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Phytochrome-interacting factors (PIFs) are members of the Arabidopsis thaliana basic helix-loop-helix family of transcriptional
regulators that interact specifically with the active Pfr conformer of phytochrome (phy) photoreceptors. PIFs are central regulators
of photomorphogenic development that act to promote stem growth, and this activity is reversed upon interaction with phy in
response to light. Recently, significant progress has been made in defining the transcriptional networks directly regulated by PIFs,
as well as the convergence of other signaling pathways on the PIFs to modulate growth. Here, we summarize and highlight these
findings in the context of PIFs acting as integrators of light and other signals. We discuss progress in our understanding of the
transcriptional and posttranslational regulation of PIFs that illustrates the integration of light with hormonal pathways and the
circadian clock, and we review seedling hypocotyl growth as a paradigm of PIFs acting at the interface of these signals. Based on
these advances, PIFs are emerging as required factors for growth, acting as central components of a regulatory node that
integrates multiple internal and external signals to optimize plant development.

INTRODUCTION: INTEGRATION OF ENVIRONMENTAL
AND DEVELOPMENTAL SIGNALS THROUGH THE PIFs

It is not surprising that almost every aspect of plant physiology,
growth, and development is influenced by light—the energy
supply that fuels plant growth and development and also provides
valuable seasonal and local environmental information. The ability
to monitor and appropriately adjust to prevailing light conditions is
mediated by photosensory photoreceptors, which perceive and
transduce incoming light signals to the transcriptional network that
implements downstream facets of morphogenesis (or photomor-
phogenesis) (reviewed in Jiao et al., 2007). In turn, light-regulated
processes are highly coordinated with other environmental (tem-
perature, presence of neighbors/competitors, biotic stress) and
internal (circadian clock and hormones) signals. Plant survival and
fitness require integration of all this developmental and external
information to ensure that the responses occur at the appropriate
time and place.

In this review, we focus on a small subset of basic helix-loop-
helix (bHLH) transcription factors called phytochrome-interacting
factors (PIFs) that are emerging as systems integrators in plant
development due to their ability to integrate environmental and
internal signals that drive pleiotropic facets of downstream
morphogenesis (Figure 1A). PIFs were first described as central
players in transducing light signals perceived by the red (R)/far-
red (FR) light sensing phytochrome (phy) photoreceptors (phyA
to phyE in Arabidopsis thaliana) during the seedling deetiolation
developmental transition (reviewed in Castillon et al., 2007; Bae

and Choi, 2008; Leivar and Quail, 2011). In the absence of phy
activation (such as in seedlings germinated in the subterranean
darkness), the phy Pr inactive conformer resides in the cytosol
and allows the nuclear accumulation of PIFs, which implement an
etiolated program of growth (skotomorphogenesis) characterized
by long hypocotyls, a closed hook, and small appressed, non-
photosynthetic cotyledons, facilitating growth to seek for light at
the soil surface (Figures 1A and 1B). Upon light exposure, phy Pr
is converted into the biologically active Pfr conformer, which
translocates into the nucleus and physically interacts with the
PIFs, resulting in a reduction in the abundance of the transcription
factors in the cell that triggers a rapid and massive transcriptional
reprogramming that initiates photomorphogenic development
(deetiolation), characterized by short hypocotyls, open hooks, and
green expanded cotyledons (Figures 1A and 1B) (Leivar and Quail,
2011). In addition to this central phy/PIF pathway that also regulates
several other facets of photomorphogenesis (Figures 1A and 1B),
there are now extensive examples of other signaling pathways
converging on the PIFs to regulate an increasing number of
downstream processes (Figures 1A and 1B), including developmental
processes like stomatal index, carpel formation, and ovule fertil-
ization (Pagnussat et al., 2005; Casson et al., 2009; Reymond
et al., 2012). Some of these pathways are triggered by internal
signals, like the circadian clock, hormones, and developmental-
and sugar-derived signals, whereas others are triggered by en-
vironmental cues like temperature (cold and warm), blue light, or
defense responses (Figure 1A).
Several excellent reviews have covered the role of PIFs in reg-

ulating phy-signaling and transcriptional networks (Leivar and Quail,
2011; Jeong and Choi, 2013) or have focused on their participation
in specific processes, such as seed germination, shade avoidance,
thermal-induced responses, or crosstalk with specific hormonal
pathways or the circadian clock (Franklin, 2008; Lau and Deng,
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Figure 1. Systems Integration of Environmental and Internal Signals through the PIF Transcription Factors.

(A) Summary of the biological functions of the PIFs as integrators of environmental and internal signals to implement multiple facets of downstream
morphogenesis throughout the plant life cycle, acting as positive (→) or negative (2|) regulators.
(B) Simplified schematic illustration of PIF function in transducing light signals downstream of phy photoreceptors and in integrating information from
other internal and environmental pathways to provide a coordinated transcriptional response that implements morphogenesis.
(C) Structural and functional domains of the PIF subfamily of bHLH transcription factors.
(D) PIFs are required to promote growth in etiolated seedlings, under diurnal SD conditions, and in response to shade. Visible phenotypes of wild-type
and pifq mutant seedlings grown in darkness or in SDs for 3 d (left panel) or for 7 d in light (high R/FR) or simulated shade (low R/FR, 2 d in light + 5 d in
shade) (right panel). (Right panel modified from Leivar et al. [2012b], Figure 1B.)
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2010; Wang et al., 2012; Casal, 2013; de Wit et al., 2013; Kinmonth-
Schultz et al., 2013; Proveniers and van Zanten, 2013; Shin et al.,
2013; Wigge, 2013; Yamashino, 2013). Here, we will discuss evi-
dence that emphasizes the role of PIFs as integrators of diverse
signals to modulate plant growth and development to deliver the
emerging view that PIFs function as required regulatory factors for
growth. We have chosen to focus mainly on the integration of
hormonal signals and the circadian clock. However, there is also
evidence that PIFs integrate other pathways that are only briefly
mentioned in this review, such as temperature (Koini et al., 2009;
Stavang et al., 2009; Kumar et al., 2012) and sugar metabolism
(Liu et al., 2011; Lilley et al., 2012; Sairanen et al., 2012). First, we
summarize current knowledge of the PIF–phy interplay regulating
morphogenesis. Next, we discuss progress made in defining the
transcriptional networks directly regulated by the PIFs and how
different light signals modulate common and specific transcrip-
tional circuits in a highly dynamic fashion. We then provide an
overview of functional profiling of PIF targets and discuss progress
in our understanding of the transcriptional and posttranslational
regulation of PIFs that illustrates the integration of light with
hormonal pathways and the circadian clock. Finally, we review
seedling hypocotyl growth as a paradigm of PIFs acting at the
interface of these signals to regulate growth in accord with the
environment.

PIF FUNCTION IN PHY-MEDIATED GROWTH RESPONSES
TO LIGHT

phy Regulation of PIF Abundance and Activity, and Negative
Feedback Modulation of phyB Levels

Most of the members of the PIF subfamily contain the conserved
bHLH domain that provides dimerization (HLH domain) and DNA
binding capacity (basic domain) (Toledo-Ortiz et al., 2003; Al-Sady
et al., 2008; Shen et al., 2008; Bu et al., 2011a), a conserved motif
called the APB (for active phyB binding) required for the conformer-
specific binding to the R-light-activated Pfr form of phyB (Khanna
et al., 2004) and a functional nuclear localization signal (Ni et al.,
1998; Huq and Quail, 2002; Bauer et al., 2004; Huq et al., 2004;
Oh et al., 2004; Leivar et al., 2008a) (Figure 1C). To date, 7 of the
15 PIF subfamily members have been shown to interact in vitro
with phyB in a R/FR photoreversible fashion, including the found-
ing member PIF3 (AT1G09530), PIF1 (also referred as PIF3-LIKE5
[PIL5], AT2G20180), PIF4 (AT2G43010), PIF5 (PIL6, AT3G59060),
PIF6 (PIL2, AT3G62090), PIF7 (AT5G61270), and PIF8 (UNE10,
AT4G00050) (Ni et al., 1999; Huq and Quail, 2002; Huq et al., 2004;
Khanna et al., 2004; Oh et al., 2004; Leivar et al., 2008a; Leivar and
Quail, 2011). The other subfamily members either do not bind phyB
or this interaction has not been tested (Leivar and Quail, 2011);
therefore, they are not the focus of this review. Some of these
phyB–PIF interactions (e.g., for PIF1, PIF3, and PIF7) have been
validated in vivo using dual fluorescent imaging or coimmunopre-
cipitation assays (Bauer et al., 2004; Leivar et al., 2008a; Shen et al.,
2008; Clack et al., 2009; Kidokoro et al., 2009; Park et al., 2012; Ni
et al., 2013). In addition to binding phyB, two members (PIF1 and
PIF3) have also been shown to bind phyA in a Pfr conformer-
specific manner, through a less conserved domain called the APA

(for active phyA binding) (Figure 1C) (Huq et al., 2004; Oh et al.,
2004; Al-Sady et al., 2006; Shen et al., 2008).
Current evidence shows that the direct physical binding of PIFs

with the photoactive, nuclear-localized phy Pfr conformer leads to
a reduction in PIF abundance and/or activity in the cell (reviewed
in Leivar and Quail, 2011; Jeong and Choi, 2013) (Figure 1B).
In dark-grown seedlings (i.e., etiolated), PIF proteins accumulate,
whereas upon exposure to light (deetiolation response), photo-
activated phy Pfr translocates into the nucleus and induces
a rapid decline in the abundance of PIFs (particularly the PIF
quartet [PIFq] members PIF1, PIF3, PIF4, and PIF5), with half-lives
of 5 to 20 min (Bauer et al., 2004; Monte et al., 2004; Shen et al.,
2005, 2007; Al-Sady et al., 2006; Nozue et al., 2007; Lorrain et al.,
2008). This pathway involves direct interaction of the PIFs with
phyA and/or phyB in nuclear speckles (Bauer et al., 2004; Al-Sady
et al., 2006; Shen et al., 2008), which results in rapid phosphory-
lation, ubiquitylation, and degradation via the ubiquitin-proteasome
system (Park et al., 2004; Al-Sady et al., 2006; Shen et al., 2007,
2008; Lorrain et al., 2008). Whereas both phyA and phyB dominate
the rapid light-induced degradation of the PIFs (Bauer et al., 2004;
Al-Sady et al., 2006; Shen et al., 2007, 2008), phyB appears to
have a prominent function under prolonged light conditions (Leivar
et al., 2012a; Soy et al., 2012).
Importantly, phy-induced PIF degradation is R/FR reversible

(Al-Sady et al., 2006; Shen et al., 2007, 2008) and highly dynamic
in the cell, and this interplay between phy activation and PIF levels
also operates in other light environments where there are fluctu-
ations in the Pr and Pfr levels, such as under diurnal light-dark
cycles or under vegetational shade environments (Figure 1B).
Under short-day (SD) photoperiods (8 h light 1 16 h dark), pho-
toactivated phy imposes a decrease in PIF1, PIF3, PIF4, and PIF5
proteins during the day, whereas the progressive decline in the
Pfr levels during the night due to dark reversion allows re-
accumulation of these PIFs, which peak toward the end of the
night (Monte et al., 2004; Shen et al., 2005; Nozue et al., 2007;
Soy et al., 2012; Yamashino et al., 2013). In the case of PIF3,
these oscillations in protein levels are imposed by the action of
phyA and phyB at dawn, which induce rapid degradation of PIF3
in response to light (dark-to-light transition) and by the action of
phyB to maintain low levels of PIF3 at dusk and during early night
(Soy et al., 2012). Phy regulation of PIF protein abundance is also
observed in environments enriched in FR light, such as under
vegetational shade, where there is a reduction in the R/FR ratio
that imposes a shift in the phy photoequilibrium toward the
Pr-inactive form, which results in rapid increases in PIF3, PIF4,
and PIF5 protein levels (Lorrain et al., 2008; Leivar et al., 2012b).
Although the rapid phy-induced phosphorylation and proteolytic

degradation of PIFq members is central to this pathway, a re-
duction of PIF levels in the cell may not be the only consequence
of the phy–PIF interaction. In the case of PIF7, the interaction with
phyB-Pfr does not lead to a significant rapid reduction of PIF7
protein during dark–light transitions (Leivar et al., 2008a; Kidokoro
et al., 2009). Instead, the phy induces the accumulation of a rela-
tively stable phosphorylated form of PIF7 under constant light
(high R/FR), and this form is rapidly dephosphorylated in response
to phy inactivation under simulated shade (low R/FR) conditions (Li
et al., 2012). This shade-induced dephosphorylation increases
binding of PIF7 to its target genes to activate their transcription (Li
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et al., 2012). It is currently unknown if phy-induced phosphoryla-
tion of light-stable forms regulates the DNA binding or transcrip-
tional activity of other PIFs, but the presence of low mobility forms
of PIF4 under certain diurnal conditions is consistent with this
possibility (Foreman et al., 2011; Yamashino et al., 2013). In the
case of PIF1 and PIF3, another report showed that the N-terminal
domain of phyB is able to block PIF3 binding to DNA in chromatin
immunoprecipitation (ChIP) assays under continuous R conditions
(Rc) and that the full-length phyB-Pfr can block the DNA binding
capacity of PIF3 and PIF1 in vitro (Park et al., 2012). This obser-
vation is in apparent contradiction to initial evidence showing in
vitro formation of a ternary complex phyB-PIF3-DNA (Martínez-
García et al., 2000); therefore, further analysis is required to assess
the biological relevance of these two scenarios.

The interaction between photoactive Pfr with the PIFs not only
induces rapid degradation of the PIFs, but also a concomitant,
reciprocal, and relatively slower reduction of phyB photoreceptor
levels under prolonged light conditions (Figure 1B) (Monte et al.,
2004; Khanna et al., 2007; Al-Sady et al., 2008; Leivar et al., 2008a).
PIFs facilitate this feedback process by enhancing phyB binding to
COP1, an E3-ligase that promotes proteasome-mediated pro-
teolytic degradation of the nuclear pool of photoactive phyB (Jang
et al., 2010). PIF-induced phyB degradation appears to require
direct interaction of photoactivated phyB with the APB motif of the
PIFs (Khanna et al., 2007; Al-Sady et al., 2008) and, where exam-
ined (PIF3), the concomitant phyB-induced phosphorylation of PIFs
(Ni et al., 2013). The additional observation that the rate of phyB
degradation appears to be linked to the intrinsic rate of light-
induced degradation of PIF3 has led to the proposal of a phyB-PIF3
codegradation mechanism (Ni et al., 2013), consistent with the
formation of a negative feedback loop between phyB and PIFs that
operates under prolonged light conditions. Whereas the initial and
rapid phyB-induced degradation of PIFs is necessary to initiate
seedling deetiolation, the slow, concomitant and reverse PIF-
induced phyB degradation under prolonged light conditions has
been proposed to attenuate the light signal and reduce the sensi-
tivity of the seedlings to prevent an overresponse. Interestingly,
PIF-induced phyB degradation does not operate under prolonged
shade environments (Leivar et al., 2012a), consistent with the ab-
sence of interaction between PIFs and the Pr-inactive form of phy
or under SD photoperiods (Soy et al., 2012), where the short light
period is insufficient to promote significant slow PIF3-induced
phyB degradation. Adding another layer of complexity, it has been
reported that the interaction with PIFs mediates the nuclear import
of phyB into isolated nuclei of the algae Acetabularia acetabulum

(Pfeiffer et al., 2012). Consistent with this observation, the authors
showed that phyB is not translocated into the nucleus of Arabi-
dopsis pifq mutants during early irradiation of dark-grown seed-
lings. The authors hypothesized that the PIF-mediated nuclear
import of phyB might be relevant only during early deetiolation and
therefore would not operate under prolonged light conditions.

Antagonistic Interplay between phy and PIFs in Regulating
Seedling Growth Responses during Deetiolation, Diurnal
Growth, and Shade Avoidance

Current evidence establishes that PIF1, PIF3, PIF4, PIF5, and PIF7
act with varying degrees of overlapping redundancy to repress

phy-imposed seedling photomorphogenesis during deetiolation,
under diurnal growth conditions, and in response to shade
(Figures 1B and 1D). A similar antagonistic functional interplay
between phy and PIFs operates during seed germination, but
this appears to be a PIF1-specific function (Oh et al., 2004; Penfield
et al., 2005).
In etiolated seedlings, the pivotal observation that a quadruple

mutant pif1 pif3 pif4 pif5 (or pifq) lacking PIFq members shows
a partial constitutively photomorphogenic (cop) phenotype in strict
dark conditions (Figure 1D) (Leivar et al., 2008b) established that
these PIFs have the intrinsic capacity of promoting skotomor-
phogenesis by repressing photomorphogenesis in the absence
of phy photoactivation. Whereas dark-grown wild-type seedlings
display normal skotomorphogenic development, etiolated pifq

mutants resemble a wild-type seedling grown in the light, including
short agravitropic hypocotyls and expanded cotyledons that
contain developed chloroplast (Leivar et al., 2009; Shin et al., 2009;
Kim et al., 2011). These data suggest that removal of these PIFs
(by phy-induced degradation in the light in the wild type or
genetically in the dark in pifq) underlies the seedling deetiolation
response. This view is further supported by the reported sup-
pression of the phyB hyposensitive phenotype by the pifq muta-
tion in R light in phyB pifq mutants (Leivar et al., 2012a),
suggesting that higher levels of PIF3 and possibly other PIFq
member proteins underlie the elongated phenotype of phyB mu-
tants. Importantly, whereas monogenic pif1, pif3, pif4, and pif5

mutants show minor or absent cop-like phenotypes in darkness,
additive to synergistic effects are observed in higher order mutant
combinations that culminate in the prominent cop-like phenotype
of pifq (Leivar et al., 2008b, 2012b; Shin et al., 2009; Stephenson
et al., 2009). These studies show that PIF1 has a prominent role in
promoting etiolated growth but that PIF3, PIF4, and PIF5 act to-
gether with PIF1 in a partially redundant manner. Altogether, cur-
rent data establish a model whereby in the dark, PIF1, PIF3, PIF4,
and PIF5 accumulate and collectively promote etiolated growth of
the seedling, whereas upon light exposure, photoactivated phy
reverses this PIF activity by targeting these PIFs to proteolytic
degradation, thereby initiating the seedling deetiolation (Figure 1B).
Although PIFs are kept at very low levels or in an inactive form in

the light, they conserve the capacity to promote growth under Rc
conditions. Indeed, single pif3, pif4, pif5, and pif7 mutant seed-
lings show a prominent hypersensitive phenotype (i.e., short hy-
pocotyls) under Rc, which contrasts with the absence of a robust
phenotype of these mutants in the dark (Huq and Quail, 2002; Kim
et al., 2003; Fujimori et al., 2004; Huq et al., 2004; Monte et al.,
2004; Oh et al., 2004; Shen et al., 2005; Khanna et al., 2007;
Alabadí et al., 2008; Leivar et al., 2008a). Rc amplification of the
short hypocotyl phenotype of these mutants compared with
darkness can be explained in part by the redundancy of PIF
function in the dark and by the reduced negative feedback
modulation of phyB levels in these mutants in the light that results
in higher photoreceptor levels (see above). In contrast with Rc,
under constant FR light conditions (FRc), PIF4 and PIF5 repress
deetiolation downstream of phyA, but the mechanism does not
involve phyA-induced degradation of PIF4/5 nor a negative
feedback modulation of phyA levels (Lorrain et al., 2009).
Deetiolated seedlings exposed to environments with reduced

levels of photoactive phy (Pfr), such as under diurnal and shade
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conditions, experience an increase in PIF levels and/or activity that
results in changes in the growth pattern (Figure 1D). Under FR-
enriched shade environments, the inactivation of the phy pool re-
sults in the initiation of an adaptative growth response generally
referred as shade avoidance syndrome (SAS) (Figure 1D). A com-
prehensive view of this response as well as the central role of the
PIFs in this process has been covered in excellent reviews (Franklin,
2008; Casal, 2013). Briefly, a pivotal work (Lorrain et al., 2008)
established that PIF4 and PIF5 collectively promote shade-induced
hypocotyl and petiole growth. Recent work has shown that PIF1
and PIF3 also contribute modestly to promote shade-induced
morphological and molecular responses (Leivar et al., 2012a,
2012b; Sellaro et al., 2012), whereas PIF7 appears to play a more
dominant role in addition to PIFq members (Li et al., 2012). To-
gether, the data support a model whereby in the light (high R/FR),
photoactivated phy represses hypocotyl and petiole growth by
targeting PIF1, PIF3, PIF4, and PIF5 to proteolytic degradation and
by phosphorylating PIF7, whereas shade environments (low R/FR)
induce a rapid increase in PIF3, PIF4, PIF5, and presumably PIF1,
and a rapid dephosphorylation and activation of PIF7, which col-
lectively promote shade-induced growth (Figure 1B). Consistent
with this model, the constitutively shade-avoiding phenotype of the
phyB mutant in light (high R/FR) is suppressed to various degrees
by mutations in pif3 (Soy et al., 2012), pif7 (Li et al., 2012), pif4 and
pif4pif5 (de Lucas et al., 2008; Lorrain et al., 2008), and pifq (Leivar
et al., 2012a).

In addition to low R/FR, a reduction in PAR is also characteristic
of shade environments under dense canopies. Recent studies
under high R/FR conditions show that PIFq members also pro-
mote hypocotyl elongation in response to a reduction in PAR
(Hornitschek et al., 2012; Leivar et al., 2012a), suggesting that
PIFs exert integration of low R/FR and low PAR signals. Low PAR
conditions involve a reduction in both R and blue light, so future
examination is required to determine whether this role of PIFs in
promoting growth in low PAR is due to a reduction in phyB sig-
naling and/or a reduction in signaling via the blue light–sensing
cryptochrome (cry) receptor. A reduction in phyB signaling pre-
sumably would result in increased PIF levels in high R/FR, as has
been shown for PIF3 in phyBmutants (Leivar et al., 2012a) and for
PIF1 under low PAR conditions (Chen et al., 2013). In turn, in
response to blue light attenuation, PIF4 and PIF5 have been
proposed to promote growth downstream of cry through an un-
known mechanism (Keller et al., 2011). Intriguingly, although PIFq
members have been shown to inhibit seedling photomorphogenic
development in blue light (Kang and Ni, 2006; Castillon et al.,
2009; Kunihiro et al., 2010; Bu et al., 2011a), this effect appears to
be mediated by phy, at least in the case of PIF1 and possibly PIF3
(Castillon et al., 2009; Bu et al., 2011a). By contrast, PIF4 and PIF5
have been shown to repress phototropism downstream of the
blue light sensor phototropin (Sun et al., 2013).

Taken together, the interplay between phy activation and PIF
levels is highly dynamic and operates under different light envi-
ronments. An integrated model can be proposed whereby in
environments with low or absent levels of active phy, such as in
etiolated seedlings, in shade, or at night, PIFs accumulate and
have the intrinsic capacity to induce growth (Figure 1B). In re-
sponse to light, the rapid phy-induced phosphorylation and
degradation of the PIFs reduces PIF activity in the cell that leads

to growth suppression, whereas the reciprocal and slow PIF-
induced reduction of phyB levels tends to attenuate the initial
signal. The antagonistic actions of phy and PIFs appear to operate
under different light environments sensed by the photoreceptor,
suggesting that PIFs exert integration of diverse light signals
downstream of the phy.

Deciphering PIF-Regulated Transcriptional Networks during
Deetiolation, Diurnal Growth, and Shade Avoidance

Several transcriptomic analyses using single and/or multiple pif

mutants, coupled with ChIP-chip and/or ChIP-seq data for individual
PIFs, are beginning to provide a genome-wide atlas of genes that
are potential direct targets of transcriptional regulation by the PIFs.
An initial comprehensive study was performed for PIF1/PIL5 during
seed germination (Oh et al., 2009), in which through microarray and
ChIP-chip analysis, authors identified a set of 166 genes as PIF1-
regulated direct target genes, which mediate downstream facets of
the PIF1 repression of seed germination.

Deetiolation

Microarray studies using dark-grown single mutants for PIF3
(Monte et al., 2004; Leivar et al., 2009; Sentandreu et al., 2011) or
PIF1 (Moon et al., 2008), and double mutants for PIF4 and PIF5
(Lorrain et al., 2009), showed relatively modest contributions
of individual PIFs in regulating gene expression genome wide,
consistent with the absence of robust morphological phenotypes
of these mutants in the dark due to genetic redundancy (Leivar
et al., 2008b, 2012b; Shin et al., 2009). In sharp contrast, the
transcriptomic profile of pifq mutants in the dark largely resemble
that of wild-type seedlings grown in the light (Leivar et al., 2009;
Shin et al., 2009). In a comprehensive microarray study aimed at
identifying both rapid and sustained gene expression responses
during deetiolation, Leivar et al. (2009) identified a subset of genes
whose expression is strongly associated with the rapid light-
induced proteolytic removal of PIFq proteins. Together, these data
established that PIFq members function as constitutive transcrip-
tional regulators in the dark and that the transcriptional response
elicited by light-induced PIF proteolysis is a major component of
the seedling deetiolation response.
New sequencing technologies are providing a new dimension

to the definition of PIF-regulated transcriptional networks in
etiolated seedlings. RNA-seq studies allow the identification of
PIFq-regulated genes with full genome coverage, such as the
identification of 2025 genes that are misregulated in the pifq

mutant in the dark (Zhang et al., 2013), nearly twice the number of
genes identified by microarray analysis under equivalent growth
conditions (Leivar et al., 2009). ChIP-seq technology has been
used to define the genomic occupancy of PIF3 (Zhang et al., 2013)
and PIF4 (Oh et al., 2012) in etiolated seedlings and of PIF5 in
shade (Hornitschek et al., 2012) (see below). These studies have
defined high confidence binding sites in the genome for each of
these PIFs and the associated genes, including 828 genes for
PIF3, 4363 genes for PIF4, and 1218 genes for PIF5. The defined
binding sites for these PIFs are located predominantly in promoter
regions of target genes and are strongly enriched in the DNAmotif
G-box (CACGTG) and the E-box variant (CACATG and CATGTG)
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that has been called the PBE-box (for PIF binding E-box), sug-
gesting that these PIFs have similar sequence recognition re-
quirements in terms of DNA binding (Hornitschek et al., 2012; Oh
et al., 2012; Zhang et al., 2013). In vitro assays have shown
specific binding to the G-box for all the PIFs tested (PIF1, PIF3,
PIF4, PIF5, and PIF7) (Martínez-García et al., 2000; Huq and Quail,
2002; Leivar et al., 2008a; Moon et al., 2008; Hornitschek et al.,
2009) and to the PBE-box for PIF1, PIF3, and PIF4 (Kim et al.,
2008; Hornitschek et al., 2012; Zhang et al., 2013).

By merging the list of PIF3 promoter-bound genes with the list
of PIFq-regulated genes in etiolated seedlings, Zhang et al.
(2013) identified 128 genes as potential direct targets of tran-
scriptional regulation by PIF3. Expression analysis of a subset of
these genes in triple pif-mutant combinations compared with
pifq show different degrees of regulation by all PIFq members
(from marginal to robust), resulting in a mosaic of differential
transcriptional responsiveness of individual genes to the differ-
ent PIFs and of differential regulatory activity of individual PIFs
toward the different genes (Zhang et al., 2013). Because a ma-
jority of these genes are also bound by PIF4 and/or PIF5 (Zhang
et al., 2013), the data suggest that the collective transcriptional
activity of PIFq members may be exerted via shared occupancy
of binding sites in target promoters.

Another important insight from these studies is that the majority
of PIFq-regulated PIF3- and PIF4-bound genes (84 and 58%, re-
spectively) correspond to PIF-induced genes (Oh et al., 2012;
Zhang et al., 2013), thus indicating that PIFs appear to function
predominantly as transcriptional activators in etiolated seedlings.
Consistently, PIF3- and PIF4-bound genes are strongly enriched
among the PIFq induced genes in the dark that are rapidly re-
pressed by light like PIL1 (Leivar et al., 2009; Oh et al., 2012; Zhang
et al., 2013), which shows a half-repression time of 5 min during
the dark to light transition that parallels light-induced PIF pro-
teolysis (Figure 2A; Leivar et al., 2009). By contrast, PIF3-bound
genes are poorly represented among the PIFq repressed genes in
the dark that are rapidly induced by light (Leivar et al., 2009; Zhang
et al., 2013), suggesting that the vast majority of these genes are
not direct targets of transcriptional regulation by PIF3.

Shade Avoidance

Exposure of Arabidopsis seedlings to simulated shade conditions
also results in rapid transcriptional reprogramming, exemplified by
PIL1, which shows shade induction that is detectable within 15
min (Figure 2A; Leivar et al., 2012b). This rapid response requires
the participation to varying degrees of several PIFs, including PIFq
members and PIF7, which bind to the G-box elements in the PIL1

promoter to activate its transcription (Hornitschek et al., 2009,
2012; Leivar et al., 2012b; Li et al., 2012).

Leivar et al. (2012b) addressed the collective role of PIFq
members in shade-induced gene expression genome wide and
established that a significant part of the rapid transcriptional re-
sponse to shade is elicited by the collective action of the PIFq
members, which mainly act as transcriptional activators. How-
ever, RNA-seq analysis of wild-type and monogenic pif7 mutant
seedlings showed that ;76% (109 genes) of the genes rapidly
responding to shade require PIF7 (Li et al., 2012), suggesting that
PIF7 is a prominent player in promoting rapid shade-induced

transcriptional reprogramming. These two studies show signifi-
cant overlap between the genes identified as PIF7 regulated (Li
et al., 2012) and PIFq regulated (Leivar et al., 2012b) in response
to shade, and several of the shade-responsive PIF7-dependent
genes (Li et al., 2012) were also defined as PIF5-bound genes in
shade (e.g., PIL1, ATHB2, HFR1, YUC8, and IAA29; Hornitschek
et al., 2009, 2012). These data thus suggest that PIF7 and PIF5
(and presumably other PIFq members) share a significant number
of target genes in regulating shade-induced gene expression. The
identification of PIF7-bound genes genome wide and the analysis
of higher order pif mutants, including pif7, should provide better
understanding of the contribution of each PIF to the collective
transcriptional changes elicited by shade environments.
Using ChIP-seq to investigate the genomic occupancy of PIF5

in shade conditions, Hornitschek et al. (2012) identified 1218
genes associated with PIF5 binding sites. Intriguingly, although
protein binding microarrays showed only preferential binding of
PIF5 to the G-box motif in vitro, analysis of the in vivo PIF5 binding
sites in the genome shows strong enrichment in both G-and PBE-
boxes, similar to PIF3 and PIF4. In a parallel microarray analysis of
the wild type and pif4 pif5 mutants, the authors identified genes
regulated by PIF4 and/or PIF5 in low PAR and/or in response to
low R/FR conditions. A subset of these genes, also identified as
PIF5-bound genes, were considered as potential direct targets of
transcriptional regulation by PIF5 under these different shade
environments.

Diurnal Growth

Under diurnal SD conditions, the expression of growth-related
genes such as PIL1 (Figure 2A) peaks toward the end of the night,
and this expression pattern is implemented at least by PIF1, PIF3,
PIF4, and PIF5 (Nomoto et al., 2012; Soy et al., 2012, 2014). Nozue
et al. (2011) undertook microarray analysis of pif4 pif5 double
mutants under a modified SD schedule after entrainment in SD.
The experiment aimed at identifying genes associated with the
stationary phase (S genes) of growth at subjective early night and
with the growth phase (G genes) at subjective dawn. This study
identified 120 genes misregulated in pif4 pif5 mutants in the G or S
phases of growth. Interestingly, the majority of these genes (67.5%)
were upregulated in the G phase and are PIF-induced genes,
whereas the remaining genes (32.5%) were upregulated in the
S phase and are PIF-repressed. These data suggest that PIF4/5
act predominantly to induce growth under diurnal conditions by
activating the expression of genes associated with growth.

Integration of Diverse Light Signals into a Partially Common
PIF-Regulated Transcriptional Network

Comparison of the lists of PIF-regulated genes during deetiola-
tion, shade, and diurnal conditions shows certain overlap, which
suggest that these genes are under a reciprocal regulation by light
and PIFs under different phy-regulated light environments. A
prime example of this reciprocal regulation is provided by PIL1

(Figure 2A). In order to explore this concept genome wide, Leivar
et al. (2012b) performed a meta-analysis to identify the rapid
(within 1 h) R light and shade-responsive PIFq-dependent tran-
scriptome and identified a subset of 14 genes with a reciprocal
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Figure 2. Integration of Phytochrome-Regulated Transcriptional Networks through the PIF Transcription Factors.

(A) PIL1 expression is reciprocally regulated by light and PIFs during deetiolation, shade, and diurnal conditions. The wild type and pif mutants were
grown in the dark for 2 d and then transferred to Rc (left panel), in white light (WL; high R/FR) for 2 d and then transferred to simulated shade (low R/FR)
(middle panel), or in SD for 2 d and then kept in SD for an additional day (right panel).
(B) and (C) Comparative transcriptomic analysis of PIF-regulated genes during deetiolation, shade, and diurnal conditions. The percentage of genes
that are bound by PIFq members is shown in parentheses. PIFq-bound genes were defined by combining the list of published PIF1-, PIF3-, PIF4-, and
PIF5-bound genes (Oh et al., 2009, 2012; Hornitschek et al., 2012; Zhang et al., 2013), which results in a combined list of 5073 PIFq-bound genes that
are targeted by one or more PIF, representing ;15% of the Arabidopsis genome. A list of these genes is presented in Supplemental Data Set 1.
(B) Comparison of the following sets of light/growth-responsive PIF-dependent genes: (1) During deetiolation, the 839 genes that respond rapidly to R
light (1 h, R1) or in a sustained manner (2d, Rc) in wild-type seedlings compared with darkness and that show PIFq regulation in the dark (Leivar et al.,
2009). (2) In response to shade, the 265 genes that respond rapidly (1 h, FR1) or slowly (3 h, FR3) to low R/FR in wild-type seedlings that show
moderately to robustly (>1.5-fold) PIFq dependency (Leivar et al., 2012b). (3) In diurnal conditions, the 118 genes whose expression correlates with the
stationary (S) or growth (G) phases that show moderate to robust (>1.5-fold) PIF4/5 dependency (Nozue et al., 2011).
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pattern of rapid regulation by phy and PIFs in response to light
and shade signals. This subset is strongly enriched in PIF3-, PIF4-,
and PIF5-bound genes (Hornitschek et al., 2012; Oh et al., 2012;
Zhang et al., 2013), with 71% being bound by the three PIFs,
indicating that these genes are under dynamic constant regulation
by the antagonistic actions of phy and PIFs during deetiolation
and shade, similar to PIL1. The data thus suggest that different
light signals perceived by phy are transmitted through the PIFs to
common sectors of the downstream transcriptional network.

To identify additional genes downstream of the PIFs that might
mediate common aspects of growth under different light envi-
ronments, here, we extended this analysis by performing a new
comparative transcriptomic analysis including three experimental
conditions (deetiolation, shade, and diurnal) (Figure 2B). By
merging the three gene sets, we identified genes that respond to
light/growth in a PIF-dependent manner in one or more experi-
mental conditions. For each subset of genes, we calculated the
percentage of genes that are bound by PIFq members. Finally, we
performed separate analysis for PIF-induced and PIF-repressed
genes (Figure 2C). Although this comparative transcriptomic
analysis suffers from the shortcoming that it compares different
genotypes, experimental designs, and data analysis, the data
nevertheless provide several interesting insights. First, a signifi-
cant number of genes are present in the overlapping sectors,
which suggests that these genes are under reciprocal regulation
by light and PIFs under more than one of the tested light envi-
ronments. The number of overlapping genes is probably an un-
derestimate, since the diurnal experiment only includes the pif4

pif5 double mutant (Nozue et al., 2011), so it misses the effect of
PIF1 and PIF3 (Soy et al., 2012, 2014). Second, the 23 genes in
the central sector of the Venn diagram (Figure 2B) are under
continuous reciprocal regulation by light and PIFs under the three
experimental conditions (deetiolation, diurnal, and shade). Third,
although all these light-responsive PIFq-dependent gene sets
show enrichment in PIFq-bound genes, this enrichment is gen-
erally more robust in the overlapping sectors compared with the
nonoverlapping sectors, especially in the central sector, showing
96% of PIFq-bound genes. This enrichment in PIFq-bound genes
is especially striking in the PIF-induced subset compared with the
PIF-repressed one (Figure 2C), with an impressive 100% of PIFq-
bound genes among the 22 genes belonging to the PIF-induced
central class. These 22 genes include different transcriptional
regulators (e.g.,HFR1, ATHB2, ATHB52, IAA19, IAA29, and BEE1),
hormone-related genes (e.g., SAUR23, SAUR25, and ST2A), or cell
wall–modifying enzymes (e.g., XTR7) and, similar to PIL1 (Figure
2A), show transcriptional activation by the PIFs and reversal of this
activity by light-induced PIF proteolysis (Figure 2D). Together,
these data suggest that light signals associated with different light

environments are transmitted by the phy/PIF system to common
cellular components to implement growth.
Another interesting insight from this comparative analysis is

that a large segment of the PIF-downstream transcriptional net-
work appears to be specific to a particular light environment,
suggesting that these genes might implement specific aspects of
growth during deetiolation, diurnal, or shade conditions. This is
particularly evident in the deetiolation response, where a large
number of genes appear to be expressed only under this condi-
tion (Figure 2B). This is consistent with the seedling deetiolation
switch being an irreversible developmental transition that involves
an essential change in the plant growth habit from heterotrophic
to autotrophic. What determines the specificity of the PIF regu-
lation of a particular gene in a given light environment is unknown
but might involve crosstalk with development-, hormone-, and
clock-derived signals.

Functional Profiling of PIF-Target Genes

Broad functional categorization of the PIF-induced gene subset
during deetiolation, shade, and diurnal growth conditions shows
a similar pattern of enrichment in transcription-, cell wall–, and
hormone-related genes, consistent with the PIFs functioning in
promoting pleiotropic aspects of seedling growth under different
light environments (Leivar et al., 2009, 2012b; Shin et al., 2009;
Nozue et al., 2011; Hornitschek et al., 2012; Li et al., 2012; Oh
et al., 2012; Jeong and Choi, 2013; Zhang et al., 2013). In contrast
with this pattern, the PIFq-repressed subset during deetiolation is
strongly enriched in photosynthesis/chloroplast-related genes
(Leivar et al., 2009; Shin et al., 2009; Oh et al., 2012), consistent
with the PIFs functioning in repressing chloroplast development
and photosynthetic competency in etiolated seedlings (Leivar
et al., 2009; Stephenson et al., 2009). Although these studies are
providing a genomic view on how the light signal is diversified
through the PIFs to specific sectors of the transcriptional net-
work, our understanding of how the hundreds of PIF-regulated
genes implement specific facets of downstream photomorpho-
genesis is limited.
A growing number of reports have addressed the morphogenic

function of genes that are potential or confirmed direct targets of
transcriptional regulation by the PIFs. Supplemental Table 1 pro-
vides a summary of a selection of genes defined as PIFq bound
and PIFq regulated under one or more of the experimental con-
ditions used in the transcriptomic comparison (Figure 2B) and/or
that have an established or a potential regulatory role as PIF-
downstream effectors of phy-regulated seedling morphogenesis.
Although the functional interaction of these genes with the PIFs has
only been tested genetically in few cases (i.e., HFR1, IAA29, IAA19,

Figure 2. (continued).

(C) The PIF-regulated genes in (B) were divided in PIF-induced and PIF-repressed genes. Most of the PIF-induced genes are light (R1, Rc) repressed,
shade induced, and/or growth induced, whereas the PIF-repressed set shows the opposite light-responsive pattern. Genes showing complex patterns
were removed from this analysis.
(D) Mean fold change in expression relative to wild type–dark (left graph) or wild type–G (right graph) of the 22 PIF-induced central class genes defined
in (C), showing reciprocal regulation by light and PIFs during deetiolation, shade, and diurnal conditions.
([A] is modified from Leivar et al. [2009], Figure 6; Leivar et al. [2012b], Figure 4; and Soy et al. [2012], Figure 3A.]
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PRE1, YUCCA8, PAR1, GAI, SOM, SAUR19, and GUN5), these
analyses of PIF-target genes provide an initial definition of the
complex regulatory network downstream of the PIFs. Interestingly,
several transcription factors that are induced by the PIFs (PRE1,
PRE2, ATHB-2, ATHB4, HAT2, HAT3, BEE1, BIM2, and SOM)
promote hypocotyl growth and/or repress photomorphogenesis
under different light conditions, whereas others that are PIF re-
pressed (GLK2, GNL/CGA1, and GNC) act to promote different
aspects of photomorphogenesis (Supplemental Table 1), sug-
gesting that the initial PIF signal is diversified through downstream
transcriptional circuits. Also, as detailed below, hormone-related
genes are well represented in this table, especially genes related to
auxin biosynthesis, transport, and signaling (YUCCA8, YUCCA9,
TAA1, CYP79B2, PIN3,WAG2, IAA29, IAA19, and SAUR19) known
to be involved in growth responses to shade, diurnal, or high
temperature conditions and in hook formation or phototropic re-
sponses. Some of these genes participate in the regulation of
organ-specific responses (MIDA10/BBX23 andMIDA9), suggesting
branching of PIF signaling (Sentandreu et al., 2011, 2012). In-
triguingly, several PIF-induced targets are negative regulators of
PIF-regulated processes (Supplemental Table 1), including some
well-known repressors of growth (HFR1, GAI, and PAR1), whereas
several PIF-repressed genes are positive regulators of PIF-
regulated processes (e.g., MIDA9, STO, and JAZ9). These data
suggest a complex scenario whereby PIFs induce negative feed-
back loops that provide a molecular brake for the processes initi-
ated by the PIFs possibly to avoid an overresponse and thus
providing reinforcement for robustness of the system.

Together, these studies provide biological relevance to the tran-
scriptional network targeted by the PIFs and provide evidence that
PIF-regulated traits are implemented by a vast network of PIF tar-
gets that contribute collectively, possibly to allow multiple points of
integration with other signals. Complementary to the gene-by-gene
approach presented in Supplemental Table 1, future gain- and loss-
of-function mutant screens aimed at identifying suppressors of pif
mutants should provide additional valuable information on how PIFs
implement growth and development.

Modes of Transcriptional Regulation by the PIFs

The view that PIFs act predominantly as transcriptional activators is
reinforced by the observation that PIF1, PIF3, PIF4, PIF5, and PIF7
show intrinsic transcriptional activation activity in transfection or
heterologous systems (Huq et al., 2004; Al-Sady et al., 2008; de
Lucas et al., 2008; Leivar et al., 2008a; Hornitschek et al., 2009; Oh
et al., 2012). Interestingly, evidence for the converse scenario of
PIFs acting as transcriptional repressors of light-induced genes has
also been presented. First, although they appear to represent a
minority, a significant number of PIFq-bound genes are upregu-
lated in pif mutants especially during the deetiolation response
(Figure 2C; Oh et al., 2009, 2012; Zhang et al., 2013), suggesting
that PIFs act as transcriptional repressors of these genes. Second,
evidence for PIFs acting as intrinsic transcriptional repressors of
specific genes has been provided in a number of cases, such as
PIF1 repression of PSY expression in the dark (Toledo-Ortiz et al.,
2010), PIF7 repression ofCBF2 expression under diurnal conditions
(Kidokoro et al., 2009; Lee and Thomashow, 2012), and PIF1 and/or
PIF3 repression of genes associated with chlorophyll biosynthesis,

photosynthesis, and reactive oxygen species (ROS) responses
during deetiolation (Chen et al., 2013; Liu et al., 2013b). Collectively,
the data are consistent with a model whereby in environments with
low or absent phy activation, PIFs accumulate and either activate
the expression of PIF-induced genes or inhibit the expression of
PIF-repressed genes, and this activity is rapidly reversed by light
through phy-induced degradation of the PIFs (Figures 3A and 3B).
Although the vast majority of PIF-regulated genes show re-

ciprocal regulation by light and PIFs during deetiolation (i.e., PIF-
induced genes in the dark are light repressed, and PIF-repressed
genes in the dark are light-induced) (Figure 2C; Leivar et al., 2009),
closer examination of the gene expression profiles show alter-
native modes of transcriptional regulation by the PIFs. For ex-
ample, ELIP1 and ELIP2 are early light–induced genes that are not
repressed by the PIFs in the dark, but instead PIFs are required for
their rapid light induction (Al-Sady et al., 2008; Leivar et al., 2009).
The fact that ELIP2 is a PIF1-, PIF4-, and PIF5-bound gene (Oh
et al., 2009, 2012; Hornitschek et al., 2012) provides support for
the model postulated by Al-Sady et al. (2008), whereby PIFs act
as coactivators of a transcription factor that is activated by light to

Figure 3. Modes of Transcriptional Regulation by the PIFs.

(A) PIFs predominantly act as constitutive transcriptional activators of
genes like PIL1 in the dark (etiolated seedlings), in response to shade ,or
at night under diurnal conditions, and light reverses this activity through
phy-induced removal or inactivation of the transcription factors.
(B) PIFs also act as constitutive transcriptional repressors of a relatively
smaller subset of light-induced genes, such as PSY, especially during
deetiolation, suggesting that PIFs may have a dual activity depending on
the promoter and developmental context.
(C) PIFs act as constitutive coactivators of transiently light-induced
genes like ELIP2 during deetiolation. This model implies the participation
of an additional unknown transcriptional coactivator (represented as X)
that is activated by light.
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induce a rapid and transient expression of ELIP2 (Figure 3C). In
the dark, PIFs alone cannot activate the expression of ELIP2.
During early light exposure, an unknown factor (represented as X
in Figure 3C) is activated and induces the expression of ELIP2
together with the PIFs. This effect is transient due to the sub-
sequent light-induced reduction in PIF levels. Interestingly, sev-
eral early light–induced genes that are not PIF regulated in the
dark, such as SIGE (AT5G24120) or ABS2 (AT2G36080), show
expression patterns similar to ELIP (Leivar et al., 2009), sug-
gesting that this mechanism might operate for a broader spec-
trum of genes. Consistent with this possibility, the subset of early
light–induced genes that are not PIF regulated in the dark are also
enriched in PIFq-bound genes (44%).

Together, a complex scenario is emerging whereby PIFs have
the potential to implement a diversity of light-regulated expression
profiles. Current evidence suggests that PIFs may do so either by
acting alone or in combination with other transcriptional regulators,
as discussed below.

CROSSTALK OF PIF SIGNALINGWITH OTHER PATHWAYS

It is increasingly evident that regulation of PIF transcriptional ac-
tivity within transcription modules represents an integration hub of
light development with other signals. Recent work has also started
to unravel how transcriptional regulation of PIF expression pro-
vides an additional layer of integration of PIF function with other
pathways.

Regulation of PIF Transcriptional Activity

Several PIF binding partners identified by yeast two-hybrid screens
or direct protein–protein analyses coupled with functional assays
are shedding light on how the transcriptional activity of the PIFs is
regulated within transcriptional modules that allow integration of
light and other cellular pathways (Figure 4A).

Inhibition of PIF Binding to DNA

In addition to the capacity of phyB to regulate PIF binding to DNA
(Park et al., 2012), other PIF interacting partners, including DELLAs
and HLH proteins, also regulate PIF target binding. PIFs integrate
light and gibberellin (GA) signaling through their capacity to in-
teract with the growth repressors called DELLAs, which comprise
a family of five members in Arabidopsis (GAI, RGA, RGL1, RGL2,
and RGL3). In the dark, GAs accumulate and induce the degra-
dation of DELLAs by the 26S proteasome pathway. In the light,
GA synthesis is repressed and GA levels decrease allowing
DELLAs to accumulate. DELLAs have been shown to interact with
at least PIF3 and PIF4 (de Lucas et al., 2008; Feng et al., 2008)
and possibly with other PIFs (Gallego-Bartolomé et al., 2010)
through the bHLH DNA binding motif of the PIFs. This interaction
blocks PIF binding to DNA and contributes to DELLA repression
of hypocotyl growth (de Lucas et al., 2008; Feng et al., 2008). HLH
proteins lack the basic DNA binding domain present in bHLH
proteins and can interact and form non-DNA binding hetero-
dimers with bHLH factors. After exposure to shade, PIFs accu-
mulate rapidly to promote growth by directly binding to and
inducing the expression of growth-promoting genes as part of the

SAS. Later in the shade response, the HLH protein HFR1 accu-
mulates and negatively regulates elongation. The mechanism
proposed for HFR1 function involves interaction with PIF4 and
PIF5 to form non-DNA binding heterodimers that limit the action
of the PIFs (Fairchild et al., 2000; Hornitschek et al., 2009). HFR1
inhibition of PIF4 and PIF5 has also been suggested to regulate
deetiolation under FR light (Lorrain et al., 2009), and HFR1 also
forms non-DNA binding heterodimers with PIF1 to antagonize
PIF1 function during germination (Shi et al., 2013). A similar

Figure 4. Transcriptional and Posttranslational Regulation of the PIFs.

(A) Posttranslational regulation of PIF transcriptional activity. PIF binding
proteins exert regulation of PIF transcriptional activity by acting as coregulators
(green circles), blocking their ability to bind to DNA (blue circles), or inhibiting
their intrinsic capacity to activate transcription (orange circle). In addition, in-
teraction with phy Pfr triggers PIF degradation or inhibits PIF activity.
(B) Direct transcriptional regulation of the PIF genes. PIFs potentially are
targeted by photomorphogenic-, clock-, hormone-, and development-
related transcription factors (TF). Based on ChIP-seq and ChIP-chip
data, the regulatory regions of PIF genes (rectangles) are bound by PIFs
and other factors (circles). Lines connecting TF with the PIFs depict the
binding that has been verified experimentally (see text for details).
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mechanism presumably operates with the HLH factors PAR1 and
PAR2. PAR1 is a negative regulator of growth in light and shade
(Roig-Villanova et al., 2007; Hao et al., 2012) and is proposed to
function by interacting with PIF4 to form non-DNA binding het-
erodimers (Hao et al., 2012). These PIF–HLH interactions have
been proposed to create a negative feedback loop that acts to
limit the response of plants to light and shade and prevent an
elongation overresponse. Further complexity in this bHLH/HLH
network might be achieved by additional layers of competitive
inhibition. For example, the small HLH proteins KIDARI and
PRE1 have been proposed to attenuate HFR1 and PAR1 activity,
respectively, by competitive interaction to form nonfunctional HLH-
HLH heterodimers, causing liberation of PIF4 from the transcrip-
tionally inactive HLH-PIF4 complex (Hao et al., 2012; Hong et al.,
2013), which might help fine-tune PIF4 activity under fluctuating
light conditions.

PIF Transcriptional Coregulators

PIFs have been shown to bind to several factors (BZR1, FHY1,
and HDA15) that are proposed to function as transcriptional
coregulators. PIFs integrate light and brassinosteroid (BR) sig-
naling through their capacity to interact with the BR-activated
transcription factor BZR1. Whereas light does not significantly
affect BR or BZR1 levels, BZR1 has been shown in genome-wide
analysis to bind to many light-regulated genes (Sun et al., 2010).
Identification and comparison with PIF4 direct targets showed
that BZR1 and PIF4 bind to overlapping genomic targets that
include ;50% of PIF4 targets. The mechanism proposed for
BZR1 function involves BZR1 interaction with PIF4 to coregulate
common target genes in an interdependent fashion, a possibility
that was supported by sequential ChIP-rechIP analysis showing
co-occupancy of promoters in vivo (Oh et al., 2012). This mech-
anism is consistent with observations that the gain-of-function
bzr1-1D mutant shows a constitutive etiolated phenotype in the
dark (even in the absence of BR biosynthesis or signaling) that
requires PIFs and that plants overexpressing PIF4 are dwarfed in
a bri1 genetic background in the light, indicating that at least in
the light PIFs need BRs to promote cell elongation. Based on the
combination of genome-wide identification of binding sites and
RNA-seq analysis, the model postulates that PIF4 and BZR1
promote growth by interdependently coactivating genes involved
in auxin and GA responses and cell elongation, while repressing
the transcription pathways for chloroplast development.

PIF3 is a positive component in PHYA-mediated induction of
anthocyanin biosynthesis in FRc (Shin et al., 2007). FAR-RED
ELONGATED HYPOCOTYL1 (FHY1) and its less abundant homo-
log FHY1-LIKE mediate FR responses by facilitating light-induced
phyA nuclear translocation and by interacting with transcription
factors (Yang et al., 2009; Rausenberger et al., 2011). Direct in-
teraction of PIF3 with the FHY1-phyA complex has been pro-
posed to underlie the regulation of anthocyanin biosynthesis
(Chen et al., 2012). Through this interaction, PIF3 recruits FHY1
and phyA to the CHALCONE SYNTHASE (CHS) promoter under
FR light. Based on molecular data, FHY1 has been proposed to
coactivate CHS transcription together with PIF3.

Histone acetylation of chromatin was suggested a decade ago
as having an important role in light-regulated development

processes (Chua et al., 2003). Loss of function of the histone
deacetylase HDA15 leads to upregulation of a number of chlo-
rophyll biosynthetic and photosynthetic genes accompanied with
an increase of histone acetylation in their promoters. The proposed
model of how HDA15 regulates light-responsive gene expression
involves direct HDA15 binding to PIF3, which was recently shown
to recruit HDA15 to the G-box elements of these genes in the dark
(Liu et al., 2013b). PIF3 and HDA15 corepress gene expression by
decreasing the acetylation levels and RNA polymerase II binding.
Light-induced degradation of PIF3 lifts this corepressive action by
promoting dissociation of HDA15 from the targets, allowing acti-
vation of light-responsive target genes.

Inhibition of PIF Transcriptional Activity

Finally, a recent example also illustrates how PIF activity can be
inhibited by other transcription factors, such as HY5. PIFs and
HY5/HYH display antagonistic functions in the regulation of
protochlorophyllide (Pchlide) production and ROS-responsive
genes during the dark-to-light transition in Arabidopsis (Chen
et al., 2013). Thus, the PIFs and HY5/HYH together regulate
chlorophyll biosynthesis and prevent overproduction of ROS
during deetiolation, effectively integrating light and ROS sig-
naling. The proposed model involves direct binding of these
factors to the promoters of ROS-responsive genes through their
G-box motifs, with PIF1/PIF3 acting as negative regulators and
HY5/HYH as activators. Molecular evidence indicates that these
transcription factors coexist and form bHLH/bZIP heterodimers.
The model for the integration of light signal transduction and the
production of ROS proposes that in the dark, HY5/HYH are
unstable, whereas PIF1/PIF3 are abundant and repress ROS
responsive gene expression. In the light, HY5/HYH are more
abundant and form heterodimers with PIF1/PIF3, which might
function as inactive forms, maintaining ROS-related transcripts
at basal levels. Under high-light conditions, PIF1/PIF3 are al-
most completely degraded and HY5/HYH become more prev-
alent and increase ROS-responsive gene expression to activate
their network and optimize deetiolation.

Transcriptional Regulation of the PIFs

The circadian clock has been shown to regulate the transcription
of PIF4 and PIF5. In diurnal conditions, PIF4 and PIF5 transcript
levels start to rise at midday through the night, with a peak at
dawn (Nozue et al., 2007). The evening complex (EC) formed by
ELF3, ELF4, and LUX is necessary for this expression pattern
(Nusinow et al., 2011; Herrero et al., 2012; Lu et al., 2012). LUX
has been found to directly bind to PIF4/5 promoters through the
LUX binding site (GATA/TCG) (Helfer et al., 2011) and recruit ELF3
and ELF4. Whereas ELF3 does not appear to directly bind DNA, it
is necessary and sufficient to form the EC. The expression of the
EC is diurnally regulated and peaks at dusk. PIF4/5 expression in
ELF3-deficient mutants is antiphasic, consistent with EC acting
as repressor of PIF4/5 during the evening (Nusinow et al., 2011;
Lu et al., 2012). CCA1 also participates in the control of PIF4/5
expression under diurnal conditions based on the finding that
plants overexpressing CCA1 have constitutively high levels of
PIF4 and PIF5 transcript (Nozue et al., 2007), although this might
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be indirect given that CCA1 has been shown to directly bind and
repress ELF3 expression (Lu et al., 2012). TOC1, PRR5, and PRR7
also repress PIF4 and PIF5 expression (Yamashino et al., 2003;
Niwa et al., 2009). Moreover, PIF7 oscillates in SD, long-day (LD),
and free-running conditions, suggesting that expression of PIF7 is
probably under clock regulation as well (Kidokoro et al., 2009; Lee
and Thomashow, 2012).

In addition to the circadian clock, several hormonal signals
have been reported to regulate PIF transcript levels. Ethylene
suppresses hypocotyl length in the dark, while it promotes elon-
gation in the light. Light reversion of ethylene function requires the
direct activation of PIF3 expression by ETHYLENE-INSENSITIVE3
(EIN3) binding to EIN3 binding sites [(T)ACTTT and CTCTGCAT]
(Solano et al., 1998; Kosugi and Ohashi, 2000) in the promoter
region of PIF3 (Zhong et al., 2012). PIF3 induction by EIN3 has
been proposed to be relevant only in the light, when PIF3 levels
are limiting due to phy-induced degradation. Consistent with this
idea, PIF3 is indispensable for ethylene-induced hypocotyl elon-
gation in the light but not in the dark. PIF3 is also a BR-regulated
gene that is directly repressed by BZR1 (Sun et al., 2010), although
the relevance of this regulation is unknown. Recent reports sug-
gest that nitric oxide (NO) can also regulate PIF levels, although the
mechanisms involved are not understood. NO-deficient mutants
display long hypocotyls under Rc and have a moderate increase in
PIF1, PIF3, and PIF4 transcript levels (31.5), suggesting that NO
might regulate hypocotyl elongation in R light by decreasing the
levels of PIFs. Consistent with this possibility, pifq showed reduced
sensitivity to the NO donor sodium nitroprusside (Lozano-Juste
and León, 2011).

Interestingly, database analyses have shown that PIFs are dif-
ferentially expressed in response to environmental and endogenous
stimuli (reviewed in Castillon et al., 2007; Jeong and Choi, 2013),
suggesting that they might be differentially targeted by tran-
scriptional regulators specific to particular signals. Recent publi-
cation of genome-wide binding sites for several Arabidopsis

transcriptional regulators allows initial mapping of proteins that
have been reported to associate with PIFs potentially to regulate
their expression. A compilation of available data for photomor-
phogenesis-, clock-, hormone-, and development-related regu-
lators is presented schematically in Figure 4B. This analysis
indicates that each PIF member is targeted by a unique combi-
nation of transcriptional regulators, suggesting that differential
regulation of PIFs expression might underlie, at least in part, their
specificity in response to various stimuli. Interestingly, the PIFs

themselves are PIF bound, which may be linked to the light-
induced expression of some PIFs, such as PIF7 (Leivar et al.,
2008a), PIF4, and PIF5 (Leivar et al., 2009), during deetiolation
and suggests the existence of a complex autoregulatory feedback
mechanism. PIF4/5 also emerge as direct targets of circadian
clock proteins TOC1, PRR5, and PRR7 (Huang et al., 2012;
Nakamichi et al., 2012; Liu et al., 2013a), which might contribute
to the regulation of the oscillatory expression of PIF4/5 as a re-
pression mechanism complementary to the EC. In addition to the
described binding by BZR1 (Sun et al., 2010), BRs might also
target PIF5 through direct binding by BES1 (Yu et al., 2011). In-
triguingly, several transcription factors involved in the regulation
of flowering (AP1, SVP, LFY, AG, and SEP3) have also been
identified to bind PIFs (Kaufmann et al., 2009, 2010; Moyroud

et al., 2011; Tao et al., 2012; Gregis et al., 2013; ÓMaoiléidigh
et al., 2013), suggesting a direct link to the reported flowering
phenotype of pif mutants (Brock et al., 2010; Nozue et al., 2011;
Kumar et al., 2012). Finally, binding by REV and AGL15 (Zheng
et al., 2009; Brandt et al., 2012) suggests that some of the PIFs

might be involved in leaf patterning or embryogenesis, a possi-
bility that needs to be explored.

PIFs AS SYSTEMS INTEGRATORS

Interface with Hormonal Pathways

PIFs are emerging as integrators of signals from different hor-
mone pathways during growth and development. Recent studies
have shed light on how seedling deetiolation is controlled by the
intricate integration of light and hormone transduction pathways,
establishing hypocotyl growth as a paradigm of the integration of
PIF action with multiple hormones involved in the regulation of cell
elongation, including GAs, BRs, jasmonate (JA), ethylene, auxins,
and NO (Figure 5).
GAs induce hypocotyl elongation in the dark, and seedlings

deficient in GA synthesis or signaling or treated with the GA
biosynthesis inhibitor paclobutrazol display a partially deetiolated
phenotype when grown in darkness, indicating that GAs play
a prominent role in the regulation of deetiolation (Alabadí et al.,
2008). Accordingly, exposure of etiolated seedlings to light results
in rapid reduction in bioactive GA content (Symons et al., 2008).
GAs are perceived by the GID1 family of nuclear receptors (Sun,
2010). The GA-GID1 complex regulates development through
targeting the DELLAs for ubiquitylation and degradation. In the
absence of GAs, DELLAs accumulate and repress GA-regulated
gene expression and growth. The repressive action of the DELLAs
in hypocotyl elongation is demonstrated by reduced inhibition of
growth in light-grown quadruple DELLA mutant seedlings (Achard
et al., 2007), as well as by the suppression of the short hypocotyl
phenotype of dark-grown GA-deficient ga1 seedlings by genetic
removal of DELLAs (Alabadí et al., 2004; Achard et al., 2007). As
explained above, recent findings have suggested that control of
light-regulated hypocotyl elongation by PIFs and DELLAs is in-
tegrated, as DELLAs are able to interact with PIFs and inhibit
their capacity to bind to DNA in the light (de Lucas et al., 2008;
Feng et al., 2008). Based on the genetic and biochemical data
presented in these two pivotal studies, a model was presented
whereby in the dark, GAs accumulate and induce degradation of
DELLAs allowing PIF-promoted growth, whereas in the light, GA
synthesis is repressed and DELLAs accumulate and interact with
the PIFs to inhibit their growth-promoting function by interfering
with their binding to DNA. According to this model, the long hy-
pocotyl of the dellamutant is explained by higher PIF activity in the
absence of the DELLA repressors and therefore should be sup-
pressed by the pifmutations, a genetic validation of the model that
is still lacking. This PIF/DELLA mechanismmight also be operating
in shade, since DELLAs have also been shown to constrain growth
under these conditions (Djakovic-Petrovic et al., 2007).
BRs are also skotomorphogenesis-promoting hormones that

induce hypocotyl elongation in the dark and negatively regulate
photomorphogenesis. Seedlings deficient in BR biosynthesis or
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signaling or treated with the BR inhibitor brassinazole show a
deetiolated phenotype in the dark (Li et al., 1996). At the molec-
ular level, BRs regulate light-dependent development through the
control of the phosphorylation status of the brassinazole-resistant
transcription factor BZR1. When BR levels are high, a phos-
phorylation/dephosphorylation cascade is initiated by activation
of the BRI1 receptor, leading to the promotion of active BZR1
accumulation in the dephosphorylated state and induction of
BR-regulated gene expression and growth. When BR levels
drop, BZR1 is inactivated by phosphorylation. However, BR
levels are not significantly reduced when etiolated seedlings are
exposed to light (Symons et al., 2008), which suggests that
deetiolation might involve regulation of BR activity rather than
levels. The gain-of-function mutant bzr1-1D, which constitutively

accumulates unphosphorylated BZR1, displays an etiolated phe-
notype in the dark in the absence of BR synthesis or signaling
(Tang et al., 2011), further supporting the role of BRs in the control
of light-regulated development. An initial genomic mapping study
of BR action revealed a regulatory network of BRZ1 targets that
extensively overlapped with light signaling (Sun et al., 2010). ChIP-
seq analysis indicated that PIF4 shares 50% of its targets with
BZR1 at overlapping sites on chromatin, and PIF4 and BRZ1 were
found to co-occupy the promoter of these common target genes in
vivo (Oh et al., 2012). As explained above, PIF4 and BZR1 directly
interact; thus, it was proposed that they might bind DNA as het-
erodimers. Based on the genomic, genetic, and biochemical data
presented in this work, the current model proposes that PIF4 and
active BZR1 accumulate in the dark to promote hypocotyl growth

Figure 5. Interface of PIF and Hormonal Pathways to Regulate Seedling Photomorphogenesis.

Simplified model depicting hormone regulation of PIF levels and/or activity (A) and direct PIF transcriptional regulation of hormonal pathway com-
ponents upstream (A) or downstream (B) of the PIF proteins to regulate growth. Solid lines originating from PIFs represent direct transcriptional events
that have been proposed elsewhere, whereas dotted lines represent new direct potential connections based on ChIP-seq and transcriptomic data
(Supplemental Table 1). The question mark indicates a possible connection based on data for hook development (An et al., 2012). Arrows indicate
induction, whereas T-lines indicate repressive action. Colors indicate genes that are directly induced (orange) or repressed (blue) by the PIFs. Integration
with other signals is represented by the effect of temperature and sugars. tp, transport.
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by interdependently activating the expression of common target
genes involved in cell elongation and responses to auxin and GA.
Consistent with this model, the pifq mutant displayed reduced
sensitivity to exogenous BR compared with the wild type in the
light, and overexpressing PIF4 yielded a dwarf phenotype in a bri1-

116 genetic background in which BZR1 is phosphorylated and
inactive, suggesting that PIFs need BRs to promote cell elonga-
tion. Likewise, bzr1-1D constitutive etiolated phenotype in the dark
(even in the absence of BR biosynthesis or signaling) was lost in
a PIFq-deficient background, suggesting that BZR1 function to
promote elongation requires PIF activity. Interestingly, BZR1 has
been found to bind directly to DELLAs (Bai et al., 2012; Gallego-
Bartolomé et al., 2012). As previously shown for the PIFs, DELLAs
also inhibited BZR1 binding to DNA and interaction with its target
genes (Bai et al., 2012; Gallego-Bartolomé et al., 2012). Activated
BZR1 was necessary for the elongation of seedlings upon GA
treatment in the dark, indicating that BZR1 mediates GA growth
promotion in the dark. This raises the possibility that PIF4 in-
tegrates both BR and GA signals at the promoter level of light-,
GA-, and BR-regulated genes to regulate hypocotyl elongation.
Consistent with this possibility, growth promotion of the bzr1-1D

mutation was suppressed in the PIFq-deficient background pifq,
and the pifq bzr1-1Dmutant seedlings were insensitive to GA (Bai
et al., 2012), indicating that PIFs are required for BZR1-mediated
GA promotion of hypocotyl elongation in the dark.

Plant defense against stress often triggers significant growth
inhibition. Activation of JA-mediated defense signaling restricts
growth in what is a prominent example of growth-defense tradeoff
in plants. Recently, a model was proposed to explain the co-
ordination of growth and defense, which involves the action of
PIFs (Yang et al., 2012). In the absence of JA, the transcriptional
repressor JAZ9 accumulates to repress JA-responsive genes
through interaction with transcription factors like MYC2. JAZ9
also interacts with DELLA proteins, and this interaction interferes
with DELLA binding to PIFs, which remain active and promote
growth (Yang et al., 2012). JA accumulation leads to proteasome-
dependent degradation of JAZ9, which causes the induction of
JA-responsive genes and the concomitant release of DELLA
proteins that can now interact with PIFs to block their action and
inhibit growth (Yang et al., 2012). Consistent with this model,
overexpression of PIF3 partially overcomes JA-induced growth
inhibition, whereas the pifq mutant does not respond to JA-
mediated growth inhibition.

Ethylene participates in light-dependent seedling growth by
suppressing elongation in the dark and inducing it in the light.
Compared with the wild type, the ethylene-insensitive mutant ein2
is short, whereas the constitutive ethylene response mutant ctr1
affected in the ethylene receptor is longer in light (Smalle et al.,
1997; Alonso et al., 1999). Ethylene promotion of hypocotyl growth
in the light depends on the ethylene-induced transcription factors
EIN3 and EIN3-LIKE1 (EIL1), and ein3 eil1 mutants are insensitive
to treatment with 1-aminocyclopropane-1-carboxylic acid, a bio-
synthetic precursor of ethylene that promotes elongation of light-
grown wild type (Zhong et al., 2012). Zhong et al. (2012) showed
that ethylene-induced growth in light is PIF3 dependent. In
accordance, pif3 was insensitive to 1-aminocyclopropane-1-
carboxylic acid treatment in dark and ethylene-induced growth
becomes increasingly more dependent on PIF3 under increasing

photoperiods or intensities of light. As mentioned above, PIF3
transcription is directly and constitutively activated in this process
by EIN3/EIL1. Interestingly, based on the recent finding that
DELLAs are able to interact with the DNA binding domains of
EIN3/EIL1 during hook formation leading to repression of
HOOKLESS1 (HLS1), which is directly activated by EIN3/EIL1 (An
et al., 2012), DELLAs might also interfere with the capacity of
EIN3/EIL1 to induce PIF3 expression. If so, PIF3 might work to
integrate both ethylene and GA signals at the promoter level of
light- and GA and ethylene-regulated genes to regulate hypocotyl
elongation, a possibility that needs to be tested.
Whereas etiolated seedlings almost completely lack auxin

(Bhalerao et al., 2002), auxin synthesis is triggered by light in
developing young leaves from where it is distributed throughout
the seedling to regulate photomorphogenesis. Mutant seedlings
defective in auxin biosynthesis, such as sav3/taa1, tend to be
short, whereas mutants accumulating higher levels of auxin, like
yucca, display long hypocotyls (reviewed in Halliday et al., 2009).
Application of auxin promotes growth under a variety of photo-
periods through the activation of a transcriptional response me-
diated by the TIR1/AFB family of F-box protein auxin receptors
and the AUX/IAA and ARF families of transcriptional regulators.
Based on recent reports, the relationship of PIFs with auxin sig-
naling appears to be nonlinear and is likely to involve feedback
regulation mechanisms. In response to shade and high temper-
atures, and possibly under diurnal conditions or in response to
Suc (Lilley et al., 2012), PIFs induce auxin synthesis and re-
sponses (see below), placing PIFs upstream of auxin signaling.
However, transcriptome analysis to identify auxin-regulated genes
expressed in elongating hypocotyls (Chapman et al., 2012)
suggested a model whereby auxin might promote growth partly
through PIF-dependent pathways, potentially placing auxin up-
stream of PIFs, although this possibility needs further testing. Im-
portantly, pif4 pif5 double mutants displayed altered responsiveness
to exogenous auxin, suggesting that PIFs modulate auxin signaling
(Nozue et al., 2011; Hornitschek et al., 2012).
Finally, NO has also been shown to have a role in light-regulated

seedling growth. The NO-deficient double mutant nia1,2 noa1-2

was found to display longer hypocotyls under R light, whereas
exogenous application of NO or endogenous NO overproduction
in the nox1 mutant resulted in reduced hypocotyl length (Lozano-
Juste and León, 2011). NO production increases during seedling
deetiolation, and NO was shown to regulate the levels of PIF

transcripts, as well as those of DELLA proteins. The proposed
model of how NO regulates hypocotyl growth during deetiola-
tion involves NO repression of PIF expression and concomitant
activation of DELLA protein accumulation through an unknown
mechanism (Lozano-Juste and León, 2011). Consistently, pifq
was almost insensitive to NO-triggered inhibition of hypocotyl
elongation, indicating that PIFs might integrate NO and GA
signaling at the promoter level of light, GA, and NO-responsive
genes to fine-tune deetiolation.
With the exception of auxin, for which most of the current ev-

idence suggests functions downstream of the PIFs, hormones
involved in the coordination of seedling hypocotyl elongation
modulate the ability of PIFs to promote growth by regulating PIF

transcription levels and/or PIF DNA binding capacity or transcrip-
tional activity. Some of these mechanisms and transcriptional
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modules that operate during hypocotyl elongation (Figure 5A)
have also been proposed to be active during other light-regulated
developmental processes, such as photodamage protection
and hook development. During seedling deetiolation, PIFs pro-
mote cotyledon greening and prevent photodamage by regu-
lating the production of chlorophyll precursors and carotenoids
in the dark. This action involves direct PIF repression of genes like
PORC (which encodes the Pchlide reductase C enzyme that
catalyzes the conversion of Pchlide to chlorophyll), CHLH, and
PSY (Huq et al., 2004; Moon et al., 2008; Shin et al., 2009; Toledo-
Ortiz et al., 2010; Cheminant et al., 2011). Evidence also indicates
that, in etiolated seedlings, DELLAs accumulate in the cotyledons
and work in antagonistic fashion with the PIFs to derepress
chlorophyll and carotenoid biosynthesis, at least in part by in-
hibiting PIF binding to their targets (Cheminant et al., 2011).
Consistently, ga1-3 seedlings with increased DELLA content
display higher levels of CHLH, PORC, and PSY in the dark similar
to the wild type in light (Cheminant et al., 2011). Photodamage
protection is also regulated by ethylene. Another report estab-
lished that ethylene activation of EIN3/EIL1 induces greening and
prevents Pchlide accumulation by directly activating PORA and
PORB (Zhong et al., 2009). EIN3/EIL1 activity seems to be in-
dependent of PIF1 but partly dependent on PIF3 based on the
similar Pchlide accumulation found in pif3, ein3 eil1, and pif3 ein3

eil1 mutants and the failure of ethylene application or loss of
CTR1 function to rescue the greening defect of pif3 (Zhong et al.,
2010). This finding might be linked with the capacity of EIN3/EIL1
to directly activate PIF3 expression, as shown for hypocotyl
elongation (Zhong et al., 2012). PIFs also regulate hook de-
velopment during seedling deetiolation. PIFq deficiency results in
absence of a hook (Leivar et al., 2008b), whereas overexpression
of PIF5 induced an exaggerated closed hook (Khanna et al.,
2007). GAs induce hook curvature, and the level of GA activity
determines the speed of hook formation and the extent of cur-
vature, probably by modulating auxin transport and response
(Gallego-Bartolomé et al., 2011). To prevent hook opening, GAs
are necessary in cooperation with the ethylene pathway to reg-
ulate HLS1 expression. HLS1 is directly activated by EIN3/EIL1,
and EIN3/EIL1 physically interact with DELLAs leading to re-
pression of HLS1 expression, possibly by blocking EIN3/EIL1
DNA binding (An et al., 2012). GAs increase hook curvature at
least in part by destabilizing DELLAs, and the proposed model
suggests that accumulation of DELLAs upon light exposure
contributes to hook opening by repressing the function of EIN3/
EIL1 and possibly the PIFs (An et al., 2012). Accordingly, DELLA
mutants have an exaggerated hook (Gallego-Bartolomé et al.,
2011; An et al., 2012). After hook formation, promotion of hook
maintenance in the dark appears to involve PIF5 transcriptional
activation of the AGCVIII kinase gene WAG2 (Willige et al., 2012).
WAG2 has been proposed to phosphorylate PIN proteins to
regulate auxin efflux and the auxin maximum at the concave side
of the apical hook to prevent premature hook opening before light
exposure (Willige et al., 2012). PIFs therefore might integrate GA,
ethylene, and auxin signals to regulate hook formation and de-
velopment, possibly sharing similar transcriptional modules as
those participating in the control of hypocotyl elongation.

In addition to these conserved transcriptional modules, there
is also evidence for alternative regulatory interactions between

PIF-regulated light signaling and hormonal pathways. For example,
during deetiolation, growth of hypocotyl and cotyledons is in op-
posite directions, but both are regulated by light signals in a PIF-
dependent manner. Whereas cotyledon growth is repressed in the
dark, both DELLAs and PIFs act in the same direction to promote
cotyledon expansion in the light (Josse et al., 2011), suggesting
that they regulate this process via a mechanism that is distinct
from that proposed to regulate hypocotyl growth, greening, and
hook development (see above). This might indicate organ or
temporal specificity of some of these PIF-hormonal transcriptional
modules. This possibility is also consistent with the described role
of both PIFs and DELLAs as repressors of germination (Oh et al.,
2007; reviewed in Lau and Deng, 2010). PIF1 inhibition of germi-
nation is DELLA dependent, as defects in germination in PIF1
overexpressing plants are suppressed in an rga background
(Oh et al., 2007), indicating that they regulate germination via
a mechanism that is distinct from that proposed to regulate hy-
pocotyl elongation. The proposed model involves direct PIF1 in-
duction of expression of the DELLA genes GAI and RGA in the
dark and a concomitant indirect PIF1 reduction of GA levels,
which results in stabilization of the DELLA proteins and suppres-
sion of GA responses in the seed like testa rupture and sub-
sequent germination (Oh et al., 2007). In addition, PIF1 promotes
seed dormancy indirectly by inducing abscisic acid accumulation
in the dark. Light-induced phy-mediated degradation of PIF1 re-
verses these processes and the seeds eventually germinate.
Adding an additional layer of complexity to PIF integration of

light and hormonal pathways, recent evidence establishes that
PIFs are themselves direct regulators of hormone metabolism and/
or responses (Figure 5B; Supplemental Table 1). Several PIFs in-
duce de novo synthesis of auxin by directly inducing the expres-
sion of auxin biosynthetic genes, including YUCCA8 and YUCCA9

in response to shade (Hornitschek et al., 2012; Li et al., 2012),
YUCCA8, TAA1, and CYP79B2 in response to high temperature
(Franklin et al., 2011; Sun et al., 2012), and possibly YUCCA8

during growth in diurnal conditions (Nozue et al., 2011). In turn,
PIFs are also proposed to regulate auxin signaling by inducing
the expression of several AUX/IAA and SAUR genes during de-
etiolation, shade, diurnal growth, and high-temperature responses
(Franklin et al., 2011; Nozue et al., 2011; Hornitschek et al., 2012;
Leivar et al., 2012b; Li et al., 2012). Interestingly, IAA19 and IAA29

(Sun et al., 2013), as well as SAUR19 (Franklin et al., 2011),
are shown to participate in phototropic and high-temperature
responses, respectively, downstream of the PIFs. During hook
formation, PIFs regulate auxin transport by directly inducing
WAG2 (Willige et al., 2012) and ethylene levels by directly
inducing ACS5 and ACS8 expression (Khanna et al., 2007;
Gallego-Bartolomé et al., 2011). PIFs also regulate GA signaling
by repressing GNL and GNC (Richter et al., 2010) and GA and
BR signaling by inducing PRE1 and PRE2 (Hao et al., 2012; Oh
et al., 2012). PIFs might also directly repress the JA-regulated
transcriptional repressor JAZ9 (Supplemental Table 1), which
suggests a regulatory loop between JAs and PIFs (Figure 5A).
The relevance of the regulation of these genes by the PIFs is
illustrated by SAUR19 and PRE1, which rescue the short hy-
pocotyl phenotype of pif4 mutants in high temperature and of
pifq mutants in Rc, respectively, when overexpressed (Franklin
et al., 2011; Oh et al., 2012). In addition, genome-wide transcriptional
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analyses and binding site identification are uncovering poten-
tial PIF targets that are hormone-related genes with a de-
scribed role in various aspects of photomorphogenesis, but as
yet uncharacterized with respect to their function as components
in PIF signaling (Supplemental Table 1; Figure 5B). These genes
might represent additional sites of PIF integration of light and
hormonal pathways to regulate hypocotyl growth (Figure 5).

Interface with the Clock

Whereas hypocotyl elongation is maximal in seedlings grown in
continuous darkness, the extent of hypocotyl elongation in Arabi-

dopsis seedlings growing under diurnal conditions depends on
the duration of the dark period in a nonlinear fashion, and accel-
eration requires the longer nights of SD (Niwa et al., 2009). A
seminal work established that seedlings display rhythmic growth
in SD with maximal elongation rates at the end of the night (Nozue
et al., 2007). Under these conditions, PIFs are prominent regu-
lators of seedling development, and hypocotyl elongation is
largely due to the combined actions of PIF1, PIF3, PIF4, and PIF5,
which promote growth specifically at dawn (Nozue et al., 2007;
Niwa et al., 2009; Soy et al., 2012, 2014). Growth in SD, where
night and day alternate, is controlled through the combined action
of not only light and hormone signaling but also the circadian
clock, and PIFs are emerging as integrators of these different
pathways to regulate and precisely time hypocotyl elongation
(Figure 6).

For PIF4 and PIF5, a coincidence mechanism has been de-
scribed that combines regulation of PIF4 and PIF5 transcript levels
by the circadian clock, at least in part through the transcriptional
regulation of the EC, superimposed on the control of their protein
accumulation by light (as detailed above) (Nozue et al., 2007;
Nusinow et al., 2011; Yamashino et al., 2013). Accordingly, PIF4/5
mRNA expression is repressed during the beginning of the dark
period and rises in the middle of the night to peak at dawn,
whereas the protein is stabilized in the dark and degraded in the
light. It is therefore only at the end of the night, when transcription
coincides with protein stabilization, that PIF4/5 accumulate at
maximum levels and are able to promote growth (Nozue et al.,
2007; Yamashino et al., 2013). For PIF3, and possibly PIF1,
transcript levels are relatively constant, and oscillations of protein
abundance are imposed by the action of the phytochromes, which
allow progressive accumulation throughout the night period to
peak before dawn, at which time they accelerate growth together
with PIF4 and PIF5 (Shen et al., 2005; Soy et al., 2012, 2014).
Transition to the morning light destabilizes the PIFs and growth
rate is rapidly reduced again (Nozue et al., 2007; Soy et al., 2012).

The transcriptional activity of the PIFs might also be targeted
for regulation under SD. The circadian clock gates GA signaling
through transcriptional regulation of the GA receptor GID1 (Arana
et al., 2011). Combined with the light-induced reduction in GA
levels (Symons et al., 2008), this results in a diurnal maximum in
DELLA protein abundance in the hypocotyls during daytime and
a minimum during the night (Arana et al., 2011). DELLAs might
therefore contribute to the inhibition of PIF-promoted growth
during early morning and throughout the day by blocking PIF
binding to their targets. In agreement, quintuple della knockout
(5xdella) mutants growing in SD exhibit arrhythmic hypocotyl

elongation. However, genome-wide analysis of 5xdella mu-
tants found only a limited number of genes that overlap with PIF-
regulated genes (Arana et al., 2011), and Nozue et al. (2011) found
no significant overlap between GA-responsive genes and PIF4-
or PIF5-regulated genes, which suggests that GA contribution to

Figure 6. Interface of PIF, Clock, and Hormones to Regulate Diurnal
Growth.

Simplified model depicting PIF-mediated hypocotyl growth under SD
conditions integrating hormone and clock signals. PIF4 and PIF5 mRNA
expression is repressed by the circadian clock during the beginning of
the dark period and rises in the middle of the night to peak at dawn in
SD-grown seedlings. By contrast, PIF3 and PIF1 mRNA remain constant
throughout the day (top panel). phyA and phyB activities induce degra-
dation of PIFs during the day, and phyB is active during the early night to
keep PIF3 and probably PIF1 levels low. As the night proceeds, phyB
activity decreases and PIF1 and PIF3 progressively accumulate and peak
at the end of the night. For PIF4 and PIF5, coincidence of clock and light
regulation ensures that protein accumulation peaks before dawn. DELLA
proteins accumulate during the night-to-day transition and remain high
during the day to block the DNA binding activity of PIFs during dawn and
possibly throughout the day to inhibit residual PIF protein (second panel).
The clock maintains light repression of hormonal pathway genes during
early night and gates their expression at dawn. PIFs mediate the in-
duction of GA-, auxin-, and BR-related genes at the end of the night and
directly induce the expression of growth-related genes at the end of the
night (exemplified by PIL1, HFR1, and XTR7) to induce hypocotyl growth
before dawn (bottom panels). (Adapted from Soy et al. [2012], Figure 5.)
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diurnal growth might be largely independent of the PIFs. This
apparent contradiction is currently not well understood.

As detailed above, PIFs regulate transcription of numerous
hormone biosynthetic and signaling genes, which are in most
cases additionally regulated by the circadian clock as output
pathways, including GAs, BRs, and auxins (Covington and
Harmer, 2007; Covington et al., 2008; Michael et al., 2008). Ad-
ditionally, genes regulated by auxin, GAs, and BRs tend to peak in
expression at dawn, coinciding with maximum growth (Michael
et al., 2008). The current model proposes that the clock maintains
light repression of hormonal pathway genes during the beginning
of the dark period and gates their expression at dawn, allowing
them to promote growth in this time window (Michael et al., 2008).
Auxin responsiveness is greater at dawn and the auxin response
promoter element AuxRE is implicated (Covington and Harmer,
2007), whereas the expression peak of hormone-associated
genes correlates with overrepresentation of the Hormone Up at
Dawn (HUD) element (Michael et al., 2008). Interestingly, the se-
quence of the HUD element (CACATG) is the same as the PBE
identified as overrepresented in PIF direct targets (Hornitschek
et al., 2012; Oh et al., 2012; Zhang et al., 2013). This coincidence
suggests that light and clock signaling might converge at the
promoter of diurnally regulated hormone-associated genes.

While we are still lacking a genome-wide analysis of PIF target
genes under diurnal conditions to delineate how PIFs implement
daily growth rhythms in SD, microarray analysis using pif4 pif5

double mutants and comparison with clock-regulated tran-
scriptomes has provided a first glimpse of how PIFs integrate
light, hormone, and clock signals (Nozue et al., 2011). This work
found that auxin biosynthesis and response genes were en-
riched among PIF4/5-regulated genes, while seedling responses
to auxin were affected in pif4 pif5 mutants and PIF5 over-
expressor mutants, suggesting that PIF5 and possibly PIF4
modulate auxin sensitivity as a means to integrate information
from the light pathway and the circadian clock. Analysis of a tar-
geted selection of genes has established that PIFs also regulate
other hormone- and growth-related genes in SD, including the
PIF3 direct targets PIL1, HFR1, and XTR7 (Supplemental Table 1;
Soy et al., 2012) and the potential PIF targets in SD BIM1, ACS8,
CKX5, or GAI (Supplemental Table 1; Nomoto et al., 2012; Oh
et al., 2012).

In addition to regulation of hypocotyl length under diurnal con-
ditions, integration with the clock is important in other PIF-regulated
responses, like SAS (reviewed in Casal, 2013), deetiolation, or
cold. For SAS, pioneering work interrelating clock and growth by
Salter et al. (2003) showed that the circadian clock gates long-
term promotion of hypocotyl elongation in response to 2 h of low
R/FR treatment under free-running conditions in a response that
requires TOC1 and PIL1 and triggers maximum growth at sub-
jective dusk. Similarly, under a modified SD of 10 h day 1 14 h
dark of natural radiation, shade induces elongation in the
evening but not in the morning (Sellaro et al., 2012). The
mechanism proposed under diurnal conditions involves LHY-
CCA1 and is possibly mediated by the PIFs, which probably
accumulate to higher levels during the night after the evening
shade, similarly to what has been described for end-of-day FR
conditions (Monte et al., 2004; Shen et al., 2005; Leivar et al.,
2012a, 2012b; Soy et al., 2014). Seedling deetiolation also

requires integration with the clock, as mutants in several clock
components show phy-mediated deetiolation phenotypes, but
the mechanism is not well understood (Ito et al., 2007). In-
terestingly, during deetiolation, daily heat shocks in etiolated
seedlings gate hypocotyl growth upon exposure to R light, en-
hancing hypocotyl inhibition (Karayekov et al., 2013). The pro-
posed mechanism in part involves heat induction of LHY and
CCA1 rhythms, which in turn cause oscillations of PIF4 and PIF5

to modulate the seedling ability to respond to light (Karayekov
et al., 2013). In the case of cold, the circadian clock regulates the
expression and gates the cold induction of the C-repeat binding
factors CBF1, 2, and 3, a pathway with a major role in plant cold
acclimation and freezing tolerance. The mechanism involves
direct CBF induction in the morning by CCA1 and LHY and
evening repression by PRR5, 7, and 9 (Dong et al., 2011;
Nakamichi et al., 2012). PIF7 and PIF4 also regulate the circa-
dian and diurnal expression of CBFs at warm temperatures, thus
potentially participating in the photoperiodic control of the CBF
cold acclimation pathway (Kidokoro et al., 2009; Lee and
Thomashow, 2012). The proposed model involves direct transcrip-
tional repression of CBFs by PIF7 and presumably PIF4 during
daytime in LDs, which is relieved in SDs through an unknown
mechanism that might involve lower accumulation of PIF4 and
PIF7 proteins during the day hours compared with LDs (Lee and
Thomashow, 2012). Although this mechanism might underlie the
enhanced freezing tolerance of SD-grown compared with LD-
grown plants, the model needs to be verified by phenotypic
studies of pif4 pif7 mutants. Nevertheless, CBF expression rep-
resents a good example of how PIF and clock signals converge at
the promoter level to provide a coordinated response.

FUTURE PERSPECTIVES

Owing to the extraordinary progress made in our understanding
of the role of the PIFs in plant development since they were first
identified in 1998 (Ni et al., 1998), PIFs are emerging as required
factors for growth thanks to their capacity to integrate multiple
internal and external signals to optimize plant development.
Although the framework for the PIF regulatory network has
been established, many essential questions still need to be
answered.
The early events leading to phosphorylation, ubiquitylation, and

degradation of the PIFs, which take place immediately after light
exposure and interaction with phy Pfr, are still not completely
understood. Recent advances have identified multiple Ser/Thr
residues that are phosphorylated in response to light and promote
PIF3 degradation (Ni et al., 2013), as well as a CK2 kinase that
phosphorylates PIF1 independently of light (Bu et al., 2011b), and
the HEMERA protein, similar to the yeast multiubiquitin binding
protein RAD23, shown to be required for nuclear speckle forma-
tion and PIF1 and PIF3 degradation (Chen et al., 2010; Galvão
et al., 2012). However, the central components of the phy-induced
PIF degradation pathway remain unknown, including the light-
induced protein kinase(s) and the E3-ubiquitin ligase(s) presumably
involved.
Another important missing aspect is the cell type, tissue, and

temporal-specific distribution of each PIF and the associated
signaling networks. High-resolution imaging at the cellular and
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subcellular levels, together with high-resolution temporal anal-
ysis of responses, and genomic analyses of cell type–specific
responses are needed to acquire a deeper understanding of PIF-
regulated development. Definition of the PIF regulatory networks
in response to internal and external stimuli is also necessary to
decipher how light and other cues are integrated. Still lacking is
the identification of protein complexes where PIFs might be in-
tegrated, as well as their changing dynamics in response to
variations in environmental conditions. Advances in imaging and
proteomics technologies will provide the required platform to
explore this dimension.

Finally, although our current knowledge of PIFs is mostly derived
from work in Arabidopsis, PIF ortholog factors have been identified
in other plants like rice (Oryza sativa) and Lotus japonicas

(Nakamura et al., 2007; Carretero-Paulet et al., 2010; Ono et al.,
2010). Given the central role of the PIFs in Arabidopsis, it is of
interest to explore how PIFs contribute to growth and de-
velopment in other plant species, particularly crops. Evidence
showing the rice PIF-like protein Os-PIL1/PIL13 as a key regu-
lator of reduced internode elongation in rice under drought
conditions (Todaka et al., 2012) supports the view that PIFs
likely play essential roles in crop species.

In summary, much work still lies ahead to fully comprehend
the complexity of PIFs acting as integrators of diverse signaling
pathways in Arabidopsis and other plant species, which will help
decipher how light and other cues are integrated to optimize
plant fitness and potentially impact important facets of crop
growth and productivity.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table 1. Summary of a Selection of PIF Targets That
Have Established or Potential Regulatory Morphogenic Functions
Downstream of the PIFs.

Supplemental Data Set 1. List of PIF-Regulated Genes Shown in
Figures 2B and 2C.
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