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As sessile organisms, plants must be able to adapt to the 
environment. Plants respond to the environment by adjust-
ing their growth and development, which is mediated by 
sophisticated signaling networks that integrate multiple 
environmental and endogenous signals. Recently, increas-
ing evidence has shown that a bHLH transcription factor 
PIF4 plays a major role in the multiple signal integration for 
plant growth regulation. PIF4 is a positive regulator in cell 
elongation and its activity is regulated by various environ-
mental signals, including light and temperature, and hormo-
nal signals, including auxin, gibberellic acid and brassino-
steroid, both transcriptionally and post-translationally. 
Moreover, recent studies have shown that the circadian 
clock and metabolic status regulate endogenous PIF4 level. 
The PIF4 transcription factor cooperatively regulates the 
target genes involved in cell elongation with hormone-
regulated transcription factors. Therefore, PIF4 is a key inte-
grator of multiple signaling pathways, which optimizes 
growth in the environment. This review will discuss our 
current understanding of the PIF4-mediated signaling net-
works that control plant growth. 
 
 
INTRODUCTION 
1 
Since plants are sessile, they must adapt to their environment. 
One of major adaptation mechanisms is plasticity in their growth 
and development. Plants have the ability to adjust their growth 
and development in response to different environmental condi-
tions. The plasticity of growth and development is achieved by 
intimate interactions between various environmental and endog-
enous hormonal signaling pathways (Chaiwanon et al., 2016). 
How these multiple signaling pathways are integrated and co-
ordinately regulate signaling outputs (e.g., development) has 
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been studied at the molecular level in Arabidopsis model sys-
tem for the last decade. 

Growing evidence indicates that PIF4 acts as a molecular 
hub that integrates the environmental and hormonal signaling 
pathways (Lucyshyn and Wigge, 2009; Leivar and Quail, 2011; 
Quint et al., 2016). PIF4 is a member of the family of 
PHYTOCHROME INTERACTING FACTORs (PIFs) that direct-
ly interact with light-activated phytochromes and regulate vari-
ous light responses. PIFs redundantly inhibit skotomorphogen-
esis and individually regulate other light-mediated processes 
such as shade avoidance responses, chloroplast differentiation 
and seed germination (Jeong and Choi, 2013). In addition to 
the light responses, some PIF members including PIF4 are 
involved in the hormonal responses (de Lucas and Prat, 2014). 
Studies have shown that the PIF4 activity is regulated by vari-
ous environment factors (light and temperature), hormones 
(gibberellic acid (GA), brassinosteroid (BR), and auxin), and the 
circadian clock. The integrated information by PIF4 is then 
transduced to downstream output pathways to optimize plant 
growth in a given environmental conditions. Here, we review 
the current knowledge related to the PIF4-mediated multiple 
signal integration mechanism. 
 
PIF4 FUNCTIONS IN THE LIGHT SIGNALING  
PATHWAYS 
 
PIF4 was initially identified by a genetic screen with T‐DNA‐  
mutagenized population to identify new components of the  
phytochrome signaling pathway (Huq and Quail, 2002). The  
isolated new mutants are specifically defective in responsive- 
ness to red light. Later, one of the mutants was found to have a  
T-DNA insertion in a gene encoding basic helix-loop-helix  
(bHLH) transcription factor that is sequentially similar to  
PHYTOCHROME INTERACTING FACTOR3 (PIF3), thus  
named PHYTOCHROME INTERACTING FACTOR4 (PIF4)  
(Huq and Quail, 2002). PIF3 is the first identified phytochrome- 
interacting bHLH transcription factor that interacts with the bio- 
logically active Pfr form of both phytochrome A (phyA) and phy- 
tochrome B (phyB) (Kim et al., 2003; Ni et al., 1998). PIF4 also  
directly interacts with the red light-activated Pfr phyB through  
Active Phytochrome Binding (APB) motif (Huq and Quail, 2002;  
Khanna et al., 2004). Although, unlike PIF3, PIF4 does not  
have an APA (Active phyA binding) motif that is necessary for  
interaction with phyA (Al-Sady et al., 2006), it interacts with  
phyA (Huq and Quail, 2002). The hypocotyl elongation of pif4 
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Fig. 1. PIF4-mediated light sig-
naling pathways. (A) PIF4 posi-
tively regulates skotomorpho-
genesis and shade response. 
HBL, high blue light; LBL, low 
blue light; LRF, low red:far-red 
ratio; HRF, high red:far-red ratio;
PBE, PIF-binding E-box. “P” in a 
circle indicates phosphorylated 
status. A group of “U” in a circle 
indicates polyubiquitination. (B) 
PIF4 is involved in the blue light-
dependent phototropism by re-
gulating auxin signaling. (C) 
High light promotes stomatal 
development, which is mediated 
by phyB and PIF4. Solid lines 
indicate post-translational modi-
fications or regulation at protein 
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levels. Dashed lines show transcriptional regulation. Question marks indicate unknown or unconfirmed mechanism. 
 
 
 
null mutant is hypersensitive to red light, but not to far-red light. 
However, the double mutant of PIF4 and its close homolog 
PIF5 (pif4;pif5) show hypersensitivity to far-red light, suggesting 
that they redundantly control the far-red light responses (Lorrain 
et al., 2009). While the red light hypersensitivity of the pif4 mu-
tant requires phyB (Huq and Quail, 2002), the far-red light hy-
persensitivity of the pif4;pif5 double mutant requires phyA 
(Lorrain et al., 2009). 

PIF4 protein stability is regulated by light conditions (Fig. 1A). 
In the dark, PIF4 protein is dephosphorylated and stable 
(Lorrain et al., 2008). However, upon red light irradiation, PIF4 
protein is rapidly phosphorylated by phyB-mediated signaling 
and subsequently targeted for 26S proteasome-mediated deg-
radation (Lorrain et al., 2008). Deletion of APB motif of PIF4 
increases the stability of PIF4 under red light, indicating that the 
interaction with phyB is required for the red light-induced PIF4 
degradation (Lorrain et al., 2008; Shen et al., 2007). In contrast 
to red light, PIF4 protein is quite stable under far-red and blue 
light (Lorrain et al., 2008; Ma et al., 2016; Pedmale et al., 2016). 
Although it has been known for a long time that PIF factors, 
including PIF4, are rapidly phosphorylated by red light irradia-
tion (Al-Sady et al., 2006), the kinases that mediate the red 
light-dependent phosphorylation of PIF factors are yet to be 
identified. In addition to PIF factors, the phyB-PIF interactions 
reciprocally induce degradation of phyB under red light, forming 
a mutually-negative feedback-loop (Christians et al., 2012; Ni et 
al., 2014). It was shown that Bric-a-Brack/Tramtrack/Broad 
(BTB)-Cullin3-type E3 ubiquitin ligase LIGHT RESPONSE BTB 
(LRB) proteins directly interact with the red light-activated phyB-
PIF3 complex, subsequently polyubiquitinate the complex, and 
target both phyB and PIF3 for degradation (Ni et al., 2014). The 
mutually assured degradation of both phyB (light receptor) and 
PIF3 (its immediate signaling partner) attenuates light signaling, 
thereby preventing unnecessary excessive light responses. 
However, the E3 ligases responsible for PIF4 degradation have 
not been identified to date. It will be interesting to determine if 
the LRBs also mediate the red light-induced degradation of 
other PIFs, including PIF4 (Fig. 1A).  

In the dark, a pif4 single mutant does not show any obvious 
phenotypes, but a pif1;pif3;pif4;pif5 quadruple (pifq) mutant 
shows strong constitutive photomorphogenic morphology, in-
cluding short hypocotyls and open cotyledons, indicating that 

PIF4 together with other PIF members inhibits photomorpho-
genesis in the dark (Leivar et al., 2009; Shin et al., 2009) (Fig. 
1A). Consistently, integrated RNA-Seq and ChIP-Seq analyses 
showed that four PIFs regulate the expression of a large num-
ber of shared target genes (Pfeiffer et al., 2014). However, indi-
vidual PIF factors also regulate many differential target genes 
suggesting that each PIF factor has a distinct function in regu-
lating morphogenic responses (Pfeiffer et al., 2014). In the 
ChIP-Seq analyses of PIF4, the G-box motif (CACGTG) was 
highly enriched in the PIF4 target promoters, consistent with a 
result of electrophoretic mobility shift assay (EMSA) showing 
PIF4 binding to the G-box motif in vitro (Huq and Quail, 2002; 
Oh et al., 2012; Zhang et al., 2013). However, one of the E-box 
motifs (CACATG, PIF-binding E-box) was also significantly 
over-represented in the PIF4 target gene promoters, especially 
in the PIF4-activated genes, suggesting that PIF4 is able to 
bind to the E-box motif in vivo (Oh et al., 2012; Zhang et al., 
2013) (Fig. 1A). 

In addition to skotomorphogenesis (morphogenesis in the 
dark), PIF4 and PIF5 mediate shade avoidance responses 
including stem/hypocotyl elongation (Lorrain et al., 2008). Un-
der shade conditions, in which the red light to far-red light ratio 
is reduced and active phyB is decreased, PIF4 and PIF5 pro-
teins are dephosphorylated and stabilized (Lorrain et al., 2008). 
The increased PIF4 and PIF5 by shade induce the expression 
of shade genes and promote hypocotyl elongation (Fig. 1A). 
Among the genes that are rapidly induced by shade in a PIF4- 
and PIF5-dependent manner, LONG HYPOCOTYL IN FAR-
RED1 (HFR1) and PHYTOCHROME RAPIDLY REGULATED1 
(PAR1) negatively regulate PIF4 and PIF5 activities (Hao et al., 
2012; Hornitschek et al., 2009). Both HFR1 and PAR1 are atyp-
ical bHLH transcription factors that directly interact with 
PIF4/PIF5, and form a non-DNA-binding heterodimer with them, 
thereby preventing PIF4/PIF5 from binding to target gene pro-
moters (Hao et al., 2012; Hornitschek et al., 2009). The nega-
tive feedback regulation of PIF4/PIF5 by HFR1 and PAR1 pro-
vides a regulatory mechanism that prevents exaggerated plant 
response to shade (Fig. 1A).  

PIF4 mediates blue light responses, as well as the red/far-red 
light responses. In addition to reduction in the red light to far-red 
light ratio, blue light is also reduced under canopy shade. Simi-
lar to the low red to far-red ratio light, reduced or low blue light 
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Fig. 2. PIF4-mediated hormone signaling 
pathways. (A) Integration of auxin, gibber-
ellic acid (GA), and brassinosteroid (BR) 
signaling pathways in the regulation of 
hypocotyl elongation. (B) PIF4 transcrip-
tionally regulates auxin and ethylene signal-
ing and biosynthetic genes, which medi-
ates phototropism, cell elongation, and 
leaf senescence. 
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(LBL) also induces a shade avoidance response, including 
stem elongation. PIF4 and PIF5 directly interact with blue light 
receptor cryptochromes CRY1 and CRY2 and mediate the 
LBL-induced hypocotyl elongation (Pedmale et al., 2016). Un-
like red light, blue light does not affect the PIF4 protein stability 
(Ma et al., 2016; Pedmale et al., 2016). Instead, blue light regu-
lates PIF4 transcriptional activity through CRYs. Under LBL, 
CRY2 associated with PIF4 is recruited to PIF4 target genes 
and regulates their expression by modulating PIF4 transcrip-
tional activity (Pedmale et al., 2016). In contrast, under high 
blue light, blue light-activated CRY1 directly interacts with PIF4 
and represses PIF4 transcriptional activity, without affecting 
PIF4 DNA-binding ability (Ma et al., 2016; Pedmale et al., 2016). 
Therefore, PIF4-mediated hypocotyl elongation is suppressed 
under high blue light (Fig. 1A). In addition to the LBL-mediated 
hypocotyl elongation, PIF4 is also involved in blue light-
mediated phototropism downstream of another blue light recep-
tors PHOTOTROPIN1 (PHOT1) and PHOT2 (Sun et al., 2013). 
PIF4 directly activates the expression of auxin signaling re-
pressors IAA19 and IAA29, which repress ARF7 that mediates 
the hypocotyl phototropic response (Fig. 1B). PHOT1 and 
PHOT2 transcriptionally reduce PIF4 to induce phototropic 
growth in response to blue light.  

Stomatal development is highly dependent on light conditions. 
In Arabidopsis mature leaves, the number of stomata is in-
creased at high intensity of light, compared to low light. Both 
phyB and PIF4 are required for the high light-induced stomatal 
development (Casson et al., 2009). Interestingly, while phyB 
and PIF4 antagonistically regulate photomorphogenesis and 
shade avoidance responses, they cooperatively regulate the 
stomatal development in response to high light (Casson et al., 
2009) (Fig. 1C). The identification of the molecular mechanisms 
underlying the context dependent relationship between phyB 
and PIF4 is an interesting topic for future study. 
 
PIF4 FUNCTIONS IN HORMONE SIGNALING  
PATHWAYS 
 
Plant development and growth are regulated by several plant 
hormones. Auxin, gibberellic acid (GA), and brassinosteroid 
(BR) are major hormones that promote plant growth. Interest-
ingly, these hormone’s biosynthetic and signaling mutants dis-
play short hypocotyls and opened cotyledons, even in the dark, 
indicating that these growth promoting hormones are required 

for skotomorphogenesis (Chaiwanon et al., 2016). The constitu-
tive photomorphogenic phenotypes of auxin, GA, and BR mu-
tants suggest that these hormone pathways intimately interact 
with the phytochrome pathway. Growing evidence indicates that 
PIF4 functions as a molecular hub that links these hormones 
and phytochrome signaling pathways.  

BR-mediated skotomorphogenesis is mainly mediated by 
BR-regulated transcription factor, BRASSINAZOLE RESISTANT1 
(BZR1) (Wang et al., 2012). In the absence of BR, BZR1 is 
phosphorylated and inactivated by GSK3-like kinase BRA- 
SSINOSTEROID INSENSITIVE2 (BIN2). BR inactivates BIN2, 
which leads to dephosphorylation of BZR1. The dephosphory-
lated BZR1 regulates gene expression and promotes hypocotyl 
elongation. Surprisingly, genome-wide identification of BZR1 
and PIF4 binding sites revealed that two transcription factors 
share thousands of target genes (Oh et al., 2012). BZR1 and 
PIF4 cooperatively regulate the expression of co-target genes, 
including genes involved in cell elongation (Oh et al., 2012). 
Consistent with their interdependency on the regulation of tar-
get gene expression, both BZR1 and PIF4 are required for 
hypocotyl elongation in the dark (Oh et al., 2012). Thus, BR and 
phytochrome signaling pathways are integrated by a direct 
interaction between PIF4 and BZR1 (Fig. 2A). In addition to 
BZR1, the BR-regulated kinase, BIN2, also interacts with and 
inactivates PIF4 (Bernardo-Garcia et al., 2014). BIN2 phos-
phorylates PIF4 as well as BZR1, and this phosphorylation 
marks PIF4 for 26S proteasome-mediated degradation, thereby 
reducing cellular PIF4 level. BR signaling increases PIF4 pro-
tein stability through the inactivation of BIN2 (Fig. 2A). BZR1 
interacts with other PIF factors, including PIF1 and PIF3 (Oh et 
al., 2012; Zhang et al., 2014). However, it has not been fully 
determined whether BIN2 phosphorylates and inactivates other 
PIF factors. 

Synergistic actions of auxin and BR in the regulation of cell 
elongation have been reported in several studies (Hardtke, 
2007). At the molecular level, auxin and BR regulate the ex-
pression of common target genes, which is mediated by a di-
rect interaction between AUXIN RESPONSE FACTORs (ARF6 
and ARF8) and BZR1 (Oh et al., 2014). ARF6/ARF8 redundant-
ly regulates hypocotyl elongation in the dark. ARF6/ARF8 also 
interacts with PIF4, as well as BZR1. The interactions with 
BZR1 and PIF4 increase ARF6 activity by enhancing its binding 
to target promoters (Oh et al., 2014). Combined analyses of 
ChIP-Seq and RNA-Seq assays found that BZR1, ARF6, and 
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Fig. 3. PIF4-mediated high temperature
signaling pathways EC indicates the Even-
ing Complex consisting of ELF3, ELF4 and
LUX. Solid lines indicate post-translational
modification or regulation at protein levels.
Dashed lines show transcriptional regula-
tion. A question mark indicates unconfirmed
mechanism. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PIF4 share a large number of target genes and cooperatively 
regulate the expression of genes, including cell elongation-
related genes (SAURs and PREs) (Oh et al., 2014). However, it 
is unclear whether these three transcription factors act as a 
trimeric complex or form only a dimeric complex. PIF4 and PIF5 
also regulate the expression of auxin repressor IAA19 and 
IAA29 that are involved in auxin-mediated hypocotyl photo-
tropic growth (Sun et al., 2013) (Fig. 2B). In addition to auxin 
signaling, PIF4 increases auxin levels by directly activating the 
expression of key auxin biosynthesis genes, including YUC8, 
TAA1, and CYB79B2 (Franklin et al., 2011; Sun et al., 2012). 
The up-regulation of auxin biosynthesis is required for the PIF4-
mediated hypocotyl elongation in response to warm tempera-
ture and shade (Fig. 2B). 

GA promotes hypocotyl elongation through the destabilization 
of negative regulators, DELLAs. DELLA proteins directly inter-
act with several PIF factors, including PIF4, and prevent PIFs 
from binding to target promoters, thereby inactivating PIFs (de 
Lucas et al., 2008; Feng et al., 2008). In addition, DELLAs also 
interact with and inactivate BZR1 and ARF6 (Bai et al., 2012; 
Oh et al., 2014). Consistently, GA-mediated hypocotyl elonga-
tion requires PIFs, BZR1, and ARF6 activities. Therefore, GA, 
BR, auxin, and light signaling pathways are integrated by multi-
ple interactions among their key signaling transcription factors 
(DELLAs, BZR1, ARFs, and PIFs) (Oh et al., 2014) (Fig. 2A). 

In addition to early seedling morphogenesis, PIF4, together 
with PIF5, regulates dark-induced leaf senescence (Sakuraba 
et al., 2014; Song et al., 2014), which is mainly mediated by 
antagonistic interaction of two plant hormones, cytokinin and 
ethylene. PIF4 positively regulates both ethylene biosynthesis 
and signaling to promote leaf senescence. PIF4 promotes eth-
ylene biosynthesis by activating the expression of several eth-
ylene biosynthesis genes (ACS2, 6, 8, and 9) and enhances 
ethylene signaling by directly activating expression of ethylene 
key signaling transcription factor, ETHYLENE INSENSITIVE3 
(Sakuraba et al., 2014; Song et al., 2014) (Fig. 2B). Ethylene is 
also required for skotomorphogenesis, including apical hook 
formation and closed cotyledons. In the dark, plants overex-
pressing PIF5 (PIF5-OX) are morphologically similar to plants 

overproducing ethylene (Khanna et al., 2007). Consistently, 
ethylene production is significantly increased in PIF5-OX, com-
pared to wild type (Khanna et al., 2007). In contrast, ethylene 
production is not significantly altered in pif5 mutants. Consider-
ing the reduced ethylene production in pif4 mutants in senes-
cencing leaves (Song et al., 2014), it is highly likely that PIF4, 
as well as other PIF factors, redundantly regulates ethylene 
biosynthesis in the etiolated seedlings. However, the defects of 
ethylene production in pif4;pif5 or pifq etiolated seedlings have 
not been reported to date.  
 
PIF4 FUNCTIONS IN THE CIRCADIAN CLOCK OUTPUT 
PATHWAYS 
 
The expression of PIF4 and PIF5 is regulated by the circadian 
clock (Yamashino et al., 2003). Under diurnal conditions, both 
PIF4 and PIF5 expression is repressed at the evening by the 
Evening Complex consisting of ELF3, ELF4, and LUX 
(Nusinow et al., 2011). The Evening Complex directly binds to 
the promoters of PIF4 and PIF5 and represses their expression 
(Fig. 3). As the cellular level of Evening Complex decreases, 
PIF4 and PIF5 expression gradually increases after the evening, 
and peaks in the middle of day when the Evening Complex is at 
its minimum level (Nusinow et al., 2011). Since PIF4 and PIF5 
proteins are unstable under light, it was expected that endoge-
nous PIF4 and PIF5 protein levels would be at a maximum at 
the end of day when the expression of PIF4 and PIF5 is high 
and their proteins are stable (Nozue et al., 2007). The coinci-
dence mechanism was proposed to underlie observed rhythmic 
hypocotyl growth under short-day conditions (Nozue et al., 
2007). However, in contrast to initial expectations, endogenous 
PIF4 protein levels are still very high in the daytime under short-
day conditions, which is not consistent with a low growth rate of 
hypocotyl (Yamashino et al., 2013). It was thus suggested that 
PIF4 protein activity as well as stability is suppressed by light. It 
seems likely that PIF4 DNA-binding ability is inhibited by phyB 
under light, because the DNA-binding ability of another PIF 
factor, PIF3, was shown to be inhibited by the light-activated 
phyB (Park et al., 2012). Furthermore, endogenous GA levels 
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are low under light, which may lead to the accumulation of 
DELLA proteins that directly interfere with PIF4 DNA-binding 
ability (Sun, 2011). In addition to protein stability, PIF4 transcrip-
tional activity is also likely to be repressed under light through 
the blue light-induced CRY1-PIF4 interaction (Ma et al., 2016). 
Thus, the combined actions of phyB/DELLA/CRY1 may ensure 
low PIF4 activity in the daytime to suppress hypocotyl growth. 
However, this could not explain why the hypocotyl growth rate 
is higher in the day than in the night under long-day conditions 
(Nozue et al., 2007). 
 
PIF4 FUNCTIONS IN THE TEMPERATURE SIGNALING 
PATHWAYS 
 
Arabidopsis responds to elevated temperature (20-22°C to 27-
29°C) by a suite of morphological changes, including elongation 
of stems and leaf hyponasty (Gray et al., 1998). This ther-
moresponsive growth has been observed in various species of 
plants, implicating its evolutionary benefit in adapting to higher 
temperatures (Quint et al., 2016). It was indeed shown that the 
thermoresponsive growth increases leaf transpiration rate, 
thereby enhancing leaf cooling capacity in well-watered envi-
ronments (Crawford et al., 2012).  

PIF4 is a key regulator of thermoresponsive growth as the 
hypocotyl growth of pif4 mutants is insensitive to high tem-
peratures (29°C) (Koini et al., 2009). It was suggested that 
high temperature activates PIF4 RNA expression by inactivat-
ing ELF3 that directly represses PIF4 expression (Fig. 3). 
ELF3 binding to the PIF4 promoter is decreased at high tem-
peratures, compared to normal temperatures (22°C) (Box et 
al., 2015). Consistently, elf3 mutant displays a constitutive 
thermomorphogenic phenotype (elongated hypocotyls) at 
22°C under short-day conditions, supporting the fact that high 
temperature inactivation of ELF3 is a major mechanism to 
induce thermoresponsive growth (Box et al., 2015; Mizuno et 
al., 2014). However, the high temperature effects on PIF4 
expression are restricted to the end of night when ELF3 levels 
are already low and PIF4 expression is normally repressed in 
the evening, even at high temperatures (Box et al., 2015), 
raising questions about the exact role of ELF3 in high tem-
perature regulation of PIF4 expression. Moreover, the hypo-
cotyl growth of elf3 mutants is significantly promoted by high 
temperature under long-day conditions (Raschke et al., 2015), 
suggesting that high temperature activates PIF4 post-
transcriptionally as well as transcriptionally. Indeed, a study 
showed that PIF4 protein is dramatically stabilized at high 
temperature under red light (Foreman et al., 2011). However, 
the PIF4 protein stability was minimally affected by high tem-
perature under white light conditions in other studies (Kumar 
et al., 2012; Stavang et al., 2009). Thus, more comprehensive 
analyses of PIF4 protein stability in different combinations of 
light and temperature conditions is required to determine how 
temperature changes affect PIF4 protein stability. 

High temperature-activated PIF4 directly up-regulates the 
expression of auxin biosynthesis genes, including YUC8, TAA1, 
and CYB79B2 (Franklin et al., 2011; Sun et al., 2012) (Fig. 3). 
As a result, the accumulated auxin induces hypocotyl/stem 
elongation and leaf hyponasty. Consistently, auxin biosynthetic 
and signaling mutants have defects in the thermoresponsive 
growth (Gray et al., 1998). Since PIF4 activity is dependent on 
BR (activation of BZR1) and GA (inactivation of DELLAs) hor-
mones, both hormone signals are required for the hypocotyl 
growth response to high temperature (Bai et al., 2012; Oh et al., 
2012; Stavang et al., 2009). Light also profoundly affects the 

thermoresponsive growth because PIF4 RNA expression 
(through HY5) as well as PIF4 protein stability and transcrip-
tional activity (through phytochromes and cryptochromes) are 
reduced by light (Delker et al., 2014; Lorrain et al., 2008; Ma et 
al., 2016). Therefore, high temperature-induced hypocotyl elon-
gation is suppressed under high intensity of light (Ma et al., 
2016).  

Chromatin structure also affects PIF4 level and its activity. 
ACTIN RELATED PROTEIN6 (ARP6) is involved in the deposi-
tion of alternative histone H2A.Z into the nucleosome in place 
of H2A. Surprisingly, arp6 mutants show a constitutive ther-
moresponsive growth phenotype and the expression levels of 
many heat-induced genes, including PIF4, are elevated in the 
arp6 mutant (Kumar and Wigge, 2010; Kumar et al., 2012). 
Thus, H2A.Z nucleosome deposition at the promoter of PIF4 is 
likely to determine PIF4 expression. Generally, H2A.Z occu-
pancy in the promoters of heat-regulated genes are decreased 
as temperature increases (Kumar and Wigge, 2010). Whether 
the reduction of H2A.Z nucleosomes is indeed required for the 
high temperature induction of PIF4 expression should be ad-
dressed in future studies. A previous study reported that RNA-
binding protein FCA suppresses PIF4 activity through chroma-
tin modification (Lee et al., 2014) (Fig. 3). FCA inhibits PIF4 
binding to its target YUC8 promoter by removing H3K4me2 
from the YUC8 promoter, thereby attenuating the ther-
moresponsive growth.  

In addition to seedling thermomorphogenic growth, PIF4 was 
reported to mediate thermal acceleration of flowering by directly 
activating FLOWERING LOCUS T (FT) in a temperature de-
pendent manner (Kumar et al., 2012) (Fig. 3). In short-day con-
ditions, flowering of wild type is dramatically accelerated by high 
temperature, but the pif4 mutant was shown to be almost in-
sensitive to high temperature-mediated flowering (Kumar et al., 
2012). However, a recent study showed that pif4, and also 
higher-order pif mutants (pif4;pif5, pif3;pif4;pif5), flowered signif-
icantly earlier in response to high temperature under short-day 
conditions, almost indistinguishable from wild type (Galvao et 
al., 2015). Moreover, the high temperature induction of FT ex-
pression was not much affected in the pif4 mutant (Galvao et al., 
2015; Seaton et al., 2015). Therefore, it is controversial as to 
whether the activation of FT by PIF4 constitutes the major 
mechanism to induce flowering at elevated ambient tempera-
ture.  
 
CONCLUSION 
 
Since plant morphological adaptation to the environment is an 
irreversible process that requires huge energy, it must be elabo-
rately regulated, considering both environmental factors and 
endogenous conditions. Plants have evolved comprehensive 
signaling networks that integrate the external and internal in-
formation and determine plant growth. PIF4 plays a key role in 
signal integration for the seedling morphological adaption in 
Arabidopsis. Cellular PIF4 level is regulated transcriptionally by 
the circadian clock, light, and temperatures, and post-
translationally by light. In addition, PIF4 transcriptional activity is 
dependent on the light conditions and the transcription factors 
of auxin, gibberellic acid and brassinosteroid hormone signaling 
pathways. The morphological adaption is also affected by the 
other hormones (cytokinin, abscisic acid, salicylic acid, and 
jasmonic acid) and biotic stresses. Thus, it is likely that these 
signals are also integrated by PIF4 or other PIF factors to coor-
dinately regulate plant growth with other environmental/hormo- 
nal signals. 
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