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Phytochromes are red (R)/far-red (FR) light photoreceptors that play fundamental roles in photoperception of the light en-
Arabi-

dopsis thaliana, designated phytochrome A (phyA) to phyE. phyA is light-labile and is the primary photoreceptor responsible 
for mediating photomorphogenic responses in FR light, whereas phyB-phyE are light stable, and phyB is the predominant 
phytochrome regulating de-etiolation responses in R light. Phytochromes are synthesized in the cytosol in their inactive Pr 
form. Upon light irradiation, phytochromes are converted to the biologically active Pfr form, and translocate into the nucleus. 

proteins FAR-RED ELONGATED HYPOCOTYL 1 (FHY1) and FHY1-LIKE (FHL). Phytochromes may function as light-regulated 
serine/threonine kinases, and can phosphorylate several substrates, including themselves in vitro. Phytochromes are phos-
phoproteins, and can be dephosphorylated by a few protein phosphatases. Photoactivated phytochromes rapidly change the 
expression of light-responsive genes by repressing the activity of CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), an E3 
ubiquitin ligase targeting several photomorphogenesis-promoting transcription factors for degradation, and by inducing rapid 
phosphorylation and degradation of Phytochrome-Interacting Factors (PIFs), a group of bHLH transcription factors repressing 
photomorphogenesis. Phytochromes are targeted by COP1 for degradation via the ubiquitin/26S proteasome pathway.

INTRODUCTION

As sessile organisms, plants have acquired a high degree of de-
velopmental plasticity to optimize their growth and reproduction 
in response to their ambient environment, such as light, tempera-
ture, humidity, and salinity. Plants utilize a wide range of sensory 

-
mental signals. Light is one of the key environmental signals that 

primary energy source for plants, light also controls multiple de-
velopmental processes in the plant life cycle, including seed ger-
mination, seedling de-etiolation, leaf expansion, stem elongation, 
phototropism, stomata and chloroplast movement, shade avoid-

1999; Wang and Deng, 2003; Jiao et al., 2007).
Plants can monitor almost all facets of light, such as direction, 

duration, quantity, and wavelength by using at least four major 
-

-
-

perceive, interpret, and transduce light signals, via distinct intra-
cellular signaling pathways, to modulate photoresponsive nuclear 
gene expression, and ultimately leading to adaptive changes at 
the cell and whole organism levels.

The past two decades have seen dramatic progress in mo-
lecular characterization and understanding of the photobiology 
and photochemistry of the phytochrome photoreceptors in higher 
plants. This chapter aims to highlight some of the most recent 
progress in elucidating the molecular, cellular and biochemical 

readers are encouraged to read the accompanying reviews on 
-
-

al., 2002).

PLANT PHYTOCHROMES

The Discovery and Action Modes of Phytochromes

The term phytochrome, meaning “plant color”, was originally 
coined to describe the proteinous pigment that controls photo-
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germination, whereas subsequent FR light treatment abolishes R 
light induction of seed germination. The germination response of 
lettuce seeds repeatedly treated with R/FR cycles is determined 
by the last light treatment. Thus R/FR photoreversibility is a char-

-
ity applies to this response, i.e. the response is dependent on the 
total amount of photons received irrespective of the duration of 
light treatment.

Over the years, three action modes for phytochromes have 

1). The above-mentioned F/FR reversible response is character-
istic of LFRs. LFRs also induce other transient responses, such 

include light-induced expression of the light-harvesting chlorophyll 
a/b LHCB) gene and light induction of seed ger-

light intensities, and are primarily responsible for the control of 

and Bowler, 1997; Casal et al., 1998; Neff et al., 2000;Table 1).

Chromophores and Two Reversible Forms of Phytochromes

Photoreversibility occurs because phytochromes exist as two dis-
tinct but photoreversible forms in vivo: the R light-absorbing form 

maximally at 660 nm, whereas the Pfr form absorbs maximally at 

should be noted that in addition to their maximal absorptions of 
R and FR wavelengths, phytochromes also weakly absorb B light 

Phytochromes are soluble proteins and exist as homodimers. 
The molecular mass of the apoprotein monomer is approximately 
125 kDa. Phytochrome apoproteins are synthesized in the cy-
tosol, where they assemble autocatalytically with a linear tetra-

heme biosynthesis. The committed step is the oxidative cleav-

-

it binds to the newly synthesized apo-PHYs to form holo-PHYs 
-

ether linkage to an invariant cysteine in a well-conserved domain 

The intrinsic photochemical activity of the chromophore pros-
thetic group allows phytochromes to convert between the two 

Figure 1. Absorption spectra of phytochromes.

Pr form absorbs maximally at 660 nm, while the Pfr form absorbs maxi-
mally at 730 nm. The visible light range of the human eye is approximately 

forms. Phytochromes are synthesized in the Pr form in dark-

bond between the C and D rings of the linear tetrapyrrole, re-

2B). However, a recent NMR analysis showed that the A pyrrole 
ring around C4-C5 double bond rotates during photoconversion 

-

Pfr form can be converted back to the inactive Pr form, either by 
-

Fankhauser, 2001; Figure 2B). This property allows phytochrome 
to function as a R/FR-dependent developmental switch.

Table 1. Diagnostic Features of Different Phytochrome Action Modes

Action Mode Fluence Requirements Photorevers-
ibility Reciprocity

2 2 No Yes

LFR 2 Yes Yes

2 No No
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hy1 and 
hy2
of functional phytochromes, and thus exhibit severely impaired 

HY1
-

ramoto et al., 1999). Three additional HO genes were found in 
the Arabidopsis genome, designated AtHO2 to AtHO4
al., 2001). The Arabidopsis HY2 locus, likely a unique gene in 
the Arabidopsis genome, encodes the phytochromobilin synthase 

-
-

cocyanin, can also bind phytochrome resulting in Pr and Pfr spec-

-
stitution of photoreversible phytochromes by expressing recombi-
nant phytochrome proteins in yeast and assembling them in vitro.

The Phytochrome Gene Family

Arabidopsis thaliana

grown seedlings, whereas its level drops rapidly upon exposure to R 

1994; Hirschfeld et al., 1998; Sharrock and Clack, 2002).
Sequence analysis suggests that these phytochromes can be 

-

PHY genes are 
-

Figure 2. Arabidopsis phytochrome chromophore.

(A) The biosynthesis pathway of Arabidopsis phytochrome chromophore. 

(B)

-
er panel; adapted from Bae and Choi, 2008). This results in the photocon-
version of phytochromes from the Pr form to the Pfr form. Please note that 
the chromophore ring A rather than D is rotated during photoconversion 

form back to the Pr form.

Figure 3. Ara-
bidopsis thaliana.

PHYB and PHYD share ~80% amino acid sequence identity, and consti-

other branches of the evolutionary family tree.

Springer.
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General Structures of Phytochromes

-

divided into four consecutive subdomains: N-terminal extension 

domain can also be divided into two subdomains: the PAS-relat-

uniquely present in plant phytochromes, whereas the PAS, GAF 
and PHY domains are also found in phytochrome-like proteins 

-
mains, the PRD domain is unique to plant phytochromes, where-
as the HKRD domain is also found in phytochrome-like proteins 

chromophore is attached to a conserved cysteine residue in the 

can be used either as platforms for protein-protein interactions, or 
as response modules to small ligands or changes in light condi-

al., 2000). The HKRD domain lacks a critical histidine residue, 
and thus may be an evolutionary remnant rather than an active 

-
tion motifs of phytochromes are also localized in the C-terminal 

A number of point mutations in the C-terminal domains of both 
phyA and phyB do not affect photoreversibility but eliminate the 

that the C-terminal domain is essential for proper downstream 
signaling. Consistent with this idea, a domain-swapping and de-
letion analysis suggested that the N terminus of phytochrome 

termini of phyA and phyB are interchangeable and function as 

phyB, when dimerized and localized in the nucleus, confers much 

al., 2003). These results suggest that the N-terminal domain of 
phyB transduces the light signal to downstream targets, whereas 

-
shita et al., 2003). Similarly, the N-terminal domain of phyA also 
showed a partial physiological activity when dimerized and local-

-
strated that dimers of the N-terminal 450-aa fragment of phyB 

-
main of phytochrome.

PHYTOCHROME FUNCTIONS

-

stages. Loss-of-function studies of monogenic phytochrome mu-
tant and higher order mutants of various combinations combined 
with gain-of-function analyses are revealing the roles of individ-
ual phytochromes in regulating different aspects of plant devel-

unique and overlapping roles throughout the life cycle of plants, 
regulating a range of developmental processes from seed germi-

-
tochrome functions in Arabidopsis development were recently re-

discuss the roles of phytochromes in seed germination, seedling 
de-etiolation, and shade avoidance.

Figure 4. The domain structure of Arabidopsis phyA and phyB molecules.

GAF, cGMP-stimulated phosphodiesterase, Anabaena adenylate cyclases and Escherichia coli FhlA; PHY, phytochrome; PRD, PAS-related domain; 
HKRD, histidine kinase–related domain. The chromophore is attached to a conserved cysteine residue in the GAF domain. The numbers indicate the 
positions of each domain.
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Seed Germination

As mentioned above, the involvement of a R/FR-reversible pho-

by Harry Borthwick and colleagues in 1952 by studying the re-
versible germination of Grand Rapids lettuce seeds by R and FR 

phytochromes in mediating Arabidopsis seed germination has 
been documented in many mutant studies. At least three phy-

of Arabidopsis seed germination. phyA is responsible for the ir-
-

Shinomura et al., 1996). Seed germination can be promoted by 
-

was also found to play a role in controlling seed germination in 

involved in the photoperception of FR light for this response, or 
-
-

lates the light-regulation of Arabidopsis seed germination, and 
different phytochromes display altered functional hierarchies at 

Seedling De-etiolation

and are characterized by long hypocotyls, closed cotyledons 
and apical hooks, and development of the proplastids into etio-

etiolation) and are characterized by short hypocotyls, open and 
expanded cotyledons, and development of the proplastids into 

Table 2. 

Phytochrome Members Primary Photosensory Activities Primary Physiological Roles

phyA

phyB LFRs Seed germination under Rc;
Seedling de-etiolation under Rc; 

phyC Seedling de-etiolation under Rc.

phyD

LFRs Seed germination;

FR: far-red light;
R: red light;

FRc: continuous far-red light;
Rc: continuous red light;
LD: long day light condition;

R/FR ratio: red/far-red light ratio.

-
chromes perform a variety of overlapping functions in regulating 
seedling de-etiolation.

-
genic phenotype in W and R light. However, when grown in 
continuous FR light, phyA mutants display a skotomorphogenic 

-
toreceptor responsible for perceiving and mediating various re-

phyA mutants subjected to FR light treatments revealed more 

be noted that phyA mutants also display elongated hypocotyls in 

suggesting that phyA also plays a pivotal role in perceiving and 
transducing B light.

phyB is the predominant phytochrome regulating de-etiolation 
-

olated phyB mutants subjected to R light treatments did not differ 

Subsequent studies showed that phyA plays a dominant role in 
regulating rapid gene expression responses to R light treatments 

-
duced cotyledon expansion phenotypes were enhanced in phyA 
phyB double mutants relative to phyB monogenic mutants in R 

Neff and Chory, 1998).

R light, with longer hypocotyls and smaller cotyledons than the 
wild-type controls, indicating that phyC functions in regulating 
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al., 2003). However, no additive phenotype was observed in phyB
phyC double mutants compared with their monogenic mutants, 

does not homodimerize but rather forms heterodimers with phyB 
in vivo -

2003). However, the hypocotyls of phyA phyC double mutants are 
phyC monogenic mutants in R 

the contribution of phyA to seedling establishment under R light.
-

ure 3), the role of phyD in seedling de-etiolation in R seems minor, 
-

dopsis contains a natural phyD deletion but its seedlings display 
only marginally longer hypocotyls in R than plants containing an 
introgressed PHYD
synergistic relationship was observed between phyB and phyD in 
R, as the hypocotyls of phyB phyD double mutants are more than 

-
-

lation seems negligible, as it was shown that monogenic phyE
mutants were indistinguishable from wild-type control plants in a 

As mentioned above, phytochromes also weakly absorb B light 

cryptochrome-mediated seedling de-etiolation and phototropin-
mediated phototropic curvature of Arabidopsis hypocotyls in B light 

1997; Janoudi et al., 1997; Casal and Mazzella, 1998; Neff and 
Chory, 1998). Direct physical interactions between phytochromes 

photoreceptors to regulate seedling de-etiolation in B light.

Shade Avoidance

Plant development is regulated not only by the difference be-
tween light and darkness, but also by light quality, in particular 
the change of light quality due to shading by other plants. Light 

R and B wavebands, which are absorbed by chlorophyll and ca-
rotenoid pigments used for photosynthesis, leading to a reduction 

initiate a suite of developmental responses called shade avoid-

Smith and Whitelam, 1997). These responses include elongation 

apical dominance. The ability of plants to monitor their light en-
vironments and change their architecture provides them with a 
competitive strategy to survive and complete their life cycle in 
dense stands.

Reductions in R:FR ratio favor the conversion of phytochrome 
molecules to their inactive Pr form. Therefore the shade avoidance 
syndrome must be suppressed under high R:FR ratio conditions. 

Figure 5. phyA, phyB and phyA 
phyB
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rather than the induction of physiological responses. phyB is the 
predominant suppressor of shade avoidance responses in high 

-

et al., 1991; Somers et al., 1991; Figure 6). The shade avoidance 
responses enabled by low R:FR ratios can be effectively pheno-

Although the monogenic phyD mutant plants have no obviously 

phyB monogenic mutants, 
suggesting that phyB and phyD function redundantly in suppress-

As with phyD, monogenic phyE mutants show no phenotypic al-
terations unless in the phyB mutant background, and the phyB
phyE phyB mono-

As phyA is the primary photoreceptor sensing FR wavelengths, 
-

-
sis phyA mutant seedlings display enhanced shade avoidance 
responses relative to wild-type control plants when grown in low 

et al., 2003). Despite the relatively close phylogenetic relationship 

shade avoidance responses has been reported. This conclusion 
phyA phyB phyD 

phyE quadruple mutants display insensitivity to reductions in 

LIGHT-REGULATED SUBCELLULAR LOCALIZATION
OF PHYTOCHROMES

As mentioned above, phytochromes are synthesized in the cyto-

mid-1990s that phytochromes were cytoplasmic photoreceptors 
based on early biochemical and immunocytochemical studies 

in the last decade have established the notion that phytochromes 

2004; Kevei et al., 2007; Fankhauser and Chen, 2008). Thus, 
light-regulated translocation of the photoreceptors from the cyto-
plasm into the nucleus is a key event in the phytochrome signal-
ing cascade. Recent publications are beginning to shed light on 
the molecular mechanisms underlying this central control step.

Regulation of phyB Nuclear Localization

light, and to a lesser extent by continuous B light, but completely 
ineffective by FR light. Single pulses of R, FR and B light cannot 

phyB nuclear transport by R light is reversible by FR light, a typi-
-

tion of subcellular localization was also reported for phyC, phyD 

-

GUS to the nucleus, suggesting that the C-terminal domain of 
-

study, which showed that GFP fused to the N-terminal half of 

Figure 6. phyA, phyB, phyA phyB, phyB phyD phyE, phyA phyB phyD phyE plants grown under white light 
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further analyses of various truncations of the phyB C-terminal 

-

terminal photosensory GAF-PHY domains interact with the PRD 
domain in a light-dependent manner, thus providing a mecha-
nistic link between light-dependent Pr/Pfr conformational altera-
tions of phyB and the unmasking of the NLS that regulates phyB 

Regulation of phyA Nuclear Localization

The nuclear accumulation pattern of phyA is quite distinct from 
-

tive in inducing phyA nuclear translocation. A single, brief pulse 

et al., 2000; Kim et al., 2000; Kircher et al., 2002). Therefore, 

al., 1999, Kim et al., 2000; Kircher et al., 2002). Finally, in contrast 
-

FAR-RED ELONGATED HYPOCOTYL 1 (FHY1) and
FHY1-LIKE (FHL). The rapid nuclear translocation of phyA, and 
the fact that phyA itself does not contain a typical NLS suggest 

FHY1 and FHL, have been shown to play an essential role in 
facilitating phyA nuclear translocation. The history of FHY1 es-
sentially parallels the history of the molecular genetic analysis 
of phyA signaling pathway in Arabidopsis. The fhy1 mutant was 

fhy2
and fhy3, and all these fhy mutants develop elongated hypocotyls 

that FHY2 locus corresponds to PHYA, while the FHY1 and FHY3
genes were cloned as separate loci in 2001 and 2002, respec-

acids, respectively) in Arabidopsis that were found to have ho-

-

2005). In vitro binding assays showed that both proteins are ca-
pable of homo- and hetero-dimerization through their C-terminal 

-
tionally important, because removal of either motif disrupts the 

-

al., 1996). However, microarray analysis showed that all genes 
affected by phyA mutation are also affected by fhy1 mutation, 

FHY1 in phyA signaling remained obscure until it was reported 
that FHY1/FHL physically interact with the Pfr form of phyA in
vitro and in yeast cells through their SRD motifs, and that FHY1/
FHL are required for nuclear accumulation of phyA since phyA is 
localized only in the cytosol of fhy1 fhl -
ner et al., 2005, 2006). This conclusion was extended by a later 
report that the major function of FHY1/FHL is to act as adaptor 

-

N-terminal NLS and the C-terminal phyA-interacting motifs are 
the only conserved motifs among all FHY1 homologs. Consis-

terminal phyA-interacting motif of Arabidopsis FHY1 could rescue 
fhy1 mutant phenotypes and colocalizes with phyA in the nucleus. 
Second, FHY1 becomes functionally dispensable in transgenic 
seedlings expressing a constitutively nuclear phyA, i.e. if phyA 

phyA but not phyB, because fhy1/fhl mutants only show long-hy-
pocotyl phenotype in FR but not R light, and phyB nuclear import 
is not affected in the fhy1

are indeed involved in the nuclear localization and exclusion of 

NLS of FHY1/FHL for its nuclear transport. The fact that FHY1 
homologs are widely distributed in angiosperms suggests that 
the mechanism uncovered in Arabidopsis may be conserved in 

translocation, because phyA-402, containing a missense muta-
tion in the HKRD domain of phyA, is still capable of interacting 
with FHY1/FHL but does not translocate into the nucleus in R light 

Based on the evidence discussed above, one would assume 
that FHY1/FHL only function for phyA nuclear transport. However, 
this assumption was challenged by a recent report, which showed 
that FHY1/FHL might transmit phyA signals to downstream tran-

with two well-characterized transcription factors in phyA signaling 

in vitro and in vivo. Anal-
ysis of double and triple mutants showed that HFR1 and LAF1 
independently transmit phyA signals downstream of FHY1 and 

a PHYA/FHY1/HFR1 signaling complex in vitro, suggesting that 
such kind of phyA signaling complexes may be assembled in vivo

FHY3 and FAR-RED IMPAIRED RESPONSE1 (FAR1). The
distinct role of FHY1/FHL in phyA nuclear accumulation suggests 
that any factor regulating FHY1/FHL transcriptionally or post-
transcriptionally may indirectly affect phyA nuclear import. This 
notion is true, as demonstrated by the functional studies on FHY3 
and FAR1. When the FHY3 gene was cloned in 2002, sequence 
alignments revealed that FHY3 shares high homology with FAR1, 

1999; Wang and Deng, 2002). The function of FHY3 and FAR1 
was not clear at that time, but some reports showed that FHY3 
positively regulates the transcript levels of FHY1, and that FHY3/
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FAR1 proteins share substantial similarity to Mutator-like element 

The breakthrough was made in 2007, when a study unequivo-
cally demonstrated that FHY3 and FAR1 are transposase-derived 
transcription factors directly binding to the FHY1/FHL promoters 

cis-element called the FHY3/FAR1 binding site 
FHY1/FHL

are essential for DNA binding, whereas the entire C-terminal re-

of transposase-derived transcription factors. Moreover, phyA nu-
clear accumulation is abolished in the fhy3 far1 double mutant, 
indicating that as the key transcriptional activators of FHY1/FHL
expression, FHY3/FAR1 indirectly control phyA nuclear accumu-

another report that constitutively nuclear phyA could rescue the 
fhy3

The discovery of FHY3/FAR1’s role in phyA signaling invites the 
further question of how FHY1/FHL expression is down-regulated 

FHY1/FHL expression should exist, as previous studies showed 
that FHY1/FHL transcript levels were rapidly down-regulated when 

-

involved in promoting photomorphogenesis under various light 

involves steric hindrance as HY5 directly binds ACGT-containing 
-

ing sites in the FHY1/FHL promoters. Thus, HY5’s occupation of 
FHY1/

FHL promoters to FHY3/FAR1. The second mechanism is called 
“sequestration” through the physical interactions between HY5 
and FHY3/FAR1, a mechanism also used in the regulation of some 

2008; Hornitschek et al., 2009). Therefore, HY5 acts as a repressor 
of FHY1/FHL expression by modulating the transcriptional activi-

Nuclear Bodies (NBs)

Upon import into the nucleus, both phyA and phyB localize to dis-
crete subnuclear foci, called nuclear bodies or speckles. Although 
most studies on NBs were conducted in cells overexpressing 

have each been shown to localize to NBs by immunocytochemi-
cal studies, suggesting that the formation of NBs is not an artifact 

2000; Kircher et al., 2002). The pattern of NBs is highly dynam-
ic and directly regulated by light quality, quantity, and periodic-
ity, and closely correlates to phytochrome-mediated responses 

nature of NBs is still unknown. But several phytochrome signaling 
components colocalize to NBs, suggesting that NBs play impor-

Based on the kinetics of phyB-GFP localization during the 

phyB. Within minutes of light exposure, small and transient phyB-
-

in vivo

et al., 2007), and interestingly, the disappearance of these early 
NBs correlates with the light-induced and phytochrome-depen-

After the disappearance of these early phyB NBs, longer R 

rates of R not only induced a change in the pattern of phyB NBs 
but also enhanced inhibition of hypocotyl elongation, it was pro-

Figure 7. Control of FHY1/FHL expression and phyA nuclear accumulation.

-
ner et al., 2005, 2006; Genoud et al., 2008). FHY3 and FAR1 are two 
transposase-derived transcription factors that directly activate FHY1/FHL
transcription, and thus indirectly regulate phyA nuclear accumulation and 

the cytosol in darkness in its inactive Pr form. Upon light exposure, the Pfr 
form of phyA is imported into the nucleus by FHY1/FHL, and thus triggers 
phyA signaling leading to multiple light responses, including the reduction 

1998; Osterlund et al., 2000), and feedback regulation of FHY3 and FAR1 

promoting photomorphogenesis, and down-regulating FHY1/FHL tran-
script levels by modulating the activities of the transcriptional activators 

letters) are the more predominant players in the phyA signaling process 
compared to their respective homologs FAR1 and FHL. Pr: R-absorbing 

positive regulation; bar, negative regulation.
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posed that the formation of phyB NBs plays a role in the regu-

but not late NBs indicate that the components of the early and late 

phyA rapidly enters the nucleus in response to FR light and 
-

izes with phyA in the early transient NBs but not late stable NBs 

-
-

2005, 2006). However, although a short R treatment also induces 
translocation of phyA into the nucleus, NB formation, and colocal-

degradation, it has been proposed that NBs of phytochromes are 

microscopy-based screen to identify a gene, HEMERA HMR),
required for the localization of phyB-GFP to large NBs in high 

hmr mutants, localiza-
tion of HMR protein within cells, and analysis of its biochemical 

signaling component required for light-dependent proteolysis of 
-

dicted to be structurally similar to the multiubiquitin-binding pro-
tein, RAD23, and can partially rescue yeast rad23 mutants, thus 
suggesting that phytochrome nuclear bodies may serve as sites 

PHYTOCHROMES AS LIGHT-REGULATED KINASES

How do phytochromes initiate their signal transduction upon pho-
to-activation? A long-standing but much disputed hypothesis is 

1986; Kim et al., 1989). This hypothesis was initially supported 

phosphorylation of serine residues on the photoreceptor itself, i.e. 
-

ias, 1998). The discovery of phytochrome-like photoreceptors in 
-

Fremeyella diplosiphon, Syn-
echocystis sp. PCC6803, the purple photosynthetic bacterium 
Rhodospirillum and non-photosynthetic bacteria such as Deino-
coccus radiodurans, Pseudomononas putida and Pseudomonas
aeruginosa
Davis et al., 1999b; Hughes and Lamparter, 1999; Jiang et al., 
1999; Wu and Lagarias, 2000). Some of them, such as Cph1 of 
Synechocystis sp. PCC6803, can bind to the plant phytochrome 

autocatalytically and display R/FR absorption spectra similar to 

Yeh et al., 1997). Further, Cph1 was shown to be a light-regulated 
histidine kinase. Both autophosphorylation of Cph1 and trans-

suggesting that in cyanobacteria phosphorylation is an important 
and very early step of phytochrome signal transduction.

However, higher plant phytochromes share limited sequence 

plant phytochromes have two additional domains compared with 
-

several critical residues required for bacterial His kinase activ-
ity does not affect the activity of plant phytochromes, suggest-

a serine/threonine kinase activity, suggesting that eukaryotic phy-
tochromes are histidine kinase paralogs with serine/threonine 

-
covery, several in vitro substrates of phytochrome kinase activ-
ity were subsequently discovered, such as histone H1, PHYTO-

Fankhauser et al., 1999; Colon-Carmona et al., 2000; Shen et al., 

Figure 8.

HKD, histidine kinase domain. The percent amino acid identities between the HKD domain of Cph1 and both PRD and HKRD domains of Arabidopsis 
phytochromes are indicated.
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2009). However, the kinase domain of phytochrome has not been 

proven for one higher plant phytochrome: oat phyA. Although a 
recent report indicated that phyB shows some kinase activity in
vitro
conclusion can be reached. Whether all phytochromes have ki-
nase activity, and whether different phytochromes behave differ-
ently as protein kinases need to be further characterized.

The claim that higher plant phytochromes function as protein 
kinases invites many questions, such as, is the Pfr form more 
active than the Pr form? What is the biological role of this kinase 
activity of phytochromes in plants? Answers to these questions 
have just begun to be unraveled. For example, autophosphor-
ylation of recombinant oat phyA is both chromophore and light 

1998). In vitro kinase assays also showed that the Pfr form of 
phytochrome more effectively phosphorylates some substrates, 

and FHY1, the Pr and Pfr forms showed similar kinase activi-
in

vivo assays are required to verify the conclusions of these experi-
ments. For example, FHY1 phosphorylation in Arabidopsis seed-
lings is solely dependent on the active Pfr form of phyA, although 
both Pr and Pfr forms of phyA could phosphorylate FHY1 in vitro

Recently it was shown that oat phyA autophosphorylates two 
in vitro -

tion of these two autophosphorylation sites in transgenic Arabi-
dopsis plants caused hypersensitive light responses, indicating 

the wild-type phyA under light conditions, suggesting that phyA 
autophosphorylation plays an important role in the regulation of 
phytochrome signaling through the control of phyA protein sta-

only photoreceptor responsible for rapid R light-dependent FHY1 
phosphorylation, and interestingly, this phosphorylation is R/FR 

et al., 2009). Notably, phosphorylated FHY1 was shown to be a 
preferred substrate for ubiquitin/26S proteasome-mediated deg-
radation, suggesting that phyA-dependent FHY1 phosphorylation 
in R light may serve as a biochemical mechanism to desensitize 

examples suggest that phytochrome autophosphorylation and ki-
nase activity may play a negative role in light signal transduction.

However, the in vivo functional mechanism of phytochrome 
kinase activity is only beginning to be understood. For example, 
phytochrome kinase activity is stimulated in the presence of his-

-
chrome kinase activity is activated in the nucleus that contains 

et al., 2005; Han et al., 2010). Another example showing the com-
plexity of in vivo phytochrome-related kinase activity comes from 

-
lated and then ubiquitinated in response to light in vivo prior to 

et al., 2006; Shen et al., 2007; Shen et al., 2008). A recent study 

in vitro

proteins. However, compelling evidence supporting this assump-

-

in vivo, and how CK2 functions in phytochrome-induced rapid 

PHYTOCHROME SIGNALING INTERMEDIATES

The light signals perceived by the phytochrome photoreceptors 
are transduced to downstream signaling intermediates, which al-
ter the expression of target genes and ultimately lead to the mod-

signaling network downstream of the phytochromes, together 
with a considerable number of positive or negative regulators, 

COP1 and HY5; Figure 9).

Negative Regulators of Phytochrome Signaling

Phytochrome-Interacting Factors (PIFs). Protein-protein inter-
actions are necessary for many signal transduction cascades. 
Both general screenings for phytochrome-interacting proteins 

et al., 2005, 2006), and were summarized recently by Bae and 
-

factors, play central roles in phytochrome-mediated light signal-

convergence of both genetic and reverse-genetic approaches 

Oh et al., 2004; Leivar et al., 2008). As members of the bHLH 
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The majority of the bHLH proteins bind to a cis-element called the 

-

-

binding to phyA, but the actual sequences of these two APA mo-

pif1 pif3 
pif4 pif5 pifq), develops a constitutively photomorphogenic cop)-
like phenotype in the dark provides compelling evidence that the 

-

that the dark-grown pifq mutant has a gene expression pattern 

By comparing rapidly light-responsive genes in wild-type seed-
lings with those responding in darkness in the pifq mutant, an 

Notably, transcription factor–encoding genes are highly enriched 
among these genes, suggesting that they may be potential pri-

At the same time, evidence obtained in the last decade dem-
onstrates that one way phytochromes promote photomorphogen-

their ubiquitination and degradation via the ubiquitin/proteasome 

Al-Sady et al., 2006; Oh et al., 2006; Nozue et al., 2007; Shen et 
al., 2007; Al-Sady et al., 2008; Lorrain et al., 2008; Shen et al., 

-

Pfr forms of phyA and phyB do not undergo light-dependent phos-

Figure 9.

phyA is the primary photoreceptor responsible for perceiving and mediating various responses to FR light, whereas phyB is the predominant phytochrome 

-

positive regulation; bar, negative regulation; solid line, direct regulation; dotted line, indirect regulation.



Phytochrome Signaling Mechanisms 13 of 26

-
idly re-accumulate to high levels. Subsequent re-exposure to light 

and controlled by phytochrome LFRs. Therefore, phytochrome-

a major biochemical mechanism of signal transfer from the pho-
toactivated phytochromes to their interacting signaling partners 

-
late phyB abundance in R light, possibly by stimulating COP1-

Jang et al., 2010; Figure 9).
COP/DET/FUS Proteins. Genetic screens for Arabidopsis mu-

tants involved in light-regulated seedling development followed by 
-

proteins that are central negative regulators of photomorphogen-

in proteasomal degradation of photomorphogenesis-promoting 

COP1-SPA complexes and the CDD complex were recently shown 
in vivo

the degradation of downstream factors to mediate light regulation 

in multiple processes in many different organisms, including plant 
development and mammalian cell survival, growth, and metabo-

-
ized in the model plant Arabidopsis as a repressor of light-regulat-

region, a WD40 repeat domain in its C-terminus, and a coiled-coil 

photomorphogenesis-promoting proteins for degradation, includ-

et al., 2008; Liu et al., 2008). Moreover, COP1 can interact with 

-

found three additional SPA1-like proteins in the Arabidopsis ge-

2003; Laubinger et al., 2004). Biochemical analysis demonstrated 

Figure 10. Dark-grown cop1 mutant seedlings phenotypically mimic light-
grown wild-type seedlings.

et al., 2003; Seo et al., 2003), and interestingly, the SPA proteins 
can self-associate or interact with each other, forming a heteroge-

2008). Genetic analysis showed that the four SPA genes are par-
tially redundant in mediating light responses at both seedling and 

spa
mutant displays a phenotype similar to that of strong cop1 alleles 

-
teins work in concert with COP1 in controlling photomorphogenesis.

-

-

et al., 2006). A unique feature of the eid1 mutant is a shift in the 
peak of the action spectra of phyA-mediated hypocotyl elongation 

-

phyA-402 allele) was found to suppress the hy-
persensitive phenotype of the eid1-3
However, when phyA-402 is introgressed into the wild-type back-
ground, only moderate phenotype was observed, indicating that 

Positive Regulators of Phytochrome Signaling 

HY5 and HYH. 
-

volved in promoting photomorphogenesis under a wide spectrum 
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1980; Oyama, et al., 1997; Osterlund et al., 2000; Ulm et al., 

correlated with the extent of photomorphogenic development 

number of genomic sites, mainly at the promoter regions of an-

HY5 directly mediates both upregulation and downregulation of 
gene expression by light. The gene expression regulation attribut-
able to HY5 is included largely within genes that are regulated by 

2002). Therefore, HY5 is likely to be a high hierarchical regulator 
of the transcriptional cascades involved in seedling photomor-

COP1 is capable of directly interacting with HY5 in the nucleus 
through its WD40 repeat domain and targets HY5 for proteasome-

HY5 has a homolog in the Arabidopsis genome, named HYH, and 

et al., 2002). HY5 and HYH physically interact with COP1 through 

proteins, SPA1 contributes to the down-regulation of HY5 abun-
-

tochromes and cryptochromes, promote the accumulation of HY5 

al., 2000). However, little is known as to how the light-activated 
photoreceptors regulate the activities of COP1, as well as other 

HFR1 and LAF1. HFR1, an atypical bHLH protein, was origi-
-

al., 2000). However, subsequent studies revealed that HFR1 is 

Fankhauser, 2003). Thus, HFR1 may represent a point of signal 
integration from phyA and cry1, either as a convergence of two in-
dependent signaling pathways or as a result of interaction of phyA 

HFR1 does not bind directly to either phyA or phyB, although 

al., 2000; Heim et al., 2003). Consistent with this proposal, HFR1 
was recently shown to prevent an exaggerated shade avoidance 

2005; Lorrain et al., 2008; Hornitschek et al., 2009; Galstyan et 

leads to a constitutively photomorphogenic phenotype in darkness 
pif1 pif3 pif4 pif5 quadruple mutants) suggest 

et al., 2003; Leivar et al., 2008; Shin et al., 2009).
LAF1 is an R2R3-MYB transcription factor with trans-activation 

activity, and functions as a positive component of phyA signaling 

has been reported so far. The hfr1 laf1 double mutant has an addi-
tive phenotype compared to the two single mutants, indicating that 

in vitro, and in both 
cases, genetic and physical interactions between HFR1/LAF1 and 

Yang et al., 2005). Moreover, it was recently shown that HFR1 
also physically interacts with LAF1, and this interaction stabilizes 
each other through inhibition of ubiquitination by COP1, thereby 

PHYTOCHROME CONTROL OF NUCLEAR GENE
EXPRESSION

Microarray analyses conducted in the last decade revealed ge-

10% or so of the genes in the Arabidopsis genome display phy-
tochrome-regulated changes in expression during the seedling 
de-etiolation transition triggered by initial exposure of etiolated 

These genes include numerous photosynthetic genes related to 
the biogenesis of active chloroplasts, various auxin-, gibberellin-, 
cytokinin- and ethylene hormone pathway-related genes poten-

-
-

changes in expression of this large number of light-responsive 
genes ultimately lead to various morphogenic changes during 

-
able early light-responsive genes responding within 1 hour of FR 

-

suggesting that they may represent a master set of transcriptional 
regulators that orchestrate the expression of the downstream tar-
get genes in the phytochrome-directed transcriptional network.

phytochromes regulate light-responsive gene expression. Firstly, 
phytochromes may promptly alter the expression of a large num-
ber of genes by inducing rapid phosphorylation and proteolysis 

generally assumed that phytochromes rapidly inactivate the COP/
-

mulation of photomorphogenesis-promoting transcription factors, 
such as HY5, HYH, LAF1 and HFR1, although the mechanisms 

it has been proposed that the direct protein-protein interactions 
between phytochromes and COP1/SPA proteins might be respon-
sible for the rapid, initial inactivation of COP1 activity, whereas 
long-term inactivation of COP1 is achieved by subsequent deple-

Moreover, it has been suggested that phytochromes might di-
rectly target light signals to the light-responsive gene promoters. 

-
cally upon light-triggered conversion of the photoreceptor to its 
biologically active Pfr form, thus suggesting a provocative model 
in which phytochromes may function as integral light-switchable 
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components of transcription regulator complexes, permitting di-

promoters as well. However, conclusive evidence in favor of this 
model is still lacking. There is no evidence that phytochromes 
are associated with DNA in vivo, and that phytochromes indeed 
modulate transcription on the target gene promoters.

PHYTOCHROME SIGNALING AND THE CIRCADIAN CLOCK

The circadian clock controls many metabolic, developmental and 

Although circadian rhythms are endogenously generated, they 
can be modulated by external cues such as light and temper-
ature, thus allowing plants to anticipate and adapt to daily and 
seasonal changes in their environment. Light signals perceived 
and transduced by phytochromes and cryptochromes ensure the 
clock is in tune with the external light/dark cycles. This process 

photoreceptors in R light input to the clock, while phyA and the 
cryptochromes cry1 and cry2 act as photoreceptors in B light in-

acts in low-intensity R light for circadian control, while phyB func-

phyA is expected to be the only active photoreceptor transduc-

oscillations of leaf position, indicating that phytochromes are not 
part of the core mechanism of the circadian clock and that other 

-

Mas et al., 2003; Somers et al., 2004; Kim et al., 2007; Demarsy 
and Fankhauser, 2009; Baudry et al., 2010).

The rhythm of leaf movement in the wild-type Arabidopsis
plants can be reset by FR light, but this resetting was absent in 
the phyA, fhy1 and fhy3 mutants, suggesting that phyA signal-
ing pathway is required for the entrainment of the circadian clock 

fhy3 mutant also 
shows an enhanced response to R light during seedling de-etio-
lation, and shows disrupted rhythmicity of central-clock and clock-

Further, FHY3 is required for the clock resetting in response to 
R light pulses, suggesting that FHY3 functions in gating phyto-

-
cently, FHY3 and its homolog FAR1 were shown to bind directly 
to the promoter of EARLY FLOWERING 4 ELF4), a component 

-

are key components of the central oscillator, were also shown to 

bind directly to the ELF4 gene promoter via their respective cis-
elements. FHY3, FAR1 and HY5 activate ELF4 expression during 
the day, whereas CCA1 and LHY suppress ELF4 expression pe-
riodically at dawn. Thus, this set of light- and circadian-regulated 
transcription factors act directly and coordinately at the ELF4 pro-

phyA itself is essential for the expression of ELF4
al., 2003), and ELF4 is a likely target mediating phyA-transduced 

-
over, phyA was shown to directly associate with FHY3 in vivo

a potential molecular link directly gating the environmental light 

interesting to note that FHY3 directly binds to the promoter re-
gions of other circadian genes such as CCA1 and CCA1 HIKING 
EXPEDITION CHE
its co-regulator HY5 binds to the promoters of CCA1, LHY, TOC1,
ELF3 and GI -

CCA1) together with HY5 will be 
an intriguing question for future studies.

Another mechanism of gating the light input to the circadian 
clock, called the external coincidence model, has been proposed 

CONSTANS (CO) plays a cen-

et al., 1995; Robson et al., 2001). CO encodes a nuclear protein 

regulators such as FLOWERING LOCUS T FT) in the light. The 
mRNA level of CO is tightly controlled by the circadian clock and 
shows a striking temporal pattern of expression. Under LDs CO
mRNA peaks before dusk and stays high until the following dawn, 

CO mRNA peaks during the night 
CO

mRNA expression coincides with the exposure of plants to light, 
photoreceptors enhance the level and activity of the CO protein 

FT
transcription. Genetic experiments demonstrate that photorecep-

-

et al., 2001; Yanovsky and Kay, 2002; Cerdan and Chory, 2003; 

coincidence between CO
stability could be regulated post-transcriptionally by photorecep-

On the other hand, several clock-related genes are involved in 
phytochrome signaling. For example, GIGANTEA GI) encodes a 

-
dian rhythms, and seedling photomorphogenesis under continu-

Park et al., 1999; Huq et al., 2000; Tseng et al., 2004; Mizoguchi 

-

part of the central clock oscillator and to act as a link between 

1996; McWatters et al., 2000; Covington et al., 2001; Hicks et 
al., 2001; Liu et al., 2001; Thines and Harmon, 2010). Like phyB
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mutants, both gi and elf3 mutants display elongated hypocotyls in 

However, the gi
phyB and elf3 mutants, 

-

PHOSPHORYLATION/DEPHOSPHORYLATION AND
DEGRADATION OF PHYTOCHROMES

Phosphorylation and Dephosphorylation of Phytochromes

-
cause they could be readily labeled with 32P isotope in vivo
et al., 1986; Biermann et al., 1994). The phosphorylation sites of 
oat phyA have been investigated since the 1980s. There are two 

in vivo phosphorylation sites 

1997, 1999). Ser8 is constitutively phosphorylated in both the Pr 
and Pfr forms, whereas Ser599 phosphorylation is light depen-
dent and is preferentially phosphorylated in the Pfr form in vivo

The observation that phytochromes are phosphoproteins 

responsible for phosphorylating and dephosphorylating phy-
tochromes. However, despite the extensive investigations of 
phytochrome-interacting proteins, there is no report thus far of a 

-
lated by phyA itself in vitro
two serines to alanines effectively abolished autophosphorylation 
of oat phyA in vitro -
phorylation site of oat phyA, Ser599, is not autophosphorylated 

be a major interest for future studies.
-

ated kinase, there are several studies reporting the discovery of 
protein phosphatases that could dephosphorylate phytochromes. 
A phytochrome-associated protein phosphatase 2A, designated 
FyPP, was shown to interact with and dephosphorylate phyA 

-
expressed or suppressed FyPP levels exhibited delayed or ac-

2005). PAPP5 interacts with both phyA and phyB, and dephos-
phorylates all three phosphor-serine residues of oat phyA in a Pfr-

the protein stability of phytochrome and the interaction of phyto-

interact with both phyA and phyB and effectively dephosphorylate 
phytochromes in vitro

What are the in vivo functional roles of phytochrome phos-
phorylation and dephosphorylation? Recent studies suggest two 
possible roles: controlling phytochrome stability, and regulating 
interactions of phytochromes with downstream signal transduc-

proteins, and it has been well-documented that substitution of 
these serines to alanines, or deletion of this 20-aa region, re-
sults in an increased biological activity of phyA, suggesting that 
these serine residues are involved in desensitization of phyA 

Casal et al., 2002; Han et al., 2010). Recently it was shown that 
the increased activity of mutated phyA proteins is related to the 

-
trols phyA stability.

However, phosphorylation of another serine residue, Ser599 
in the hinge region of oat phyA, does not affect phytochrome 

-
phorylation of Ser599 prevents the interaction of phyA with its 

phosphorylation of Ser599 serves as a signal modulating switch 
affecting protein-protein interactions between phytochrome and 

autophosphorylation and phosphorylation of its substrate PKS1 
-

gesting that Ser599 plays an important role in the regulation of 
phytochrome kinase activity as well.

in vivo phosphorylated form 

that phosphorylated phyA preferentially associates with COP1/
SPA1 complex for degradation, whereas unphosphorylated 
phyA predominantly associates with phyA signaling interme-

COP1 associates with unphosphorylated phyA in the absence 
of FHY1 or FHY3, suggesting that phyA associations with FHY1 
and FHY3 protect unphosphorylated phyA from being recog-

these data suggest that light-induced phyA phosphorylation in 
vivo acts as a switch controlling differential interactions of the 
photoreceptor with signal propagation or attenuation machin-
eries. However, how many phosphorylation sites contribute to 
produce this phosphorylated form of Arabidopsis phyA protein 
needs to be further characterized.

Degradation of Phytochromes

As mentioned above, phyA is a light labile phytochrome. phyA 
is most abundant in etiolated seedlings, but its level drops up 
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Sharrock and Clack, 2002). The proteolysis of phyA following 
photoconversion from Pr to Pfr is rapid, as the Pr form has a 
half-life of approximately 1 week, whereas the Pfr form has a 

-
served more than two decades ago that phyA is ubiquitinated in 
vivo, and is degraded by the ubiquitin/26S proteasome pathway 

-
erstra, 1997).

ubiquitinate phyA in vitro
colocalize in the nuclear bodies, and the two proteins physically 
interact with each other mediated by the PRD domain of phyA 
and the WD40 domain of COP1. Consistently, the degradation 
rate of phyA is decreased in cop1

-
naling repressors, SPA proteins, contribute to COP1-mediated 
degradation of phyA, and that a COP1/SPA1 protein complex 

al., 2008). Consistent with the notion that phyA phosphoryla-
tion status controls its protein stability, the phosphorylated phyA 
form was suggested to be a preferred target for COP1-mediated 

Moreover, it is notable that light-induced phyA degradation 
still occurs in the null cop1-5 allele, suggesting the presence of 

2008). Consistent with this assumption, it was observed long 
ago that a R light pulse promotes the rapid formation of phyA-
containing cytosolic spots, referred to as sequestered areas of 

-
port of phyA and is thought to be the place of phyA ubiquitination 

2007). The cytosolic degradation of phyA is also supported by the 
recent reports that phyA is still degraded in the fhy1 fhl double 
mutants, in which phyA is maintained in the cytosol, although at 

Debrieux and Fankhauser, 2010).

are described as “light stable”, they are slowly degraded upon 

report showed that phyB is stable in darkness, but in R, a frac-
tion of phyB translocates into the nucleus and becomes degrad-

which preferentially interacts with the N-terminal region of phyB. 
in vitro can be en-

-
action. Consistent with these results, nuclear phyB accumulates 
to higher levels in pif and cop1 mutants. Moreover, COP1 was 

in vitro
-

chromes in Arabidopsis.

CYTOPLASMIC EVENTS OF PHYTOCHROME SIGNALING

Besides nuclear signaling events, phytochrome signaling likely 
entails cytoplasmic events based on the following reasons. First-
ly, as mentioned above, the nuclear import of some phytochrome 

obviously could not explain some rapid phytochrome responses 
which occur within minutes of light irradiation, such as the change 

phytochromes interact with a number of cytoplasmic proteins, 

-
plasmic proteins as signaling intermediates, such as PAT1 and 

The fastest phytochrome response described so far is the cy-
toplasmic streaming of Vallisneria gigantea, which can be locally 
stimulated with pulsed R light and becomes measurable within 

et al., 2003). As FHY1/FHL are indispensible for phyA nuclear 

fhy1 fhl double mutant 

include the R-enhanced phototropism, abrogation of gravitrop-

-
sponses of phyA occur in B light, which might be explained in 
part by a recent observation that phyA coordinates the localiza-

Previous microinjection and pharmacological studies sug-
gested the involvement of G proteins, cGMP and Ca2+/calmodulin

GPA1 gene) of the heterotrimeric G protein under the control of a 
glucocorticoid-inducible promoter exhibited a light-dependent hy-
persensitive response as a result of reduced hypocotyl cell elon-

-
ed that loss-of-function gpa1 mutants display partial de-etiolation 
in the dark, with short hypocotyls and open apical hooks typical 

-
cotyl of gpa1 seedlings was reportedly due to a defect in cell divi-

discrepancies regarding GPA1 function in photomorphogenesis, 

G protein employing multiple alleles of gpa1 and agb1

addition, there is no apparent alteration in R or FR sensitivity in 
transgenic plants overexpressing GPA1 or AGB1. The observed 
shorter hypocotyls and partially open cotyledons of gpa1 and 
agb1 mutants grown in the dark are mainly caused by a defect in 

Genetic studies have also provided supporting evidence for 
the involvement of Ca2+ in phytochrome signaling. The sub1 mu-
tant exhibits hypersensitive responses to both FR and B light 

SUB1 gene was found to encode a Ca2+-
binding protein. Genetic interaction studies suggest that SUB1 is 
a component of cryptochrome signaling pathway and is a modu-
lator of phyA signaling pathway. Further, SUB1 negatively regu-
lates HY5, a photomorphogenesis-promoting transcription factor 
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FUTURE ISSUES

-
ing the signaling mechanisms of plant phytochromes. However, 
several important questions about phytochromes still remain to 
be answered:
1. We still do not understand the earliest signaling events fol-

lowing photo-activation. Which activities of phytochromes are 

2.

the biological role of this kinase activity in inducing light re-
sponses?

3.

4. How are nuclear bodies formed? What are their precise func-
tions in phytochrome signaling?

5. Are phytochromes associated with the target gene promoters 
to directly regulate their gene expression?

6. How do phytochromes inactivate the COP1/SPA protein deg-
radation machinery upon photo-activation?

7. -
-

phorylating phytochromes?
8. How are phytochromes degraded in the nucleus and in the 

cytosol?
Further investigation and ultimate elucidation of these ques-

tions and others will undoubtedly shed more light on phytochrome 
signaling mechanisms and photomorphogenesis in general.
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