Phototropism
Directional plant growth that is
determined by the direction of
the light source.

Gravitropism
A growth movement in
response to gravity.
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REVIEWS

Light-regulated transcriptional
networks in higher plants

light-regulated transcriptional networks.

Light is one of the most important environmental factors
for plants, as it provides the source of energy for plant
life. It is therefore not surprising that plants have adopted
the ability to sense multiple parameters of ambient
light signals, including light quantity (fluence), quality
(wavelength), direction and duration. Light signals
are perceived through at least four distinct families of
photoreceptors, which include phytochromes, crypto-
chromes, phototropins and unidentified ultraviolet B
(UVB) photoreceptor(s) (BOX 1). Plant responses to
light occur in the context of multiple developmental
processes, including seed germination, seedling photo-
morphogenesis, phototropism, gravitropism, chloroplast
movement, shade avoidance, circadian rhythms and
flower induction (BOX 2).

Transcriptional regulatory networks have a key role
in mediating light signalling through the coordinated
activation and repression of specific downstream genes.
Therefore, there is considerable interest in elucidating
the hierarchy of networks that are formed by tran-
scription factors, and in identifying the key regulatory
elements in different light-responsive developmental
processes. For each developmental response, more than
one photoreceptor can contribute to the perception of
light signals, indicating that signal integration points for
different light signals must exist in transcriptional hier-
archies. Added to this complexity are organ-specific and
developmental stage-specific responses to light, which
represent a multitude of variations among light-responsive
transcriptional networks. Furthermore, light and
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Abstract | Plants have evolved complex and sophisticated transcriptional networks that
mediate developmental changes in response to light. These light-regulated processes
include seedling photomorphogenesis, seed germination and the shade-avoidance and
photoperiod responses. Understanding the components and hierarchical structure of
the transcriptional networks that are activated during these processes has long been

of great interest to plant scientists. Traditional genetic and molecular approaches have
proved powerful in identifying key regulatory factors and their positions within these
networks. Recent genomic studies have further revealed that light induces massive
reprogramming of the plant transcriptome, and that the early light-responsive genes are
enriched in transcription factors. These combined approaches provide new insights into

other environmental stimuli often work together to
trigger specific developmental responses, indicating the
existence of integration points between these different
signalling networks.

Extensive progress has been made in recent years
towards characterizing the organization of light-regulated
transcriptional networks in the model plant Arabidopsis
thaliana; in particular, in characterizing the networks
that regulate seedling photomorphogenesis. Classical
genetic and molecular approaches have identified various
regulators downstream of photoreceptors'. Many of these
encode transcription factors, as well as kinases, phos-
phatases and degradation-pathway proteins. Although
some of these regulators are specific for light quality,
others regulate signal transduction networks in response
to various light signals, representing potential signal inte-
gration points. Furthermore, recent genomic analysis has
started to address how light influences transcription at
the genomic scale. Light induces massive reprogramming
of the plant transcriptome. For example, we now know
that a significant portion of the genome, at least 20% in
both A. thaliana and rice, shows differential expression
between seedlings that are under photomorphogenesis
and those that are under skotomorphogenesis**. Light
effects are so profound that most of the major biochemi-
cal pathways that are located within the main subcellular
organelles are coordinately regulated by light**.

Here we review the current understanding of light-
regulated transcriptional networks, derived mainly from
research in A. thaliana. We first provide a brief overview
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Box 1| Light signals and photoreceptors
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To monitor the light environment, plants have evolved a series of photoreceptors. Cryptochromes and phototropins
perceive blue and ultraviolet A (UVA) wavelengths. Phytochromes predominately absorb the far-red and red
wavelengths, and an unidentified photoreceptor, or photoreceptors, absorbs UVB.

In higher plants, phytochromes form a small family, which further evolved independently in dicots'*®. There are five
phytochromes (PHYA to PHYE) in Arabidopsis thaliana. PHYA is a type | phytochrome, which is most abundant in the
dark and degrades rapidly after light exposure. All other phytochromes are relatively stable in the light and are
classified as type Il (REF. 139). The phytochromes are dimeric chromoproteins. Each polypeptide consists of an
N-terminal photosensory domain that covalently binds a single bilin chromophore (P®B), followed by a C-terminal
domain that contains several motifs and functions in dimerization, light-dependent nuclear localization and, possibly,

regulation of signalling'*.

There are two well-characterized cryptochromes in A. thaliana®, CRY1 and CRY2, and a more divergent CRY3
(REFS 7,141). CRY1 and CRY2 have an N-terminal photolysase-related (PHR) domain (CNT) and a less-conserved,
intrinsically unstructured C-terminal DAS domain (CCT), which is not present in CRY3 (REFS 141,142). The PHR domain
non-covalently binds to two chromophores, a flavin adenine dinucleotide (FAD), and a pterin. CCT mediates a constitutive
light response through direct interaction with CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) (REFS 143-145).
Phototropins are plant-specific blue light receptors, which 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

The part of a molecule that
absorbs specific wavelengths
of light and is responsible for
its colour.

chromophore-binding LOV domains (LOV1 and LOV2).

of the basic principles of light-responsive signal trans-
duction. We then focus our discussion on four important
light-regulated developmental processes — seedling
photomorphogenesis, seed germination, shade avoid-
ance and the photoperiod response — and highlight
emerging insights regarding the integration of infor-
mation that is provided by different light qualities, the
generation of organ-specific responses and the interac-
tion of light-responsive transcriptional networks with
inputs from other environmental stimuli.

Photoreceptor regulation and activity
As photosensory switches, photoreceptors are tightly
controlled by light in multiple ways. Photoreceptor genes
are largely ubiquitously expressed, and the regulation of
their functions is mainly at the post-translational level.
Light can modulate photoreceptor activity by
inducing changes that alter their cellular localization.
Phytochromes are synthesized in the inactive Pr form,
and are activated on light absorption by conversion to
the biologically active Pfr form®. The photoconversion
of phytochromes results in their translocation from
the cytoplasm into the nucleus, which is crucial for
allowing them to interact with transducers in initiat-
ing downstream transcriptional cascades’. In terms of
the cryptochromes, A. thaliana CRY2 is constitutively

nuclear-localized whereas CRY1 is nuclear in the dark
but largely cytoplasmic under light®. Nuclear-localized
cryptochromes closely interact with the chromatin®.
On the other hand, CRY3 has a dual targeting signal
that mediates its transport to chloroplasts and mito-
chondria, suggesting a potential role in regulating
transcription in organelles’. Both of the A. thaliana
phototropins, PHOT1 and PHOT?2, are largely associ-
ated with the plasma membrane, although following
activation by light, a fraction of PHOT] is released
to the cytoplasm'. The contribution of phototropins
on transcriptional regulation, however, is relatively
small, and only a limited number of genes are under
their control.

Photoreceptors are also subject to phosphorylation
control. For example, the phosphorylation of PHYA
modulates photoresponses in several ways: through
controlling the subcellular localization of PHYA, its
stability and its affinity towards downstream signal
transducers®’. In several cases, signal transduction in
response to light is thought to involve kinase activity of
the photoreceptors themselves — for example, in the case
of the phytochromes™. It has been proposed that phyto-
chromes have intrinsic kinase activity, with the Pfr form
being more active''. Controversially, however, in vivo
studies have indicated that the proposed C-terminal
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Box 2 | Light-regulated plant development
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Light controls growth and development throughout the plant life cycle. In unfavourable enV|r0nmental conditions, an
intact and healthy seed remains dormant in a dry state'*’. In Aradopsis thaliana, seed dormancy is terminated by
environmental signals such as light, temperature, nutrient availability and duration of storage in the dried state'*’.
Low-fluence red light induces germination, which can be inhibited by subsequent far-red light treatment®. The
phytochrome PHYB is the photoreceptor largely responsible for red:far-red reversible control of seed germination with
the help of the phytochromes PHYA and PHYE.

After germination, seedlings follow one of two developmental patterns. Skotomorphogenesis (or etiolation) in the
dark is characterized by long hypocotyls, closed cotyledons protected by apical hooks in A. thaliana, and the
development of proplastids into etioplasts. By contrast, growth in the light results in photomorphogenesis (or
de-etiolation) characterized by short hypocotyls, expanded open cotyledons and the development of mature green
chloroplasts that can photosynthesize. A wide spectrum of light, in particular far-red, red, blue and ultraviolet (UV) light
conditions, induces photomorphogenesis. PHYA is the primary photoreceptor under far-red light in A. thaliana, whereas
PHYB has a major role under white or red light with the aid of PHYA, PHYC and PHYD. Rice PHYA and PHYB equally
contribute to seedling photomorphogenesis under red light and both rice PHYA and PHYC are involved in far-red light
responses’®. Both CRY1 and CRY2 cryptochromes are responsible for photomorphogenesis under blue and UVA light.

When plants grow in close proximity there is competition for light. Higher plants have evolved an impressive capacity
to avoid shade. A plant canopy is associated with a reduction in the ratio of red:far-red light. Changes in the red:far-red
ratio are detected as a change in the relative proportions of Pr and Pfr forms of phytochromes and PHYB has the most
significant role®.

The perception of photoperiod (or day length) is crucial for plants to adjust their development to fit into annual
seasonal changes. The interaction of light signals with intrinsic circadian rhythms measures changes in day length. In
A. thaliana, both phytochromes and cryptochromes contribute to synchronizing the circadian clock. The perception of
day length is an important signal in the control of flowering.

Several other transient developmental processes, including phototropism, chloroplast movement and stomatal
opening, are under light control mainly through phototropins!*. These rapid light-responsive processes are not under

Proplastid

Precursors of plastids, which
are plant organelles that
include chloroplasts.

Etioplast
An immature chloroplast that

has not been exposed to light.

extensive transcriptional regulation, and are therefore beyond the scope of this Review.

kinase-related domain of PHYB is dispensable for signal-
ling'. In A. thaliana, the autophosphorylation of CRY1
and CRY2 is also important for their functions®. Ithas been
suggested that light activation of the N terminus of CRY1
(CNT) induces a conformational change in its C terminus
(CCT) (BOX 1), allowing its autophosphorylation and

dimerization, and possible interactions with downstream
partner proteins'®. Phototropins also have well-established
kinase activity. The blue-light-triggered autophosphor-
ylation of these receptors initiates the transduction of the
light signal'*", involving several downstream signalling
pathways'.
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Ubiquitin E3 ligase

Enzymes that covalently attach
ubiquitin to a lysine residue on
a target protein.

26S proteasome

A large, ATP-dependent,
multicatalytic protease, which
degrades ubiquitylated
proteins to short peptides.

The activation of photoreceptors, mainly phyto-
chromes and cryptochromes, can significantly affect
transcription through signal transduction pathways and,
in a few cases, by direct effects on transcription factors.

Regulation of transcription factors by light
Light-responsive transcription factors have been iden-
tified through screens for light-responsive cis-element
(LRE)-binding proteins and through genetic analyses of
mutants that are deficient in their response to specific
types of light. Some of these transcription factors are
regulated by just one type of light, whereas many more
respond to a wide spectrum of light. Transcriptional
regulation, post-translational modification and degra-
dation of these transcription factors are all important in
the light-regulated control of development.

Both positive and negative transcriptional regulation
of transcription factors by light has been documented.
For example, the transcription of COMMON PLANT
REGULATORY FACTORS 1 (CPRF1) from parsley is
rapidly induced by light'® (FIG. 1a). CPRF1 has the ability
to bind to G-box, a well-defined LRE". However, CPRF1
levels increase only transiently after light treatment, and
transcription might be blocked by the binding of CPRF1
to its own promoter"”. Such a ‘gas-and-brake’ mechanism
is widely seen in light-regulated networks, as discussed
later. It is worth noting that downstream targets of CPRF1
and other CPRFs are still unknown owing to the arduous
nature of carrying out genetic studies in parsley.

Several basic post-translational mechanisms are
involved in regulating transcription factor activities in
response to light. The phosphorylation of transcription
factors is a common modification that can influence
their ability to bind to promoters (FIG. 1b). For example,
the level of G-BOX BINDING FACTOR 1 (GBF1) is
constant but its affinity for the G-box is modulated by its
phosphorylation status: its phosphorylation by nuclear
CASEIN KINASE II (CKII) enables G-box binding'®".
Light might also regulate the subcellular localization of
transcription factors through phosphorylation® (FIC. 1¢).
For example, CPRF2 from parsley is localized in the
cytosol in the dark and treatment with light causes an
import in the nucleus®; light-dependent in vivo phos-
phorylation of CPRF2 is probably the key event that
triggers its nuclear import®.

Finally, recent advances have demonstrated the
importance of ubiquitin-mediated proteolysis in
light signalling®. Suppression of photomorphogen-
esis in dark-grown seedlings requires the repressor
CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1),
a RING-finger type ubiquitin E3 ligase?*. In the dark, some
transcription factors that positively regulate gene expres-
sion in response to light, such as LONG AFTER FAR-
RED LIGHT 1 (LAF1), are ubiquitylated by COP1 under
far-red light for subsequent degradation by the 265
proteasome, with the help of the PHYTOCHROME A
SUPRESSOR 1 (SPA1) protein® (FIC. 1d). Light inhibits
its E3 ligase activity in part by excluding COP1 from the
nucleus®. In many cases, light affects multiple steps in
the regulation of a transcription factor, thereby achieving
extensive flexibility and precision. For example, the

multi-facet regulation of two transcription factors,
ELONGATED HYPOCOTYL 5 (HY5), a positive
regulator, and PHYTOCHROME INTERACTING
FACTOR 3 (PIF3), a negative regulator for seedling pho-
tomorphogenesis, has been well defined and is illustrated
in FIC. 1ef.

Adding a further level of complexity to the regu-
lation of transcription in response to light, certain
light-regulated transcription factor families tend to
form dimers, such as bHLH (basic helix-loop-helix)
and bZIP (basic leucine zipper) families’*. Various
degrees of homodimerization and heterodimerization
suggest that these transcription factor families have the
potential to participate in multiple sets of combinato-
rial interactions, endowing them with the capacity to
function in the regulation of several transcriptional
programmes®**', It is reasonable to suspect that such
interactions are involved in integrating signals from dif-
ferent light signalling branches and from light and other
factors, such as temperature. In addition, interactions
between different families further extend the complexity
of regulation®*.

LREs in transcriptional regulation

LREs, which commonly occur in light-regulated pro-
moters, are essential for light-controlled transcriptional
activity***. A combination of various methods has been
used to identify these LREs. Traditional deletion and
mutagenesis analysis of promoters of known light-
responsive genes has been used to pinpoint LREs, and
footprinting and gel-retardation assays have been used
to screen for binding motifs of known light-responsive
transcription factors®. Recently developed computa-
tional approaches use genome-scale expression data
from microarray studies to look at enriched sequence ele-
ments among promoters of co-expressed or differentially
expressed genes®.

A range of LREs have been documented in different
promoters, many of which positively or negatively medi-
ate gene expression in response to light. Although many
LREs and their binding proteins have been identified, no
single element is found in all light-regulated promoters,
suggesting a complex light-regulation network and a lack
of a universal switch. It has been suggested that combi-
nations of LREs, rather than individual elements, could
confer proper light-responsiveness to a light-insensitive
basal promoter. Most information relating to LREs has
been derived from studies on photomorphogenesis,
which are discussed in detail in the next section.

Seedling photomorphogenesis networks

The process of seedling photomorphogenesis, during
which plants undergo profound developmental changes,
is one of the most extensively studied light-regulated
responses (BOX 2). Extensive forward genetic studies have
identified many key factors in the signalling network.
In addition, large-scale gene-expression analyses have
expanded our understanding of photomorphogenesis to
the genomic scale. A picture is emerging in which sig-
nals from different photoreceptors are highly integrated,
but at the same time light-regulated networks are able

220 | MARCH 2007 [ VOLUME 8

© 2007 Nature Publishing Group

www.nature.com/reviews/genetics



REVIEWS

a ih e
Light Light Cytoplasm

NN NN {

N N EANVNYN

Photomorphogenesis genes

HY5

50

— NN/

Photomorphogenesis genes

N2 N/N/ON

Photomorphogenesis genes ® .
ool < ;
N NTN/N :

Photomorphogenesis genes @ Q@ Dark

¢ \Red light
@ 7—» @@ Cytoplasm f
@»

Nucleus

€ -{{’)-

Photomorphogenesis genes

Cytoplasm

Nucleus

Cytoplasm

d Far-red
light

©NENTNTN

Skotomorphogenesis genes

—
.....‘.___) @go

Figure 1| General mechanisms of transcription factor regulation by light. a | Transcription of the G-box-binding
transcription factor COMMON PLANT REGULATORY FACTORS 1 (CPRF1) is induced by light. CPRF1 represses its
own transcription, resulting in the tight control of its expression. b | Unphosphorylated G-BOX BINDING FACTOR 1
(GBF1) lacks affinity for its target genes. Phosphorylation by CASEIN KINASE Il (CKII) allows GBF1 to bind to
promoters that contain G-boxes. ¢ | Red light induces phosphorylation and nuclear translocation of the
G-box-binding transcription factor CPRF2. d | LONG AFTER FAR-RED LIGHT 1 (LAF1) is a positive regulator of

gene expression downstream of far-red light, and is ubiquitylated by COP1-SPA1 (CONSTITUTIVE
PHOTOMORPHOGENIC 1- PHYTOCHROME A SUPRESSOR 1) in the dark, which leads to its degradation?. Light
negatively regulates the nuclear level of COP1 and thereby allows the accumulation of LAF1 (REF. 26). e | Some
transcription factors are regulated by light in many ways. The level of ELONGATED HYPOCOTYL 5 (HY5) is regulated
at the transcriptional level by light™. In addition, the nuclear level of COP1 regulates HY5 by targeted ubiquitin-
mediated proteolysis?'*°. HY5 is also preferentially phosphorylated within its COP1 binding domain in the dark’.
Unphosphorylated HY5 interacts more strongly with COP1, is the preferred substrate for degradation and has higher
binding affinity for target promoters’. f | PHYTOCHROME INTERACTING FACTOR 3 (PIF3) induces the expression of
skotomorphogenesis genes, thereby acting as a negative regulator of photomorphogenesis. Red light induces the
nuclear import of the Pfr form of phytochromes, allowing them to interact with PIF3. Subsequent rapid
phosphorylation of PIF3 renders it unstable under light'°, as phosphorylated PIF3 is ubiquitylated and degraded®.
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Hypocotyl

The part of the stem of a young
seedling that is situated
underneath the cotyledon (the
seed leaves) and above the
root.

Apical zone

The apical part of a seedling
that includes the apical hook
and the cotyledon.

Hook opening

The unbending of the apical
hook during seedling
photomorphogenesis.

to direct organ-specific responses. Transcription fac-
tors seem to be key players in these networks and the
molecular mechanisms of their light-mediated control
are starting to be revealed.

Light-responsive transcription factors. An important
finding from microarray analysis is the enrichment
of transcription factors in light-responsive genes dur-
ing photomorphogenesis, especially shortly after light
exposure when light-stimulated photomorphogenesis is
barely observable>*”*, For example, among functionally
classifiable early light-responsive genes within 1 hour of
far-red or red light exposure, 44% (for far-red light) and
25% (for red light) encode transcription factors. Given
that A. thaliana uses 5-6% of its genome to encode
transcription factors®, this enrichment is significant.
A similar time-course study identified 64 early respon-
sive transcription factors that respond to blue light”.
The rapid responsiveness of these transcription fac-
tors indicates that they might be integral components
of a primary light-regulated transcriptional network.
Besides gene activation, microarray data suggest the
existence of at least one other pathway, which is initi-
ated by the early repression of transcriptional cascades,
as revealed by the fact that the expression of a large
number of transcription factors is rapidly repressed
by light>*"3.

Interestingly, PHYA dominates in regulating the
transcription of early responding genes under both
far-red light and red light>*’, although PHYB instead
of PHYA is described as the main red light receptor in
the literature’. One explanation to this is that, although
PHYB dominates the long-term red light suppression
of hypocotyl cell elongation, PHYA and other phy-
tochromes have a significant role in the apical-zone

responses of hook opening, cotyledon expansion and
chloroplast biogenesis*. Considering that the less vacu-
olated apical hook and cotyledon cells are probably the
predominant mRNA source rather than the hypocotyl
cells, which are large in size but vacuolated, the
observed expression patterns probably reflect the light-
induced responses of the apical hook and cotyledons,
rather than the hypocotyls*.

Light-quality-specific signalling. Several transcrip-
tion factors, which include both positive and negative
regulators, have been genetically identified as acting
downstream of specific photoreceptors or sets of photo-
receptors in photomorphogenesis. Although some
transcription factors predominantly respond to one type
of light, others respond to two or more.

Genetic and genomic analyses suggest the existence
of several signalling pathways downstream of PHYA in
photomorphogenesis*"* (FIG. 2). FAR-RED IMPAIRED
RESPONSE 1 (FAR1) and FAR-RED ELONGATED
HYPOCOTYL 3 (FHY3) are both novel transposon-
derived putative transcription factors, which interact
with each other and are specific to far-red light**-*,
whereas LAF]I is a transcription factor that is homolo-
gous to the R2R3-MYB family of DNA-binding
proteins®*. Loss-of-function mutants of farI, fhy3 or
lafl show developmental defects in PHYA-mediated
seedling photomorphogenesis in response to far-red
light, whereas they show no obvious phenotype under
other light qualities**~*. A similar light-hyposensitive
phenotype was found, under both far-red and blue light
conditions**,in mutants of the LONG HYPOCOTYL IN
FAR-RED (HFRI) gene (which encodes a putative bHLH
transcription factor**>*°), implying its role in both
PHYA and cryptochrome signalling. FHY3 and FARI

M?

UVA light
CRY2

YB
Red light >
e 3 HYH
PHYCDE /
Blue and > @ %

Photomorphogenesis

Figure 2 | Transcriptional networks for seedling photomorphogenesis. A simplified overview of the network

involved in this process in shown. Key regulators of this light-regulated transcriptional network have been identified
in Arabidopsis thaliana, and suggest the existence of separate intermediate networks that are dedicated to each
photoreceptor group. A group of PIF transcription factors interact directly with phytochromes and function mainly as
repressors of photomorphogenesis. Key transcription factors, such as HY5, serve as signal integration points of major
branches downstream of all photoreceptors. The COP/DET/FUS class of factors act as light-inactivatible repressors of
photomorphogenesis. Bold lines indicate the convergence pathway.
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Chromatin
immunoprecipitation

A technique that is used to
determine whether a
particular protein, for
example, a transcription
factor, can bind to a specific
region on a chromatin in vivo.

most likely act more upstream in the network, close to
PHYA*, whereas HFR1 probably acts further down-
stream as microarray studies found that HFR1 controls
the expression of a smaller subset of genes*"*"*2. HY5,
a bZIP transcription factor, might represent another
branch under FHY3/FARI, although its function is not
limited to far-red light* (FIC. 2).

Two Dof family transcription factors, COGWHEEL 1
(COGI; also known as RPP1) and OBF4 BINDING
PROTEIN 3 (OBP3), are involved in red light signal-
ling. COG1 is a negative regulator under both red and
far-red light>’, whereas OBP3 acts as a positive regulator
for the inhibition of hypocotyl elongation and a negative
regulator for cotyledon expansion in both PHYB and
CRY1 signalling pathways®. Another two G-box
and Z-box-binding transcription factors are also involved
in light signalling. In A. thaliana MYC2, a bHLH tran-
scription factor, functions as a repressor of blue and
far-red light-mediated seedling de-etiolation®, whereas
GBF1, abZIP transcription factor, functions as a repressor
for blue-light-mediated inhibition of hypocotyl elongation
but a positive regulator for cotyledon expansion®.

A breakthrough concept of phytochrome regulation
of gene expression has come from the identification of
a subfamily of phytochrome-interacting bHLH tran-
scription factors, which have been designated PIFs
(phytochrome interacting factors). These PIFs for the
first time define direct links between photoreceptors
and transcriptional regulation, and selectively inter-
act with the Pfr form of phytochromes®. PIF3, PIF4,
PIF5 (also known as PIL6) and PIF6 (also known as
PIL2) interact mainly with PHYB, whereas PIF1 (also
known as PIL5) can bind to both PHYA and PHYB*-2,
Loss-of-function mutants of pif3, pif4 and pif5 display
shorter hypocotyls under red light®*®-%, similar to the
pifl mutant under far-red light®"®?, implying that PIFs
are mainly negative regulators of phytochrome signal-
ling. However, although highly similar in sequence,
the roles of these PIFs are not completely overlap-
ping. For example, PIF3 differentially affects distinct
branches of PHYB signalling as a positive regulator of
early chloroplast development and of the expression
of nuclear-encoded photosynthetic genes®, whereas
PIF1 inhibits the accumulation of protochlorophyllide,
the immediate precursor of chlorophyll. The excess of
such free protochlorophyllide accumulation can lead
to lethal seedling bleaching on exposure to light®'.
Therefore the stability of PIF proteins is kept under
tight light control. In fact, one of the main functions of
phytochromes is to downregulate PIF proteins, at least
initially, through light-induced degradation'®* (FIG. 1f).
Interestingly, PIF proteins are not completely removed
by light-induced degradation. PIF1 and PIF3 proteins
decline rapidly to a basal steady-state level after initial
light exposure, but re-accumulate in the subsequent dark
period, signifying that they could also function during
diurnal cycles®**.

UVB light (with a wavelength of 280-320 nm) is
another component of sunlight, and is sensed by plants
as both an informational signal and an environmental
stress factor. Arabidopsis thaliana UVB RESISTANCE 8

REVIEWS

(UVRS) is a UVB-specific signalling component that
orchestrates the expression of a range of genes with
vital UVB-protective functions. UVRS8 regulates the
expression of the transcription factor HY5 when
the plant is exposed to UVB®. This protein is located
principally in the nucleus and associates with chromatin
through histones in the HY5 promoter region, provid-
ing a mechanistic basis for its involvement in regulating
transcription®. In addition, COP1, a negative regulator
of the visible light response, is a crucial positive regu-
lator of responses to low levels of UVB, coordinating
both HY5-dependent and HY5-independent pathways
and eventually resulting in UVB tolerance®.

Integration of light-quality-specific signals. Distinct
light qualities, which are mediated through differ-
ent photoreceptors (BOX 1), have similar effects on the
transcriptomes during A. thaliana and rice seedling
photomorphogenesis, consistent with phenotypic
observations®*. It is therefore reasonable to suggest that
one or more integration points exist for light signals.
Accordingly, a few light-induced transcription factors
are identified as key regulators during seedling photo-
morphogenesis. The hy5 mutant, which is deficient for
a bZIP transcription factor, shows a partially etiolated
phenotype in a wide spectrum of light’®”!, suggest-
ing that HY5 acts downstream of all photoreceptors.
HYS5 levels are rapidly regulated both transcriptionally
and post-translationally?’*”* (FIC. 1e). In vitro analysis
showed that HY5 directly binds to the promoters of
several light-inducible genes””*, and a recent chromatin-
immunoprecipitation analysis in combination with a
whole-genome tiling microarray revealed that HY5
binds directly to a large number of genomic sites,
mainly at the promoter regions of annotated genes”. It
seems that HY5 directly mediates both upregulation and
downregulation of gene expression by light. The tran-
scriptional regulation attributable to HY5 is included
largely within genes that are regulated by light and com-
prises ~20% of all light-regulated genes’. Therefore,
HYS5 is likely to be a regulator that is positioned high up
in the hierarchy of transcription factors at a branch of
the transcriptional cascade that is involved in seedling
photomorphogenesis (FIC. 2).

Similarly, CIRCADIAN CLOCK ASSOCIATED 1
(CCA1) and LATE ELONGATED HYPOCOTYL (LHY),
both encoding partially redundant MYB transcription
factors””’®, are among the early induced genes that are
under phytochrome and cryptochrome control dur-
ing seedling photomorphogenesis>”**. CCA1 directly
interacts with the promoters of target genes to trans-
duce light signals”. Importantly, both CCAl and LHY
are components of the plant circadian clock’®”, and
therefore seem to provide a link between light signals
and this endogenous mechanism in the control of gene
expression.

Organ-specific responses. Each organ type exhibits dis-
tinct developmental responses to light (BOX 2), although
they seem to share common photoreceptors'. Not
surprisingly, light-regulated transcriptomes in different
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only cannot effectively respond to far-red light. Promoters with paired light-responsive cis-elements (LREs; those that
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flanking sequences around the G-box core. The combination of the G-box core, the flanking sequence and another
LRE defines transcriptional activities. ¢ | Organ-specific light responses are defined by conserved flanking sequences

around the G-box core.

organs have limited overlaps*®. The transcriptomes of
A. thaliana cotyledons, hypocotyls and roots are all reg-
ulated by light to a similar degree. However the overlaps
among light-regulated genes are small and only less than
1% of all light-regulated genes (~12) were found to be
induced or repressed by light in all three tissues**. Such
organ-specific transcription profiles suggest a spatial
involvement of different signalling cascades in differ-
ent organs and cell types®, with distinctions at several
levels. For instance, although early red-light-responsive
genes are mainly under PHYA control®, suppression
of hypocotyl cell elongation under red light is largely
mediated by PHYB, whereas red-light-imposed cotyle-
don cell expansion and hook unbending are mediated
by other phytochromes®. Furthermore, transcription
factors in several branches at different positions in the
hierarchy, such as PIF3, OBP3 and GBF1, show distinct
organ-specific effects during photomorphogenesis. It
is likely that distinct organs recruit different transcrip-
tional networks, which share some transcription factors
in common.

Targeted mutagenesis studies of 32 representa-
tive phytochrome-induced genes during seedling
photomorphogenesis suggest that 63% (20) of them
have light-dependent morphological phenotypes,
specifically in inhibition of hypocotyls or stimulation
of cotyledon growth®. A small proportion, 22% (7),
have both diagnostic phenotypes. The divergent func-
tions of these immediate downstream genes could
imply the immediate divergence of phytochrome sig-
nalling. For the other 12 genes with mutant lines that
still lack identifiable photomorphogenic phenotypes,
functional redundancy, functional specificity (such as
wavelength and developmental specificity) and a pos-
sible transient role during de-etiolation are possible
explanations®'.

Combinatorial LRE functions. Distinct combinations
of transcription factors that bind at LREs provide one
key regulation point in transcriptional cascades that
are induced in response to different light signals or
within different organs during photomorphogenesis
(FIC. 3). Whereas individual LRE-containing promoters
primarily respond to a specific wavelength of light, no
reported LRE has activity in an organ-specific man-
ner, suggesting that combinatorial functions of distinct
elements are important for light-regulated promoter
activities’*®-%. With synthetic promoter-reporter
constructs containing single or paired LREs, it has
been demonstrated that promoters containing paired
elements can respond to a wide range of strengths in
light signal and a broad spectrum of light®54.

Whereas the well-defined, widely conserved core
LREs are essential for light responses, the conserved
flanking consensus sequences can specify the mode
of regulation (repression versus activation) or organ
specificity. From an analysis of PHYA-regulated genes
in A. thaliana, two distinct sequences flanking a G-box
core were identified, one predominating in PHYA-
inducible promoters and the other in PHYA-repressed
promoters®. Similarly, different flanking sequences
of the G-box core and other LREs were recruited to
convey organ specificity in light regulation®. These
specificity-defining flanking sequences around core
LREs might indicate that different members of the same
family of DNA-binding proteins can mediate induction
and repression with distinct spatial patterns®. Further
mutagenesis studies will be needed to confirm this
suggestion.

Chromatin remodelling. Chromatin modifications
are important for light-regulated gene expression. So
far, none of the identified light-regulated chromatin
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Both PHYTOCHROME INTERACTING FACTOR 1 (PIF1) and SPATULA (SPT) inhibit
germination by regulating the level of active gibberellic acid (GA). They act as
transcriptional repressors of GA biosynthetic genes (GA30x1 and GA30x2), which are
required to convert the GA precursor to its active form. In addition, PIF1 activates the
expression of a GA catabolic gene (GA20x2). Under inductive light conditions (in
which a relatively high red:far-red ratio converts sufficient phytochrome B to the
active, nuclear-localized Pfr form), phytochrome binding triggers the degradation of
PIF1 through ubiquitin-mediated proteolysis, thereby blocking the repression of GA
levels. Similarly, cold treatment represses SPT activity to promote germination.
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The network of fibres found
throughout the inside of a cell
nucleus.

Histone acetyltransferase
A type of enzyme that
acetylates conserved lysine
amino acids on histones by
transferring an acetyl group
from acetyl CoA to lysine to
form e-N-acetyl lysine.

Histone deacetylase

A type of enzyme that removes
an acetyl group from histones,
which usually allows histones
to bind DNA and inhibit gene
transcription.

Gibberellic acid

A phytohormone involved in
promoting stem elongation,
seed germination, mobilization
of food reserves in seeds and
other processes.

Cold stratification

A dormancy-breaking
process of treating seeds with
a period of moist cold, which a
seed must endure before
germination.

modifications is specific to particular light quali-
ties. Instead, these modifications are likely to act as
downstream switches in regulatory networks.

Increased acetylation of H3 and H4 at the pro-
moter of a pea plastocyanin gene is correlated with
its light-induced transcription®, indicating that tran-
scription in response to light can be accompanied by
changes in nucleosome accessibility at the promoter
region. Furthermore, it was found that transcriptional
enhancers associated with the nuclear matrix can trigger
the light-induced acetylation of histones in promoter
regions to activate transcription®. In addition, muta-
tions in two A. thaliana histone acetyltransferases,
HISTONE ACETYLTRANSFERASE OF THE TAFII250
FAMILY (HAF2) and GCN5, repress photomorphogen-
esis under a wide range of light conditions®*, whereas
mutation of the histone deacetylase HD1/HDA19 results
in the opposite effect®. At the molecular level, HAF2
and GCNG5 are required for histone H3 and H4 lysine
acetylation in several light-responsive promoters, with
both overlapping and distinct roles. Histone deacety-
lase HD1 has opposite effects on histones H3 and H4 at
those promoters. These results suggest that acetylation
of specific histone Lys residues, regulated by HAF2,
GCNS5 and HD1, is required for light-regulated gene
expression during photomorphogenesis®”*.

A chromatin-remodelling function has recently been
associated with the DE-ETIOLATED 1 (DET1) protein,

REVIEWS

as loss-of-function mutants for DET1 develop in dark-
ness in the same way as light-grown seedlings®. DET1
encodes a nuclear-localized protein that does not have
any detectable DNA-binding activity®”. Instead, DET1
is part of a protein complex (CDD) with DAMAGED
DNA-BINDING PROTEIN 1 (DDBL1), a protein impli-
cated in chromatin modification, possibly through the
recruitment of histone acetyltransferases®', and COP10,
a ubiquitin-conjugating enzyme variant®>. The CDD
complex might bind to histones directly in modifying
chromatin structure, as tomato DET1 interacts with the
non-acetylated tail of histone H2B (REF. 93). In addition,
the Drosophila melanogaster DET1 homologue associ-
ates with chromatin®. The binding between DET1 and
chromatin can be specific, occurring through promoter
elements and proteins such as the transcription factors
CCAl and HY5 to induce or repress gene transcription®.
DET1 might in part regulate chromatin conformation,
thereby affecting the expression of many genes involved
in photomorphogenesis.

Transcriptional networks during seed germination
Following the identification of two bHLH transcription
factors that repress germination and maintain dor-
mancy, the genetic hierarchies that integrate external
light and temperature signals with endogenous signals
that break seed dormancy have started to be explained
(BOX 2). Seeds produced by a loss-of-function mutant of
PIF] display reduced dormancy and light signals are no
longer needed for germination as they are in wild-type
seeds®>%. Conversely, PIF1-overexpressing lines require
increased exposure to red light for germination, further
confirming that PIF1 is a repressor of germination®’. As
a putative transcription factor, PIF1 negatively regu-
lates endogenous levels of active gibberellic acid (GA) to
maintain dormancy by transcriptionally repressing
GA biosynthesis genes and activating GA degradation
genes directly or indirectly*”. The protein level of PIF1
is tightly controlled by light through its interactions
with PHYB and PHYA, preferentially the Pfr forms®-.
PHYA and PHYB significantly decrease the stability of
PIF1 under light as part of the process of breaking seed
dormancy® (FIC. 4).

The bHLH transcription factor SPATULA (SPT)
has been recently identified as another repressor of
germination®. Loss-of-function spf mutant seeds show
insensitivity to cold stratification, so that their germina-
tion does not need stratification even when freshly har-
vested. On the other hand, spt mutants have only a slight
increase in germination in darkness*, and SPT does not
interact with phytochromes™. So, SPT contributes pre-
dominantly to temperature-controlled seed dormancy.
Similar to PIF1, SPT negatively regulates endogenous
levels of GA by transcriptionally repressing the GA
biosynthesis gene, and possibly by other mechanisms.
A model therefore emerges in which there is a division
of labour between PIF1 and SPT with respect to their
abilities to sense different dormancy-breaking signals,
that is, light and temperature (FIC. 4). It would be inter-
esting to further study how PIF1 and SPT act together
to integrate light and temperature signals.
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Transcriptional networks during shade avoidance
To date, five genes have been identified as primary tar-
gets of phytochromes during shade-avoidance responses
in A. thaliana, ATHB2 (also known as HAT4), ATHB4,
PIF3-LIKE 1 (PIL1), PHY RAPIDLY REGULATED 1
(PARI) and HFRI (REFS 98,99). The transcript levels of
these genes increase within a few minutes of low red:
far-red exposure (the situation under a dense canopy)
(BOX 2). Except for PARI, the function of which is largely
unexplored, all the other genes encode transcription
factors. Both ATHB2 and ATHB4 encode plant-specific
homeodomain-leucine zipper transcription factors'®.
The function of ATHB2 has been well established: this
protein promotes the shade-avoidance response by act-
ing as a repressor of gene expression'®. The expression
of ATHB2 is itself under tight light-regulated transcrip-
tional control (FIC. 5). ATHB2 binds to its own promoter
and represses transcription, forming a negative autoreg-
ulatory loop to efficiently maintain the optimal ATHB2
level'®. Finally, the bHLH protein PIL1 is required for
both the normal shade-avoidance elongation response
and in the plant circadian system'”-1%,

A dynamic balance of positive and negative tran-
scriptional regulation that functions as a gas-and-brake
mechanism during the shade-avoidance response was

Red light

ATHB4
PARI1
PILT

>

Shade avoidance

Figure 5 |Transcr|pt|onal networks involved in the shade-avoidance response. A low
red:far-red light ratio in a canopy is sensed through the phytochromes PHYB, PHYD and
PHYE. The perception of a varying red:far-red ratio is achieved through a change in the
equilibrium of the Pr and Pfr forms of phytochromes, as the absorption spectra of

the two forms partially overlap and neither of the photoconversions can be driven to
completion. A dynamic balance between transcriptional activation and repression
downstream of phytochromes regulates the shade-avoidance response. Phytochrome-
mediated signals rapidly induce the transcription of LONG HYPOCOTYL IN FAR-RED
(HFR1), ATHB2 and other early response transcription factors. HFR1 negatively regulates
the transcription of other transcription factors to ensure that an exaggerated response
does not occur. The shade-avoidance response is further attenuated by the self-
repression feedback of ATHB2. PAR1, PHY RAPIDLY REGULATED 1; PIL1, PIF3-LIKE 1.

recently uncovered. Most genes for which expression
is rapidly induced under low red:far-red conditions are
downregulated after prolonged exposure to this type of
light source with a few exceptions, including HFRI (REF 99).
Furthermore, the decrease in the expression of many
shade-avoidance-related genes that is provoked by pro-
longed low red:far-red exposure is essentially abolished
in hfrl mutants. Therefore, HFR1 negatively regulates
other targets to attenuate the shade-avoidance response®
(FIG. 5). This negative regulatory mechanism is central to
the attenuation of virtually all plant responses to canopy
shade®. Such a negative controller of the shade-avoidance
response ensures that an exaggerated reaction does
not occur when the plant is unsuccessful in escaping
canopy shade.

Networks involved in the photoperiod response
Circadian rhythms are driven by endogenous biological
clocks that confer a 24-hour rhythm on many biochemi-
cal and physiological processes and seasonal rhythms,
such as flowering (BOX 2). In higher plants, as in animals
and fungi, endogenous biological clocks are based on
simple autoregulatory negative-feedback loops, which
are synchronized by entraining stimuli, in particular
light and temperature (FIC. 6). A few recent studies have
significantly extended earlier models by integrating all
known clock components into a functional molecular
circuit'®%, The A. thaliana central loop comprises two
morning-expressing MYB transcription factors CCA1
and LHY”®”, and the evening-expressing TIMING OF
CAB EXPRESSION 1 (TOCI; also known as PRRI)'%.
A model has been proposed in which CCA1 and LHY
work redundantly to repress TOCI expression by
directly binding to the evening element of its promoter,
a motif that is over-represented in the promoters of
evening-phased genes''®'"". TOCI closes the loop as an
indirect positive regulator of CCAI and LHY expres-
sion''"!"2, Similarly, EARLY FLOWERING 4 (ELF4),
GIGANTEA (GI) and LUX ARRHYTHMO (LUX; also
known as PCL1) are thought to form feedback loops with
CCA1/LHY"®1M13-118 Ap additional negative-feedback
loop involves CCA1/LHY and three TOC1 paralogues:
PRR5, PRR7 and PRRY. Under steady-state entrained
conditions, these three factors repress the expression of
LHY and CCA1 and their own expression is positively
regulated by LHY and CCAL1 (REFS 119-121).

Multiple light and temperature input points precisely
modulate the circadian clock by acting in environmental
entrainment pathways. Light synchronizes the endog-
enous clock at several points (FIC. 6). Light activates the
transcription of the LHY and CCA1 genes'", and tran-
scripts of TOCI and EFL4, the other arm of the feedback
loops, are also positively regulated by light''>. ELF3, a
PHYB-interacting protein'?, negatively affects light
input on multiple genes in the clock'>'*>!%3, and seems
to gate light signals that originate from both red and blue
photoreceptors'?. In addition, FHY3 specifically gates
phytochrome signalling to the circadian clock'®, and
TOCI interacts with PIF proteins and PILI, as shown
in yeast two-hybrid assays'®, although a recent report
showed that PIF3 has a minor role, if any, in mediating
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Figure 6 | The photoperiod response in Arabidopsis thaliana. The three transcription feedback loops of the circadian
oscillator, which all consist of CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and LATE ELONGATED HYPOCOTYL (LHY),
are shown in the shaded areas. In the first loop, CCA1 and LHY repress TIMING OF CAB EXPRESSION 1 (TOC1) expression
by binding to the evening element (EE) of its promoter, while TOC1 acts as a positive regulator for CCA1 and LHY
expression. Similarly, EARLY FLOWERING 4 (ELF4), GIGANTEA (Gl) and LUX ARRHYTHMO (LUX) form another feedback
loop with CCA1/LHY. By contrast, in the third feedback loop, CCA1 and LHY positively regulate the expression of PRR5,
PRR7 and PRR9, and these three proteins repress the expression of CCA1 and LHY. The grey shaded area in the box
indicates activities that peak in the subjective night, whereas the blue area indicates activities that peak during the
subjective day. Light signals are perceived by phytochromes (PHYs) and cryptochromes (CRYs), and possibly by ZEITLUPE
(ZTL) and LOV KELCH PROTEIN 2 (LKP2). Dashed lines indicate the extrinsic inputs that regulate gene expression.

light input to the clock'”. Finally, two novel proteins
ZEITLUPE (ZTL; also known as ADO1) and LOV
KELCH PROTEIN 2 (LKP2) precisely regulate TOC1
levels through degradation'?*"'%, which is reminiscent of
the roles of COP1 during seedling photomorphogenesis.
ZTLis a key component of an SCF complex that specifi-
cally targets TOC1 for degradation'?*'**!*. Given that the
activity of ZTL shows fluence rate dependency and
the N-terminal LOV domain (BOX 2) of ZTL and LKP2
possesses light-sensing properties, a role for ZTL and
LKP2 in light input has been suggested'?6'".

The circadian clock gates light responses. For exam-
ple, transcription of the CHLOROPHYLL A/B BINDING
PROTEIN (CAB) gene, which encodes a key photosyn-
thetic enzyme, is induced in response to short light
pulses applied during the subjective day. By contrast, only
minimal transcriptional responses are observed when
identical light signals are applied during the subjective
night'*?. In fact, many components of the circadian
clock are also involved in other light-regulated proc-
esses. Through these connecting points, the circadian
clock mediates the photoperiod response by integrating
with developmental pathways. For instance, mutants of
elf3, gi or prr5prr7prr9 show phenotypes that indicate

roles in both in the circadian clock and red-light-specific
seedling photomorphogenesis'?**?#!%, Furthermore, the
circadian clock gates a rapid shade-avoidance response
through PIL1. The shade-avoidance response is stronger
around dusk and requires permissive circadian cues to
be fully triggered'®.

The circadian clock oscillator is also entrained by
temperature cycles'*, and several components of the
oscillator participate in temperature signalling'*>'%
(FIC. 6). The plant circadian rhythm exhibits temperature
compensation that maintains robust periodicity over a
broad range of physiological temperatures. Through
studies of mutants and QTL analyses a few genes have
been identified that have crucial roles in temperature
compensation of rhythmicity. In a null gi mutant, the
circadian rhythms are unaffected at 17°C but are sig-
nificantly abnormal at higher or lower temperatures'*.
Further experiments and simulations suggest that
high temperature affects GI and LHY expression in an
opposing and counterbalanced manner, which would
contribute to temperature compensation'*®. By con-
trast, CCAI has a greater role at low temperature than
LHY but not at a high temperature. Similarly, pr+7 and
prr9 mutations impair responses to thermocycles'. The
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A method that combines
chromatin immunoprecipitation
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identify in vivo targets of a
transcription factor.

temperature sensitivity of light signalling pathways
indicates that light and temperature pathways might be
highly integrated'¥".

Conclusions and perspectives

It has now been well established that light regulates
complex remodelling of the transcriptome during many
developmental processes in plants. Genetic and genomic
studies have identified a growing list of light-controlled
genes, and we now have a general understanding of the
basic framework of light-regulated signalling networks,
in particular photomorphogenesis. However, there are
many gaps in our understanding of the structure and
mechanisms of these transcriptional networks, each of
which control a different developmental response.

Although many transcription factors have been
defined as key factors in the light-regulated transcrip-
tional network, their downstream targets are mostly
unclear. The ChIP-on-chip approach has recently been used
to systematically identify direct targets of HY5, a key
transcription factor in seedling photomorphogenesis™.
The integration of genome-wide expression profiles with
binding data from ChIP-on-chip assays will help in filling
the major gaps in our understanding of the architecture
of these transcriptional regulatory networks.

The level of organ-specific light responses on gene
expression has recently been reported in A. thaliana
and rice***. However, the molecular basis for organ
specificity has barely been explored. A reverse genetic
approach applied to genes that are involved in the early
response to PHYA has shown that many of these genes

have organ-specific effects, which might not be large
enough to be detected in a forward genetic screen®. A
greater understanding of the components involved in
organ specificity will therefore require more detailed
genomic and genetic studies, such as identifying photo-
receptor-regulated early response genes in specific
organs by expression profiling and functional analysis
using reverse genetic approaches.

Special attention has been paid in recent years to
the question of how light responses are integrated with
intrinsic signals (such as those from the circadian clock)
and other environmental signals (such as temperature).
In addition, crosstalk has been shown to exist among
different physiological responses to light, as various key
regulators in the light signalling pathways have several
seemingly discrete physiological roles. The molecular
mechanisms for many of these connections remain to
be understood. It is likely that some proteins, especially
transcription factors, have several roles during different
light-regulated physiological processes. Further genetic
studies of other functions of previously identified factors
should shed light on this issue.

Finally, although we have a good understanding of
how plants distinguish differences in light quality, it is
still unclear how plants distinguish differences in light
quantity, duration and direction. Such regulation could
be at both the photoreceptor level and at the level of
downstream signalling networks. Resolving these ques-
tions requires the identification of key steps in signalling
under specific conditions, through precisely designed
genetic and genome-wide transcriptomic studies.
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