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14.1 Introduction

Plants have evolved the capacity to sense and interpret
diverse light signals to modulate their development. In the
extensively studied plant Arabidopsis thaliana, four distinct
families of photoreceptors (phytochromes, cryptochromes,
phototropins, and UV-B photoreceptor) have been well char-
acterized. In this chapter, we give a general description on
molecular mechanism of photoreceptors and basic structures
of different light signaling. We then dedicate to the signaling
cross talk under the control of various kinds of photorecep-
tors, including (1) signaling interaction between light and
UV-B; (2) physical interactions among phytochrome, pho-
totropin, and cryptochrome; and (3) signaling integration of
phytochrome and cryptochrome.

14.2 Photoreceptor Regulation
and Activity: An Overview

Photoreceptors have the ability to sense and distinguish
light of different spectral composition, delivering the signal
to the downstream components, initiating transcription of
various genes. This finally results in multiple developmen-
tal processes, including seed germination, seedling photo-
morphogenesis, phototropism, gravitropism, chloroplast
movement, shade avoidance, circadian rhythms, and flower
induction (Quail 2002). Therefore, the photoreceptors
play the central role in plant life. After germination,
seedlings follow one of two developmental patterns.
Skotomorphogenesis (or etiolation) in the dark is character-
ized by long hypocotyl, closed cotyledons in Arabidopsis,
and the development of proplastids into etioplasts. By con-
trast, growth in the light leads to photomorphogenesis (or
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de-etiolation) characterized by short hypocotyls, expanded
open cotyledons, and the development of mature chloro-
plasts (Jiao et al. 2007). A wide spectrum of light can
induce photomorphogenesis; however, for clarification, we
here define the far red-, red-, blue-, and UV-A-induced pho-
tomorphogenesis as light photomorphogenesis, while
UV-B-induced one as UV-B photomorphogenesis. In
Arabidopsis, there are five phytochromes (PHYA to PHYE)
that perceive red/far-red light, three cryptochromes (CRY 1
to CRY3) and two phototropins (PHOT1 and PHOT?2) that
sense blue/UV-A light, and one known UV-B photoreceptor
(UVRS) that senses UV-B (280-215 nm).

Phytochromes (phys) are homodimeric photoreceptors of
approximately 120 kDa monomers that bear a single linear
tetrapyrrole chromophore, which exists in two photoconvert-
ible forms: Pr (red light-absorbing phy) and Pfr (far-red
light-absorbing phy) (Vierstra and Zhang 2011). The photo-
conversion results in their translocation from the cytoplasm
into the nucleus (Quail 2002). This translocation is caused
by the phosphorylation of PHY's, which leads to alter its sta-
bility and affinity toward downstream signal components
(Kim et al. 2004; Ryu et al. 2005). Photoactivated phyto-
chrome has kinase activity, inducing phosphorylation of
PIF3 (PHYTOCHROME-INTERACTING PROTEIN 3) and
PKS1, initiating the downstream signaling (Al-Sady et al.
2006; Fankhauser et al. 1999) (Fig. 14.1).

Cryptochromes (crys) are photolyase-like blue light/
UV-A receptors that bind a flavin adenine dinucleotide chro-
mophore (Yu et al. 2010). Arabidopsis has three members of
this family, CRY 1, CRY2, and CRY?3, which show signifi-
cant homology to microbial photolyase, but lack photorepair
activity. CRY1 is nuclear localized in the dark but largely
cytoplasmic under light, while CRY2 is constitutively
nuclear (Lin and Shalitin 2003). A more divergent CRY3
does not have the photolyase-related (PHR) domain and less
conserved DAS domain (CCT), which are present in CRY 1
and CRY?2 Partch et al. 2005). However, CRY3 has a dual
function in regulating its transport to chloroplast and
mitochondria (Kim et al. 2004). Light can induce the
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Fig. 14.1 The structure of various kinds of photoreceptors. The phyto-
chromes are dimeric chromoproteins. Each polypeptide consists of an
N-terminal photosensory domain that covalently binds a single bilin chro-
mophore (P®B), followed by a C-terminal domain. Phototropins have a
photosensory N-terminal half and a C-terminal half with serine/threonine
kinase function. The N terminus contains two flavin mononucleotide
(FMN) chromophore-binding LOV domains (LOV1 and LOV2).
Cryptochromes 1 and 2 have an N-terminal photolyase-related (PHR)

autophosphorylation of CRY 1 and CRY?2, resulting from the
conformational change in the C-terminus CCT domain by
the activation of the N-terminus CN'T domain. Phosphorylated
CRYs can be dimerized and possibly interact with down-
stream factors (Sang et al. 2005).

Phototropins (phots) are the plant-specific blue light
receptors with serine/threonine protein kinase activity. They
bear two LOV domains that bind flavin mononucleotide
chromophores (Christie 2007). Several transient develop-
ments, including phototropism, chloroplast movement, and
stomatal opening, are controlled by them. Arabidopsis
PHOT1 and PHOT?2 are mainly associated with the plasma
membrane, but only a fraction of PHOT1 is relocated to the
cytoplasm (Christie 2007). Blue light triggers the autophos-
phorylation of PHOT1 and PHOT?2, initiating the transduc-
tion of the light signal (Christie 2007).

UV-B Photoreceptor: UVRE (UV RESISTANCE LOCUS
8) is the recently identified UV-B-specific photoreceptor,
with two tryptophans (W233 and W285) as the chromo-
phores. In the absence of UV-B radiation, dimeric UVRS is
localized in the cytoplasm. Upon exposure to UV-B, it mono-
merizes and migrates to the nucleus. This change is essential
for the following signaling transduction.
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domain (CNT) and a less conserved, intrinsically unstructured C-terminal
DAS domain (CCT), which is not present in CRY3. The PHR domain non-
covalently binds to two chromophores, a flavin adenine dinucleotide
(FAD), and a pterin. UVRS is a seven-bladed f-propeller protein. Arginine
(Arg) residues at positions 286 and 338 facilitate hydrogen bonds that hold
the homodimer together, while tryptophan (Trp) residues at positions 285
and 233 serve as chromophores. C27 is a protein interaction domain,
which is responsible for the interaction with RUPs and COP1

14.3 Simplified Light and UV-B Signaling
14.3.1 Introduction

Light signaling is one of the most well-elucidated path-
ways in Arabidopsis, which more than a hundred regula-
tors have been found to play a role in response to light.
Several reviews have been published to summarize the
complicated signaling (Quail 2002; Jiao et al. 2007), and
here we give a simplified signaling model in regard of
seedling morphogenesis and will focus on the interconnec-
tions shortly.

14.3.2 Light Signaling Pathway

In the dark, a seedling undergoes skotomorphogenesis, in
the absence of photoreceptor activation. In this process,
there are two groups of proteins, namely, COP/
DET/FUS (CONSTITUTIVE PHOTOMORPHOGENIC/
DE-ETIOLATED/FUSCA) and PIFs, to maintain the status
of skotomorphogenesis. The COP/DET/FUS complex is a
member of the ubiquitin system, which is responsible for
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protein degradation (Sullivan et al. 2003). Because they
work in concert to degrade a number of photomorphogenesis-
promoting transcription factors, such as HY5 (LONG
HYPOCOTYL 5), COP/DET/FUS are the central repressors
of photomorphogenesis (Saijo et al. 2003; Osterlund et al.
2000). COP1 is one of the proteins in the complex and has
the activity of Ub E3 ligase by interacting with many of the
photomorphogenesis-promoting transcription factors. It has
been shown that the ubiquitination is promoted by SPA
(SUPPRESSOR OF PHYA-105) family proteins (Osterlund
et al. 2000; Laubinger et al. 2004). After light illumination,
the activated photoreceptors (PHYA, PHYB, CRY1, and
CRY2) suppress COP1 function by translocating from
nucleus to cytoplasm, resulting in the photomorphogenesis-
promoting transcription factors, which initiate the expression
of a large number of light-responsive genes to promote pho-
tomorphogenesis (Osterlund et al. 2000).

Contrasting to the repressed function of COP/DET/FUS
by inactivate photomorphogenesis-promoting transcription
factors, another group of proteins called PIFs directly regu-
late gene expression to promote skotomorphogenesis
(Leivar et al. 2008). PIFs, the basic helix-loop-helix
(bHLH) transcription factors, include PIF1/PIL5 (PIF3-
LIKE 5), PIF3, PIF4, PIF5/PIL6, and PIF6/PIL2, and they
physically interact with phytochromes (Castillon et al.
2007). In the dark, PIFs activate skotomorphogenesis-pro-
moted genes (Leivar et al. 2008), but they are inactivated by
light resulting in repression of photomorphogenesis. This
inactivation is due to the phosphorylation by photoacti-
vated Pfr form of phytochromes. The phosphorylated PIFs
are subsequently degraded by proteasome, and its stability
is dependent on COP1 and SPA protein (Al-Sady et al.
2006; Shen et al. 2007). Briefly, the complicated signaling
pathway downstream of light photoreceptors is mainly
classified into two above branches, COP1-HY5 and PIFs
pathways, and recently research revealed that these key
components play an important role in light signaling cross
talk (Fig. 14.2).

14.3.3 UV-B Signaling Pathway

Compared to the complicated signaling pathways in light
responses, the pathways activated by UV-B radiation is
much simpler to chart. With the recently identified UV-B
receptor UVRS, this signaling pathway can be structurally
described. Upon UV-B irradiation, UVRS is activated by
converting from dimers to monomers (Rizzini et al. 2011).
The monomerized UVRS further interacts with COP1 to
promote its accumulation (Favory et al 2009). COP1 then
stabilizes the central transcription factors HYS and its
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Fig. 14.2 A simplified light signaling pathway in Arabidopsis. Under
light, the photoreceptors suppress two main branches of light signaling,
COP1-HY5 and PIFs. COPI, which is repressed by phytochromes and
cryptochromes, is an ubiquitin E3 ligase, and it directly targets HYS for
degradation. HY5 is a bZIP transcription factor that promotes photo-
morphogenesis in all light conditions (Fig. 14.1). PIFs are bHLH tran-
scription factors that are required for skotomorphogenesis.
Phytochromes directly interact with PIFs, resulting in PIFs’ degrada-
tion, while COP1 positively affects PIF’s protein level. Note: between
two proteins, solid lines indicate a direct effect, while dotted lines rep-
resent an indirect regulation

homolog, HYH, resulting in the initiation of UV-B-
responsive genes to promote UV-B photomorphogenesis
(Ulm et al. 2004). However, not all of these genes are
UVRS dependent. To fine-tune this linear pathway, several
components have been identified to form feedback
regulations. STO/BBX24 (SALT TOLERANCE/B-BOX
DOMAIN PROTEIN 24) interacts with both HY5 and
COP1 to involve in a negative feedback loop by impinging
onHY5 (Jiangetal. 2012). FHY3 (FAR-RED ELONGATED
HYPOCOTYL 3) and HYS work together to modulate the
expression of COP1 as the members of a positive feedback
loop (Huang et al. 2012). RUP1/2 (REPRESSOR UV-B
PHOTOMORPHOGENESIS 1/2) belong to the WD40-
repeat protein superfamily, interacting both with COP1 and
UVRS to act as negative feedback regulators (Gruber et al.
2010). It has been reported that RUP1/2 mediate the redi-
merization of UVRS, leading to the disruption of UVRS-
COP1 interaction to attenuate the signaling, and this
regulation is independent of COP1 (Heijde and Ulm 2013).
For the detailed information on UV-B signaling, please
refer to the reviews by Jenkins (2009), Heijde and Ulm
(2012), Jiang et al. (2012) and Tilbrook et al. (2013)
(Fig. 14.3).
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Fig. 14.3 UV-B signaling pathway in Arabidopsis. The UV-B radia-
tion is specifically perceived by the UV-B photoreceptor UVRS, result-
ing in the rapid accumulation of COP1 and its interaction with UVRS.
COP1-UVRS interaction presumably stabilizes and activates HYS for
its transcriptional activity, leading to UV-B-regulated gene expression
and photomorphogenesis (Fig. 14.3). This UV-B signaling cascade is
feedback regulated by a few negative regulators, including BBX24 and
RUP1/RUP2. While RUP1/RUP2 negatively regulates UV-B signaling
by interacting with UVRS, the BBX24 protein fine-tunes the UV-B
responses by impinging on HY5. FHY3 and HYS have the ability to
bind to COP1 promoter to control the expression of COP1

14.4 Signaling Cross Talk Between
Light and UV-B

14.4.1 Introduction

Before the identification of UVRS, many attempts have been
made in pursuit of the distinct UV-B signal transduction
pathway. The light-induced CHS gene is found to be upregu-
lated by all kinds of light and controlled by photoreceptors.
For instance, UV-A and blue light-induced CHS expression
is modulated by cryl, but cryl is not required for UV-B-
induced expression. In addition, UV-A and blue light each
act synergistically with UV-B to stimulate CHS, and this
synergism is retained in cryl-deficient mutant (Fuglevand
et al. 1996). These results support the notion that there might
be a considerable complexity in both photoreception and sig-
nal transduction in regulating CHS by UV-B and UV-A/blue
light in Arabidopsis.

Stomatal opening is one of many physiological responses
of plants regulated by blue light receptors, PHOT1 and
PHOT?2 (Kinoshita et al. 2001; Boccalandro et al. 2012), but
it can also be modulated by UV-B (Eisinger et al. 2000). The
blue light- and UV-B-induced stomatal opening is reversed
by green light (Eisinger et al. 2003). However, photl/phot2
double mutants show normal stomatal opening in response to
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UV-B, and green light fails to antagonize this process
(Eisinger et al. 2003), indicating that photl and phot2 are
required for the inhibition of UV-B effects by green light.
The UV-B bending response of Arabidopsis hypocotyls dur-
ing phototropism appears to be mediated by phototropins
(Eisinger et al. 2003). The above evidence give a clear pic-
ture that UV-B is governed by a distinct photoreceptor and
deeply cross-talked with other light photoreceptors. However,
the above phenotypes are difficult to identify in large genetic
screening. The phenotypes with shorter hypocotyl and higher
pigment accumulation under low-fluence rate of UV-B are
easier to screen by the eyes. Thus, all the regulators in UV-B
signaling are identified by these two phenotypes. Moreover,
hypocotyl growth inhibition and pigment accumulation are
also featured in light photomorphogenesis. With the identifi-
cation of UVRS, several main regulators in UV-B signaling
have been revealed. Not surprisingly, most of them have
other functions in other light signaling.

14.4.2 COP1: A Negative Factor in Light
Signaling but a Positive Factor in
UV-B Signaling

COP1 encodes a RING finger E3 ubiquitin ligase, which
consists of three functional domains: a RING finger required
for ligase activity, a coiled-coil domain for dimerization, and
a WD40-repeat domain for target binding (Yi and Deng
2005). In the dark, COP1 function as an E3 ligase to target
the light-responsive transcription factors (such as HYS) to
repress the light photomorphogenesis. While, in the presence
of light, COP1 is inactivated, resulting in the stabilization of
HYS5 to unleash the light responses (Osterlund et al. 2000). It
is believed that early inactivation of COP1 by visible light
occurs through direct interaction with phytochromes and
cryptochromes (Wang et al. 2001; Seo et al. 2004), and the
nuclear exclusion of COP1 is a rate-limiting step for photo-
morphogenic development (Subramanian et al. 2004).
Moreover, the E3 ligase activity requires plant-specific SPA
proteins, which is physically interacting with COP1 through
the coiled-coil domain (Laubinger et al. 2004).

The copl mutants display light-grown phenotypes even in
darkness, including short hypocotyls, open cotyledons, and
elevated pigment levels. These constitutive light and UV-B
photomorphogenic phenotypes make them very difficult to
investigate under UV-B, but after prolonged UV-B treatment,
copl—4 mutant shows chlorosis, suggesting COP1 may plant
a positive role in UV-B responses (Oravecz et al. 2006).
Surprisingly, a large number of UV-B-responsive genes are
inactivated in the copl—4 mutant (Oravecz et al. 2006). In
contrast to the relocation to cytoplasm in light, COP1 is sta-
bilized and accumulates in the nucleus (Oravecz et al. 2006).
This accumulation is caused by direct gene upregulation by
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UV-B (Huang et al. 2012). The rapid interaction of UVRS
and COP1 is believed to account for the stabilization (Favory
et al. 2009), but the molecular mechanism is still unknown.
COP1 is also crucial to UV-B-induced HY5 activation, and
they both accumulate in the nucleus in response to UV-B
(Oravecz et al. 2006). This indicates that COP1 may not have
an E3 ligase activity in UV-B signaling, and the notion is
further supported by the evidence that SPA is not required
for the proper function of COP1 in response to UV-B
(Oravecz et al. 2006). Thus this protein has dual opposite
functions in response to two different spectra of light. One
might ask what the function is under solar light, which con-
tains both UV-B and visible light. Is COP1 located in the
cytoplasm or in the nucleus? Is the amount of COP1
decreased or increased? These are questions to be elucidated
in the field condition.

14.4.3 HY5 Has the Leading Role in Both
Light and UV-B Signaling

Distinct light qualities, which are mediated through different
photoreceptors, have similar effects on the transcriptomes
during photomorphogenesis (Ma et al. 2001). Therefore, it is
reasonable to suggest that one or more integration points
exist for light signaling. A few light-induced transcription
factors have been identified as key regulators during seedling
morphogenesis. One of them is HYS, which is a target of
COP1 for 26S proteasome-mediated degradation (Osterlund
et al. 2000).

HYS5 encodes a bZIP (basic leucine zipper) transcription
factor, which could be the most important transcription fac-
tor that not only controls photomorphogenesis (Osterlund
et al. 2000) but also governs other kinds of development,
such as plant hormone responses (Lau and Deng 2010).
Genome-enabled high-throughput analysis of immunopre-
cipitated chromatin (ChIP-chip or ChIP-seq) have revealed
that HYS5 binds directly to the promoter regions of light-
responsive genes (Lee et al. 2007) and controls ~20 % of the
light-regulated genes in Arabidopsis (Ma et al. 2002).
Meanwhile, HYS also guides the posttranscriptional regula-
tion systems. For example, HYS regulates eight miRNA
(micro RNA) genes that in turn control the transcript abun-
dance of specific target genes. Overexpressing HY 5-targeted
miR408 resulted in phenotypes that are opposite to the hy5
mutants (Zhang et al. 2011). Therefore, HYS is likely to play
a hierarchical role in photomorphogenesis. Recently devel-
oped large-scale analysis tools have enabled us to gain more
insight into the mechanisms of how HYS functions as a cen-
tral transcription factor. More than 10,000 genes are found to
be regulated by HYS (Zhang et al. 2011), which is three
times larger than previously reported (Lee et al. 2007), owing
to the development of the resolution of ChIP-seq. As a
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transcription factor, HYS has its own binding characters,
which is aimed at 1 kb upstream of the transcription start site
(TSS) and 5’ untranslated regions (UTRs) (Zhang et al.
2011). Three binding motifs, G-box, C-box, and hybrid
CG-boxes, have been found to occur at a higher frequency in
the identified HY5-binding regions (Zhang et al. 2011). Most
surprisingly, histone modification is involved in HYS5-
mediated gene regulation. Comparing the pattern between
wild-type and hy5 seedlings revealed that the level of per-
missive H3 histone modifications (acetylated H3K9 and tri-
methylated H3K4) was increased, while that of the inhibitory
histone H3 modification (di-methylated H3K9) was substan-
tially decreased in HY5-bound regions for genes positively
regulated by HY5 (Zhang et al. 2011). Another important
feature is that HY5 can be a candidate in a feedback regula-
tion loop, and we will talk about this later.

The hy5 mutant shows aberrant light-mediated pheno-
types in Arabidopsis, including an elongated hypocotyl and
reduced chlorophyll/anthocyanin accumulation (Oyama
et al. 1997). But this kind of disturbance is slightly reduced
by photomorphogenic UV-B radiation (Ulm et al. 2004), and
the hypersensitive phenotype is further extended to UV-B
stress (Brown et al. 2005). Genome-wide expression analysis
reveals that a large number of UV-B-inducible genes are
regulated by HYS, including the genes involved in UV pro-
tection (Ulm et al. 2004). Therefore, similar to the role in
light signaling, HYS is also a central transcription factor in
UV-B-responsive pathway. However, the function of HYS in
UV-B signaling is under the control of UVRS, rather than
other photoreceptors, because UV-B-induced upregulation
of HYS does not show any changes in various photoreceptor
mutants (Ulm et al. 2004). UV-B-induced HY5-dependent
genes have a large overlap with UVRS8- and COP1-dependent
genes, suggesting these three components work together to
control the UV-B responses (Brown and Jenkins 2008;
Oravecz et al. 2006). Interestingly, UVRS itself is proposed
to associate with chromatin in the vicinity of the HY5
genomic locus regardless of UV-B (Brown et al. 2005), but
this is not the mechanism that UV-B-induced HYS expres-
sion is tightly regulated by UVRS. In contrast to the COP1-
mediated degradation of HYS in darkness, COP1 is required
for the HYS expression under UV-B (Oravecz et al. 2006). In
turn, HYS is found to bind to the ACGT-containing elements
(ACEs) within the COP1 promoter to upregulate COPI
(Huang et al. 2012). Thus, HYS is involved in a positive
feedback loop to fine-tune the UV-B responses.

14.4.4 BBX24/STO Negatively Modulates
Light and UV-B Signaling

STO is a B-box-type zinc finger protein with sequence simi-
larities to CONSTANS (Griffiths et al. 2003). It was identified
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through a screening from a series of yeast calcineurin
mutants, where STO protein can rescue the yeast salt-
sensitive phenotype caused by the deficient of the catalytic
subunit genes (cnalcna2) or the regulatory subunit gene
(cnbl) (Lippuner et al. 1996). However, Arabidopsis overex-
pressed with STO has not shown typical salt tolerance phe-
notypes, and STO gene itself cannot be regulated by salt
treatment (Nagaoka and Takano 2003). Even more surpris-
ingly, STO is found to have a negative role in light signaling
(Indorf et al. 2007). STO also called BBX24 according to the
nomenclature for the B-box transcription factors (Khanna
et al. 2009).

Despite the ambiguous phenotypes in salt treatment and
sto/bbx24 mutant and its overexpression, Arabidopsis have
the obvious responses to red, far-red, and blue lights. Mutant
has a shorter hypocotyl length under these light conditions,
indicating STO/BBX24 is a negative regulator in light path-
ways (Indorf et al. 2007). The transcript is also controlled by
lights and circadian clock, which is supported by the evi-
dence that the regulation is through PHYA and PHYB, not
PHOTs or CRYs (Indorf et al. 2007). STO/BBX24 interacts
with COP1 in a yeast two-hybrid system (Holm et al. 2001),
and both of them are co-localized in vivo in darkness (Indorf
et al. 2007; Yan et al. 2011). It is assumed that COP1 is
responsible for the degradation of STO/BBX24 in darkness
and the proper function in light (Indorf et al. 2007; Yan et al.
2011). After accumulation of STO/BBX?24 in light, it nega-
tively modulates the light-responsive genes, such as CHS
(Indorf et al. 2007).

A recent study has also extended the negative function
of STO/BBX?24 to the UV-B signaling, which is in agree-
ment with the hypersensitive phenotypes under UV-B, such
as short hypocotyls and enhanced anthocyanin accumula-
tion (Jiang et al. 2012). Both as a negative factor in two
kinds of signaling, is there any difference on the mecha-
nism? STO/BBX24 can interact with COP1 and HYS
in vivo, and the interaction with COP1 is dependent on the
presence of UV-B (Jiang et al. 2012). This interaction bears
the most different mechanism involved in these two signal-
ing, where COP1 functions as an E3 ligase to degrade STO/
BBX?24 in dark, and COP1 disarms the interaction to stabi-
lize STO/BBX24 in light (Indorf et al. 2007; Yan et al.
2011), while COP1 is required for the accumulation of
STO/BBX?24 under UV-B (Jiang et al. 2012). This indicates
STO/BBX24 acts downstream of UVRS, because UVRS-
COP1 interaction is the prerequisite for the stabilization of
COP1 under UV-B. However, no evidence shows that STO/
BBX24 has a direct physical interaction with UVRS8 (Jiang
et al. 2012). As a central transcription factor in both light
and UV-B signaling, HY5-STO/BBX?24 interaction seems
essential to the negative function of STO/BBX24. The
UV-B-induced accumulation of HYS is reduced by STO/
BBX24, and even the transcriptional activity of HYS is also
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repressed by STO/BBX24, resulting in the downregulation
of most of the UV-B-responsive genes (Jiang et al. 2012).
Interestingly, HY5-STO/BBX24 interaction seems reduced
by UV-B (Jiang et al. 2012). It is not clear whether the neg-
ative function of STO/BBX24 in light signaling achieves
through HYS, but one should keep in mind that STO/
BBX24 is also a transcription factor. The targets of STO/
BBX?24 remain to be further elucidated.

14.4.5 FHY3: A Dual Function in Light
and UV-B Signaling

As we mentioned before that phytochrome is activated to a Pfr
form by red and far-red light, and this activation results in the
translocation from cytoplasm and nucleus. Genetic studies have
identified two pairs of homologous genes essential for PHYA
signaling: FHY'1 (FAR-RED ELONGATED HYPOCOTYL 1)
and FHL (FHY1-LIKE), and FAR1 (FAR-RED-IMPAIRED
RESPONSE 1) and FHY3 (FAR-RED ELONGATED
HYPOCOTYL 3) (Hiltbrunner et al. 2005, 2006; Lin et al.
2007). FHY1 and FHL are essential for light-regulated PHYA
nuclear accumulation and subsequent light responses
(Hiltbrunner et al. 2005, 2006; Rosler et al. 2007). However, the
expression of FHY1/FHL is activated by FARI/FHY3, trans-
posase-derived transcription factors, through directly binding to
the promoter region of FHY 1/FHL (Lin et al. 2007). Meanwhile,
the expression of FAR/FHY3 is in turn negatively regulated by
PHYA signaling (Lin et al. 2007). Thus, FAR/FHY3 act at a
focal point of a feedback loop that maintains the homeostasis of
PHYA signaling. However, this feedback regulation does not act
alone, because HY is reported to bind to the FHY I/FHL pro-
moters and the binding region is very near to the FAR/FHY3
binding region (Li et al. 2010). Further, it is found that HYS
interferes with FHY3 for binding to the FHY1 promoter (Li
et al. 2010). Moreover, HY5 has a physical interaction with
FAR/FHY3, but HYS is a repressor for FHY 1/FHL, while FAR/
FHY3 is an activator (Li et al. 2010). These provide a compli-
cated mechanism that HYS works together with other cofactors
to fine-tune the PHYA signaling.

Surprisingly, FHY3 shows a positive function in UV-B
signaling (Huang et al. 2012). FHY3 is repressed by far-red
light (Li et al. 2010) but is activated by UV-B and is believed
to be regulated at a posttranscriptional level as the protein
level is eventual downregulated under UV-B (Huang et al.
2012). FHY3 also has the ability to bind to COP1 promoter
to further positively regulate UV-B signaling (Huang et al.
2012). But its homolog, FAR, which has a function in PHYA
signaling, is not essential in photomorphogenic UV-B
response, and FHY 1, a target of FHY3 in PHYA signaling,
shows no transcriptional response to UV-B (Huang et al.
2012). The different transcriptional behaviors of FHY3,
FAR, and FHY indicate a fine-tuning of light signals that
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distinguish the PHYA signaling from UV-B pathway. UV-B
can attenuate the interaction of HYS with FHY3 (Huang
et al. 2012), which is very similar to the HY5-STO/BBX24
interaction. As mentioned before, HY5 can also bind to
COP1 promoter (Huang et al. 2012), suggesting HY5-FHY3
interaction modulates the UV-B-induced COP1 expression
in concert. Therefore, the working model of HY5-FHY3
interaction is absolutely contrasting from PHYA signaling to
UV-B signaling, where HYS and FHY3 work antagonisti-
cally to bind to FHY1/FHL to regulate PHYA activities in
far-red light, but they function synergistically to bind to
COP1 to modulate UV-B responses.

The main regulators described above are all involved in
both light and UV-B signaling, despite two negative fac-
tors, RUP1 and RUP2. Expression of both RUP1 and RUP2
is induced by UV-B in a UVRS8-, COP1-, and HYS5-
dependent manner (Gruber et al. 2010). RUPs interact with
UVRS8 resulting in modulating UVRS8 redimerization
(Heijde and Ulm 2013). Therefore, RUPs play an important
role in a negative feedback regulation. Interestingly, in
another study that described RUP1 and RUP2 as EFO1 and
EFO2 (EARLY FLOWERING BY OVEREXPRESSION 1
and 2), RUP1/EFO1 and RUP2/EFO2 expression is seen to
be gated by the circadian clock, with expression levels
peaking at daybreak and gradually subsiding to their lowest
level at the onset of the night period (Wang et al. 2011).
However, UV-B-induced RUPs are not likely to have the
rhythmical expression type, but UV-B is indeed entertain-
ing signal for circadian clock. The expression of select
clock genes is UV-B responsive, indicating that UV-B
entrains the plant clock via transcriptional activation.
Moreover, UV-B induction of clock gene expression is
gated by the clock. UVRS and COP1 are essential to this
biological process, and HYS5 and HYH are dispensable
(Feher et al. 2011). However, like RUPs, UV-B-dependent
induction of HY5 expression does not follow a circadian
rhythm (Feher et al. 2011). It can be deduced that temporal
restriction of UV-B-specific responses by the clock may
limit metabolic energy costs without compromising UV-B
protection. However, the exact role of clock-regulated
UV-B gene expression induction is still unknown.

14.5 Physical Interaction Between
Photoreceptors

14.5.1 Introduction

With the identification of UVRS as a UV-B receptor, the pho-
tomorphogenic UV-B signaling is getting better to be under-
stood. But UVRS is likely the “strangest” photoreceptor
when compared with others (i.e., intrinsic tryptophan vs.
bounded cofactor as a chromophore, dimer to monomer vs.
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monomer to dimer, or phosphorylation to activation).
Meanwhile, UVRS is not evidenced to physically interact
with other photoreceptors, suggesting UVR8-mediated
UV-B signaling is independent of other photoreceptors,
though the critical regulators are mostly shared by others. In
this section, we will focus on the physical interaction
between PHYs, CRYs, and PHOTSs.

14.5.2 Phytochrome-Phototropin Interaction

In higher plants, phytochrome is believed to enter the nucleus
upon light activation and regulate transcription, whereas
phototropins are considered to be member associated. These
two kinds of photoreceptors govern almost different devel-
opmental processes, suggesting they are not associated
together. However, some evidence is challenging this notion.
Arabidopsis fhl/fhyl mutants do not show light-dependent
phyA nuclear translocation, but phyA-mediated responses
still can be found, implying that a cytoplasmic signal also
exists (Rosler et al. 2007). Phytochrome is surprisingly asso-
ciated with the plasma membrane as derived from a fluores-
cence correlation microscopy study in moss Ceratodon,
implying that phytochrome assembled with phycoerythrobi-
lin is less mobile at the cell periphery than in the cytoplasm
(Bose et al. 2004). After all, this challenging evidence is dif-
ficult to understand unless the finding of neochrome in ferns
and algae. Neochrome is a chimeric molecular that is capable
of phytochrome function in a phototropin (Nozue et al. 1998;
Suetsugu et al. 2005). Further, a finding suggests that phyto-
chrome is associated physically with phototropin at the
plasma membrane in moss Physcomitrella patens (Jaedicke
etal. 2012).

Phytochrome 4 (Pp.phy4) is the predominate photorecep-
tor responsible for vectorial light sensing in Physcomitrella
(Mittmann et al. 2004). By using various kinds of protein
interaction assay, such as yeast two hybrid, bimolecular fluo-
rescence complementation, and co-immunoprecipitation,
Pp.phy4 is confirmed to be physically associated with photo-
tropins at the plasma membrane, and light has no effect on
their association (Mittmann et al. 2004). Meanwhile,
Arabidopsis phyA and photl also interact at the plasma
membrane in onion epidermis cells, but only a small fraction
of the phytochrome is associated with phototropin (Mittmann
et al. 2004). This is in agreement with the evidence that a
small proportion of phyA always retains in the cytoplasm
irrespective of the light conditions (Hisada et al. 2000).
However, Arabidopsis phyA-photl interaction cannot be
detectable in a yeast two-hybrid assay (Hisada et al. 2000),
probably because of lack of some important factors, such as
PKS1. All these indicate that there might be a phytochrome
cytoplasmic signaling, suggesting signals from plant photo-
receptors do not always end up in transcriptional changes.
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And the downregulation of protochlorophyllide oxidoreduc-
tase A (PORA) by phytochrome is controlled via cytoplas-
mic Pfr (Paik et al. 2012).

14.5.3 Phytochrome-Cryptochrome
Interaction

Pretreatment of plant tissue with red light (which specifically
activates the phytochrome photoreceptor) can significantly
enhance cryptochrome-dependent responses to blue light,
whereas far-red light (which converts phytochrome to the
inactive Pr form) reduces responsiveness to blue light (Mohr
1994). Genetic experiments with severely phytochrome-
deficient single and double mutants demonstrate that a mini-
mal level of active phytochrome is necessary for full
cryptochrome activity; Arabidopsis phyA/phyB double
mutant is impaired in cry1-mediated inhibition of hypocotyl
elongation and anthocyanin accumulation (Casal and
Boccalandro 1995; Ahmad and Cashmore 1997). It seems
that phytochrome is required for the full activity of crypto-
chrome. As mentioned before, the photoactivated phyto-
chrome has the kinase activity, and surprisingly
cryptochromes are its target (Ahmad et al. 1998). In vitro
kinase assay demonstrated that cryl is phosphorylated in a
phytochrome-dependent manner, but red or blue light does
not affect this in vitro phosphorylation. However, in vivo
assay exhibits that the phosphorylation of cryl is enhanced
by red light but compromised by supplemental with far-red
light (Ahmad et al. 1998). Meanwhile, phytochrome is
mainly targeting the C-terminal of cryl (Ahmad et al. 1998).
The phyA-cryl interaction is further confirmed in the yeast
two-hybrid assay, where both photoreceptors form a better
conformational activity than in vitro purification (Ahmad
et al. 1998).

Loss of cryl activity in turn impairs the phytochrome
responses. The time to flowering under short-day conditions
is dramatically reduced in phyB mutant (Goto et al. 1991),
lacking the phyB signal transduction pathway (Ahmad and
Cashmore 1996). However, hy4 mutant, deficient in cryl
protein and showing reduced responsiveness to red light,
flowered significantly earlier than the wild-type parent
(Ahmad and Cashmore 1996). This result indicates a direct
interaction of the mutant alleles of CRY 1 with phyB result-
ing in impaired function.

14.6 Phytochrome and Cryptochrome
Signal Integration

To date, there is no evidence showing cryptochromes could
interact with phototropins or UVRS8 could associate with
other photoreceptors. Different light colors that selectively
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activate different photoreceptors activate a highly overlap-
ping set of genes. Therefore, the signaling responded to dif-
ferent spectrum of light is sharing some components
downstream from the photoreceptors. These include the
negative regulator of the DET/COP/FUS class and the posi-
tive regulator HY5 (Quail 2002), which are already discussed
above. In particular, COP1 is responsible for the degradation
of phyA, cry2, and HY5 (Holm et al. 2001; Seo et al. 2004;
Shalitin et al. 2002). In this section, we are going to discuss
three signaling components which act downstream of both
phyA and cryptochrome and are required for a subset of light
responses.

OBP3 (OBF4-binding protein 3) belongs to a Dof (DNA
binding with one finger) transcription factor (Kang and
Singh 2000), and the function in light signaling is identified
through an activation-tagging mutagenesis of phyB (Ward
et al. 2005). A gain-of-function mutant, sobl-D (suppressor
of phyB-4 dominant), suppresses the long hypocotyl pheno-
type of phyB, which is caused by the overexpression of
OBP3 (Ward et al. 2005). OBP3-RNAI transgenic lines show
reduced responsive to red light in terms of hypocotyl length,
and this aberrant phenotype requires functional phyB, indi-
cating OBP3 is a positive regulator of phyB-mediated inhibi-
tion of hypocotyl elongation (Ward et al. 2005). Furthermore,
OBP3-RNAI lines are found to have larger cotyledons and
reach the most dramatic size under blue light. The OBP3-
mediated cotyledon expansion requires cryl in blue light.
These suggest that OBP3 is a negative regulator of cryl-
mediated cotyledon expansion (Ward et al. 2005). Thus,
OBP3 is a component in phyB and cryl signaling pathway,
acting as a positive and negative role, respectively. Ward
et al. suggest that OBP3 might also work as a general inhibi-
tor of tissue expansion with phyB and cryl. But these pro-
vide the solid evidence that OBP3 represents a connection
between phyB and cryl signal transduction.

HFR1 (long hypocotyl in far-red 1) is a bHLH transcrip-
tion factor, which is a positive regulator of phyA-mediated
light responses (Fairchild et al. 2000). phyA/hfrl double
mutant shows enhanced hypocotyl growth phenotype and
each of the single parental mutant, indicating HFR1 has the
function independent of phyA (Fairchild et al. 2000). When
grown in blue light, however, hfrl mutants exhibit reduced
de-etiolation responses, including hypocotyl growth,
cotyledon opening, and anthocyanin accumulation (Duek
and Fankhauser 2003). Moreover, the functional cryl, not
cry2, is required for the hyposensitive to blue light, but HFR1
is not important for the normal accumulation of cryl (Duek
and Fankhauser 2003). Genetic analysis further reveals that
HFR1 is downstream of phyA and cry1 (Duek and Fankhauser
2003), providing a model that HFR1 is a positive integrator
for both phyA and cryl signaling.

SUBI (short under blue light 1), encoding a Ca2+-binding
protein, is first identified by exaggerative short hypocotyl
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under blue light but later is found to have the same response
to far-red not to red light (Guo et al. 2001). subl is epistatic
to cry2 in blue light, and phyA is epistatic to subl in both
far-red and blue light, suggesting SUB1 functions both in
phyA and cry2 signal transduction pathways (Guo et al.
2001). Moreover, blue- and far-red-induced CHS and CHI
are significantly enhanced in sub1 mutant, and this enhance-
ment is also observed in light-induced HYS protein accumu-
lation (Guo et al. 2001). Therefore, SUB1 defines a point of
cross talk between cryptochrome and PHYA signaling.

At molecular level, it has been shown that the interaction
between phytochromes and cryptochromes occurs at the
level of photoreceptor. With the advanced of technique,
especially the large scale of expression analysis, the pres-
ence of multiple levels of signal integration has been sug-
gested. HYS and COP1 represent two typical integrators,
which master the signal transduction under all photorecep-
tors. More specifically, here we discussed three components
integrating the phytochrome and cryptochrome signaling.
OBP3 has a dual function, HFR1 is a positive regulator, and
SUBI1 negatively modulates both phytochrome and crypto-
chrome responses. However, there is evidence that phototro-
pin signaling is cross-talked with phytochrome or
cryptochrome. For instance, phototropism and chloroplast
movement are primarily controlled by phototropin, but the
amplitude of the response is modulated by both phyto-
chrome and cryptochrome (DeBlasio et al. 2003; Ohgishi
et al. 2004). To date, the underlying molecular mechanisms
are still unknown.
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