB on CO by forming a phyB-PHL-CO 
tripartite complex (Endo et al., 2013). Recently, it was 
shown that the blue light photoreceptor FKF1 was also in-
volved in the regulation of CO stability: blue light enhanced 
the interaction between FKF1 and CO, so that FKF1 stabi-
lized CO in the afternoon in LD condition (Song et al., 
2012). Besides COP1, HOS1 (high expression of osmoti-
cally responsive gene 1), a RING-finger containing E3 ubi- 
quitin ligase also contributes to the instability of CO. HOS1 
interacts with CO both in vitro and in planta, and HOS1 
regulates the abundance of CO, particularly during daylight 
and under cold temperatures (Jung et al., 2012; Lazaro    
et al., 2012). It seems that HOS1 integrates light and tem-
perature signals to regulate the abundance of CO, but it is 
still unclear how light and temperatures modulate the E3 
ubiquitin ligase activity of HOS1. 

Transcriptional regulation of FT 

The amount of FT mRNA largely determinates the flower-
ing time. The transcriptional activation of FT in response to 
LD conditions is the limiting step in the photoperiodic in-
duction of flowering in Arabidopsis. CO is the main tran-
scriptional activator of FT, it binds to the proximal region of 
the FT promoter by recognizing two CO responsive ele-
ments (CORE) that are required for FT activation (Adrian  
et al., 2010). Recently, two interdependent regulatory re-
gions in the FT promoter were shown to be necessary and 
sufficient to convey the photoperiodic responsiveness to FT 
(Liu et al., 2014). It was shown that nuclear factor Y 
(NF-Y) bound to a CCAAT element located around 5.3 kb 
upstream of the transcription start site of FT (Cao et al., 
2014), and certain NF-Y subunit paralogues were required 
for CO to activate FT (Kumimoto et al., 2010).  

Cryptochromes, FKF1 and phytochromes may also mod-
ulate FT transcription. For example, the bHLH transcription 
factor CIB1 is the first blue-light-dependent CRY2-    
interacting protein. It promotes flowering in a CRY de-
pendent manner by activating the transcription of FT. CIB1 
has several homologs (CIB2, CIB4, and CIB5) that function 
redundantly with CIB1 to activate the transcription of FT by 
forming different heterodimers. All of these homologs posi-
tively regulate CRY2-mediated photoperiodic flowering, 
and also FT transcription (Liu et al., 2008a; Liu et al., 
2013). PhyB controls floral initiation in response to the  
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changes in light quality by suppressing PFT1 (phyto-
chromes and flowering time 1), which modulates FT mRNA 
expression via not only a CO-dependent pathway, but also 
a CO-independent path-way (Cerdan and Chory, 2003). 
PFT1 has been shown to be a subunit (Med25) of the medi-
ator (Backstrom et al., 2007), suggesting that PFT1 is most 
likely involved in the regulation of transcription. Moreover, 
it has also been found that the phytochrome-interacting 
bHLH transcription factor, PIF3, inhibits FT mRNA ex-
pression to suppress floral initiation (Oda et al., 2004), 
while PIF4 activates FT transcription in response to in-
creasing temperature (Kumar et al., 2012). Recently, VOZ1 
(vascular plant one-zinc finger 1) and VOZ2 were identified 
as PhyB-interacting factors, and they promoted flowering 
through activating FT expression (Yasui et al., 2012). The 
FKF1 protein was shown to control robust FT mRNA in-
duction by removing CDF1, transcriptional repressor of 
both CO and FT (Song et al., 2012).  

Movement of the FT protein 

FT acts as a long distance signal, migrating from leaves 
through the vascular system to the apical meristem to in-
duce flowering (Corbesier et al., 2007; Lifschitz et al., 
2006). In the apex stem cells, FT forms protein complexes 
with bZIP transcription factors, such as FD to regulate tran-
scription of floral meristem identity genes, resulting in flo-
ral initiation (Abe et al., 2005; Taoka et al., 2011; Wigge et 
al., 2005). Biochemical in vitro studies as well as crystalli-
zation studies have indicated that the interaction between 
FT and FD is indirect and is mediated by a 14-3-3 protein. 
14-3-3 proteins act as intracellular receptors for florigen in 
shoot apical cell (Taoka et al., 2011). BRC1 (branched 1) is 
expressed in axillary meristems and was proposed to act as 
a repressor of axillary meristem differentiation (Agui-
lar-Martinez et al., 2007). BRC1 also delays flowering of 
axillary branches by interacting with FT, and the mecha-
nism of interaction would be different from FD, given that 
14-3-3 is not required for the interaction between BRC1 and 
FT (Niwa et al., 2013).  

The FT protein is smaller than the size limit of the plas-
modesmata, so it may passively move into the sieve ele-
ments via diffusion. An active transport mechanism is also 
possible since the abundance of FT is low. FTIP1 (ft-   
interacting protein 1), a FT interacting protein that is present 
in the plasmodesmata of the phloem companion cells in 
Arabidopsis was shown to be required for the transport of 
FT (Liu et al., 2012). FT was also shown to bind to lipids in 
vitro, and the capacity to bind to lipids might contribute to 
its movement and activity in vivo (Nakamura et al., 2014).  

FLOWERING RESPONSES TO  
TEMPERATURE 

Plants response to wide variation of environment tempera-

tures with a highly accurate system for measurement: ver-
nalization for floral promotion to meet a prolonged cold 
condition; delaying flowering under low ambient tempera-
tures; while facilitating flowering in warmer conditions. 
Compared with light regulated flowering, less is known 
about how plants perceive temperature signals. However, 
recent advances have revealed multiple molecular mecha-
nisms in this biological process, and some key components 
were identified. 

Flowering responses to prolonged cold temperature: 
vernalization 

Many studies on the molecular-mechanism of temperature 
effects on flowering were focused on vernalization: that is 
the process by which plants acquire the ability to flower 
after a prolonged cold treatment. Vernalization modifies 
flowering mainly by epigenetic silencing of FLC (flowering 
locus c) expression, a gene encoding a MADS box protein 
that represses flowering (Michaels and Amasino, 1999; 
Sheldon et al., 1999). FLC delays flowering by blocking the 
transcription of genes in the photoperiodic pathway, such as 
FT. FLC binds directly to the chromatin of FT and SOC1 to 
repress their transcription. Three distinct phases are in-
volved in vernalizatin in Arabidopsis thaliana: the estab-
lishment of a vernalization requirement through activation 
of FLC; the dynamic reprogramming of FLC chromatin 
during the cold treatment; and the epigenetic maintenance 
of FLC silencing throughout development (Song et al., 
2013). The activation of FLC expression requires many 
conserved chromatin modifiers influencing histone H3 ly-
sine 4 and lysine 36 (Crevillen and Dean, 2011). Polycomb 
repressive complex 2 (PRC2) increases H3K27me3 
throughout the FLC locus, and is required for stable silenc-
ing FLC after vernalization. Recently, it was reported that 
long noncoding RNAs (lncRNAs) COOLAIR and 
COLDAIR were expressed at higher levels during vernali-
zation, and were involved in regulating the FLC level (Heo 
and Sung, 2011; Swiezewski et al., 2009). The mechanism 
of age-dependent responses to vernalization was recently 
examined in Cardamine flexuosa and Arabidopsis alpine. In 
both of these species, flowering in response to vernalization 
requires both down-regulation of FLC and reduced mi-
croRNA156 (miR156) levels. miR156 is a marker for   
age, and it targets the mRNAs of SPL transcription factors 
(Bergonzi et al., 2013; Zhou et al., 2013). HOS1, the E3 
ubiquitin ligase of CO, was also reported to be involved in 
regulating FLC. HOS1 was shown to promote FLC tran-
scription through chromatin remodeling under short-term 
cold stress conditions by binding to FLC chromatin in a 
cold-dependent manner (Jung et al., 2013). 

Flowering responses to ambient growth temperatures 

Leaving vernalization aside, variations in ambient growth 
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temperatures also dramatically affect the flowering time of 
plants. For example, high ambient temperatures promote 
flowering: under SD conditions, warm temperatures can 
largely substitute for LD conditions to promote flowering. 
Extensive genetic analyses in Arabidopsis have uncovered 
some mutants and ecotypes that show aberrant thermosensi-
tivity. Blazquez and colleagues found that some late-   
flowering autonomous-pathway mutants such as fca, fve and 
fy flowered at the same time regardless of the ambient tem-
perature. This observation indicated that genes of the au-
tonomous pathway that were previously thought to act only 
independently of environmental cues are centrally involved 
in mediating the effects of ambient temperature. Ambient 
temperature also controls flowering mainly through affect-
ing the expression of FT (Blazquez et al., 2003). According 
to current knowledge, FCA, FVE, and FY down regulate the 
floral repressor FLC. However, further analyses have shown 
that decreased temperature only modestly alters FLC ex-
pression, and does not suppress the effect of FCA, FVE or 
FY on FLC expression. These findings indicated that there 
was only a weak relationship between FLC and temperature 
sensing. flc null mutants were still responsive to changes in 
ambient temperatures (16°C vs. 23°C), which almost rules 
out a role of FLC in the temperature response. Different 
from their action in the vernalization pathway, FCA and 
FVE may control flowering time in response to ambient 
temperatures through an FLC-independent pathway 
(Blazquez et al., 2003). On the other hand, the transcrip-
tional data in the online databases show that FLC affects the 
abundance of temperature-responsive genes between 12 and 
27°C. Experiments on the temperature compensation of the 
circadian clock showed that FLC lengthened the circadian 
period specifically at 27°C (Edwards et al., 2006), demon-
strating a remarkable role of FLC in modulating sensitivity 
to higher temperature. The flowering of flc-3 mutants was 
insensitive to higher temperature (23–27°C). This finding 
combined with those previous research on autonomous mu-
tants, raised the hypothesis that higher FLC levels contrib-
uted to the failure of those autonomous pathway mutants to 
respond to increased temperatures. The double mutants of 
flc with autonomous pathway mutants (fca, fve, fpa, fld, Id) 
showed a similar response to temperature as that of the flc 
single mutant, while friflc plants had similar flowering 
times at 23 and 16°C (Balasubramanian et al., 2006). Those 
results indicated that elevated FLC levels in the autonomous 
pathway mutants might be responsible for their failures to 
respond to thermal induction of flowering. These findings 
support the role of FLC as a mediator of the tempera-
ture-regulated flowering.  

MADS-domain proteins FLM (flowering locus m) and 
SVP (short vegetative phase) have been shown to be regu-
lated by ambient temperature and are thought to be involved 
in ambient temperature regulated flowering (Balasubr- 
amanian et al., 2006; Lee et al., 2007). Recent studies have 
shown that ambient temperature controlled alternative 

splicing of FLM and the protein stability of SVP are critical 
for temperature regulated flowering. The levels of FLM, 
an alternative splicing form of FLM, increase at lower tem-
peratures, while the spliced form of FLM is produced at 
higher ambient temperatures. FLM interacts with SVP, 
and then the FLM-SVP complex binds to DNA and re-
presses flowering. FT, TSF and SOC1 are major down-
stream targets of SVP, FLM and FLC in ambient tempera-
ture-responsive flowering. SVP is degraded at high temper-
atures, reducing the abundance of the FLM-SVP complex, 
which allows the plant to flower (Hwan Lee et al., 2014; 
Lee et al., 2013). FLM and FLM compete for interaction 
with SVP, the FLM-SVP complex predominantly forms at 
low temperature and prevents flowering, while the compet-
ing FLM-SVP complex is unable to bind to DNA and acts 
as a dominant negative activator of flowering at high tem-
peratures (Pose et al., 2013). 

The MYB transcription factor EFM (early flowering myb 
protein) was shown to play an important role in directly 
repressing FT expression in the leaf vasculature. EFM me-
diates the effects of ambient temperature on flowering and 
is promoted by SVP. Furthermore, EFM interacts with 
JMJ30, a H3K36 me2 demethylase that plays a role in the 
circadian clock. The interaction between EFM and JMJ30 
affects the H3K36me2 dynamics of FT, thus EFM may be 
an important convergence point that mediates plant re-
sponse to temperature and light to determine the flowering 
time (Yan et al., 2014). 

PIF4, a protein involved in light signaling, was also 
shown to function in ambient temperature regulated floral 
initiation, although it was not reported to function in light 
quality-regulated flowering. Only under non-inductive SD 
conditions, PIF4 binds directly to the FT locus in a temper-
ature-dependent manner to promote FT expression under 
higher temperatures (Kumar et al., 2012).  

SUMMARY 

Our understanding of the mechanisms controlling photo-
periodic and temperature regulated flowering is increasing 
rapidly. Genes involved in these responses have been iden-
tified, and how those genes interact at the genetic level has 
been carried out. However, fundamental questions remain. 
Light signals are involved in regulating CO expression and 
protein stability, but whether light signals are also involved 
in regulating the transcription activity of CO is still unclear. 
Many transcription factors are involved in the transcription 
regulation of FT, some work as positive regulators, such as 
CO, CIBs, PIF4, GI and some work as negative regulators, 
such as FLC, CDFs, PIF3, TEM (Fornara et al., 2009; 
Imaizumi et al., 2005; Kumar et al., 2012; Liu et al., 2008a; 
Onouchi et al., 2000; Samach and Coupland, 2000; Sawa et al., 
2007; Searle and Coupland, 2004). It remains unclear how 
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these transcription factors regulate FT transcription. Do they 
affect transcription initiation, elongation or termination? 
Another question is how they coordinate to regulate FT? Do 
they regulate FT together in a complex or competitively 
according to different external and endogenous cues? Com-
pared with light signal, much less is known about how 
plants sense and respond to temperature signals, although 
the histone variant H2A.Z has been proposed to mediate 
warm temperature signals in yeast and Arabidopsis (Kumar 
and Wigge, 2010). It is logical that light and temperature are 
associated, as daytime is normally accompanied by higher 
temperatures while darkness by cooler temperatures, but 
how do they coordinate to regulate plant development, such 
as flowering? Further study is required to shed light on 
these intriguing questions to gain a comprehensive under-
standing of flowering in response to changes in the envi-
ronment. 
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