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Abstract

Light signals are fundamental to the growth and development of plants. Red and far-red light are sensed using the
phytochrome family of plant photoreceptors. Individual phytochromes display both unique and overlapping roles
throughout the life cycle of plants, regulating a range of developmental processes from seed germination to the
timing of reproductive development. The evolution of multiple phytochrome photoreceptors has enhanced plant
sensitivity to fluctuating light environments, diversifying phytochrome function, and facilitating conditional cross-
talk with other signalling systems. The isolation of null mutants, deficient in all individual phytochromes, has greatly
advanced understanding of phytochrome functions in the model species, Arabidopsis thaliana. The creation of
mutants null for multiple phytochrome combinations has enabled the dissection of redundant interactions between
family members, revealing novel regulatory roles for this important photoreceptor family. In this review, current

knowledge of phytochrome functions in the light-regulated development of Arabidopsis is summarised.
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Introduction

The importance of light signals in regulating plant growth
has been documented for centuries. Indeed, Darwin himself
provides detailed observations of the developmental pro-
cesses occurring following emergence of a dark-grown
(etiolated) seedling into the light, in a book written with his
son, Francis, ‘The power of movement in plants’ (Darwin and
Darwin, 1880). In this work, the authors record important
roles for light throughout plant development, including leaf
’sleep” movements (epinasty/hyponasty) and the bending of
plant stems towards bright lateral light (phototropism).
Now collectively termed photomorphogenesis, the regula-
tion of plant growth by light signals is known to involve
three main families of information-transducing photorecep-
tors, the red (R) and far-red (FR) light-absorbing phyto-
chromes and the UV-A/blue light-absorbing cryptochromes
and phototropins (Schifer and Nagy, 2006). The phyto-
chrome (phy) family of photoreceptors are reversibly pho-
tochromic biliproteins. These exist as dimers with each
monomer comprising an apoprotein covalently attached to
a light-absorbing linear tetrapyrrole chromophore, phyto-

chromobilin (Lagarias and Rapoport, 1980). Phytochromes
are synthesized in the dark in a biologically inactive R-
absorbing (Pr) form. Biological activity is acquired upon
photoconversion to the far-red light-absorbing (Pfr) form in
a reaction optimized at red wavelengths. Photoconversion
of Pfr back to the biologically inactive Pr form is optimized
at FR wavelengths, resulting in a dynamic photoequilibrium
of Pr and Pfr in natural light conditions. Following
conversion to the Pfr form, phytochromes translocate to
the nucleus (Sakamoto and Nagatani, 1996; Nagatani, 2004;
Kircher et al, 1999, 2002). A primary mechanism of
phytochrome signalling involves physical interaction of the
phytochrome photoreceptor with a subfamily of bHLH
transcription factors, the PHYTOCHROME INTER-
ACTING FACTORS (PIFs) (reviewed in Duek and
Fankhauser, 2005; Monte et al, 2007). The PIFs display
a diverse array of regulatory functions controlling photo-
morphogenesis (Ni et al., 1998, 1999; Huq and Quail, 2002;
Kim ez al, 2003; Huq et al, 2004; Khanna et al, 2004,
2007; Monte et al., 2004; Leivar et al., 2008; Lorrain et al.,
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2008; Shin et al, 2009; Stephenson et al, 2009). The
physical interaction of phytochromes with PIFs leads to the
latter’s phosphorylation, ubiquitination, and degradation
via the 26S proteosome (Bauer et al., 2004; Park et al., 2004,
Shen et al., 2005, 2007; Al-Sady et al., 2006). This elegantly
simple system enables plants to alter gene expression rapidly
in response to fluctuations in the light environment.
Phytochrome interaction with PIFs can conversely lead to
turnover of the phytochrome photoreceptor, providing
a dual mechanism of regulating plant development (Al-Sady
et al., 2008).

Plants contain multiple phytochromes. Three discrete
apoprotein-encoding genes (PHYA-PHYC) are conserved
within angiosperms (Mathews et al, 1995). Additional
phytochromes have been identified in dicotyledonous plants
and are thought to represent the products of more recent
gene duplication events (Mathews et al., 1995; Mathews and
Sharrock, 1997). In the model species Arabidopsis thaliana,
five genes (PHYA-FE) encoding phytochrome apoproteins
have been sequenced and characterized (Sharrock and
Quail, 1989; Clack et al., 1994). The PHYB protein displays
greatest sequence similarity to PHYD (approximately 80%),
and forms an evolutionary distinct subgroup with PHYE
(Goosey et al., 1997). The PHYA protein is most closely
related to PHYC yet the phyA photoreceptor displays
unique properties. In contrast to other phytochromes, phyA
displays rapid lability in the Pfr form and can signal during
rapid photoconversion between Pr and Pfr. Previously
termed ‘type I phytochrome’, phyA is the predominant
phytochrome in etiolated seedlings but is rapidly degraded
to much lower steady-state levels upon transfer to light
(Clough and Vierstra, 1997). In this way, phyA serves
initially as a highly sensitive light ‘antenna’, enabling the
rapid promotion of de-etiolation upon soil emergence. The
highly sensitive, non-reversible functions of phyA in re-
sponse to low quantities of light are termed Very Low
Fluence Responses (VLFRs). The proteolysis of phyA
displays first order reaction kinetics and is therefore greatest
upon transfer to light environments establishing a high
proportion of Pfr (e.g. R). Continuous irradiation of
wavelengths establishing a low percentage of Pfr (e.g. FR)
results in photo-cycling of phyA between the Pr and Pfr
forms and signalling via the High Irradiance Response
(HIR) mode (Hennig et al, 2000). Photoreversible
responses are mediated by ‘type II’ phytochromes display-
ing relative stability in the Pfr form (phyB-E) and are
termed Low Fluence Responses (LFRs). Phytochrome B is
the most abundant phytochrome in light-grown plants
(Sharrock and Clack, 2002).

The identification of null mutants, deficient in each of
the five family members, has enabled the roles of individ-
ual phytochromes to be elucidated in the model species
Arabidopsis thaliana (Table 1). The first phytochrome-
deficient mutants reported in Arabidopsis were a series of
phyB alleles in the Landsberg erecta (La-er) background
(phyB-1 to phyB-8). These were initially identified as ‘hy3’
elongated hypocotyl mutants in white light (W) (Koornneef
et al., 1980). In parallel studies in the Furuya and Quail

laboratories, hy3 seedlings were shown to display severely
reduced levels of PHYB protein, suggesting that the Ay3
phenotype results from a mutation in the PHYB gene
(Nagatani et al., 1991; Somers et al., 1991). This was later
confirmed by the Chory laboratory through DNA sequence
analysis and genetic complementation (Reed et al, 1993).
Two further phyB alleles (phyB-9 and phyB-10) were also
identified in this study in the Columbia (Col) and La-er
backgrounds, respectively. Mutants deficient in phyA were
isolated in three separate screens by the Chory, Quail, and
Whitelam/Harberd laboratories. In these studies, the
authors exploited the signalling behaviour of phyA in the
HIR mode to identify mutants displaying an etiolated
appearance in continuous FR. Multiple phyA alleles were
isolated through these screens; phyA-1 and phyA-2 in La-er
(Whitelam et al., 1993), phyA-101-phyA-103 in RLD (Parks
and Quail, 1993; Dehesh et al., 1993), phyA-201 and phyA-
202 in La-er (Nagatani et al., 1993), phyA-203—phyA-208 in
La-er (Reed et al., 1994) and phyA 209-phyA-211 in Col
(Reed et al., 1994). Natural genetic variation provided the
source of a mutant deficient in phyD. The p/iyD-1 mutation
was identified as a 15 bp deletion in the PHYD gene of the
naturally occurring Wassileweskija (Ws) accession by the

Table 1. Summary of phy mutant alleles
References refer to manuscripts citing original isolation.

phyA-209 Col
phyA-210 Col
phyA-211 Col

Reed et al.(1994
Reed et al.(1994
Reed et al.(1994

Mutant Background Reference
phyA-1 La-er Whitelam et al. (1993)
phyA-2 La-er Whitelam et al. (1993)
phyA-101 RLD Parks and Quail (1993), Dehesh et al. (1993)
phyA-102 RLD Parks and Quail (1993), Dehesh et al. (1993)
phyA-103 RLD Parks and Quail (1993), Dehesh et al. (1993)
phyA-201 La-er Reed et al.(1994
phyA-202 La-er Reed et al.(1994
phyA-203 La-er Reed et al.(1994
phyA-204 La-er Reed et al.(1994
phyA-205 La-er Reed et al.(1994
phyA-206 La-er Reed et al.(1994
phyA-207 La-er Reed et al.(1994
phyA-208 La-er Reed et al.(1994
(
(

phyB-1 La-er Koornneef et al. (1980), Reed et al. (1993)
phyB-2 La-er Koornneef et al. (1980)

phyB-3 La-er Koornneef et al. (1980)

phyB-4 La-er Koornneef et al. (1980), Reed et al. (1993)
phyB-5 La-er Koornneef et al. (1980), Reed et al. (1993)
phyB-6 La-er Koornneef et al. (1980), Reed et al. (1993)
phyB-7 La-er Koornneef et al. (1980), Reed et al. (1993)
phyB-8 La-er Koornneef et al. (1980), Reed et al. (1993)
phyB-9 Col Reed et al. (1993)

phyB-10 La-er Reed et al. (1993)

phyC-1 Ws Franklin et al. (2003), Monte et al. (2003)
phyC-2 Col Monte et al. (2003)

phyC-3 Col Monte et al. (2003)

phyD-1 Ws Aukerman et al. (1997)

phyE-1 La-er Devlin et al. (1998)
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Sharrock laboratory (Aukerman et al., 1997). A screen of
mutagenized phyAphyB double mutants by the Whitelam
laboratory later provided the phyE-1 allele in La-er (Devlin
et al, 1998). In this work, the authors isolated plants
displaying internode growth between rosette leaves and
early flowering, ultimately revealing a 1 bp deletion at the
PHYE locus. The Arabidopsis phytochrome mutant collec-
tion was completed in 2003 with the identification of
multiple PHYC alleles by both the Quail and Whitelam
laboratories. The PHYC-1 allele was identified via PCR
screening of a T-DNA insertion mutant collection in the Ws
background (Franklin et al., 2003a; Monte et al., 2003), the
PHY(C-2 allele was identified as a T-DNA-insertion mutant
in the Col background in a screen of the Ecker-Alonzo
collection (Monte et al, 2003), whilst a fast neutron
deletion approach was used to identify phyC-3 in the Col
background from the Maxygen collection (Monte et al,
2003). The isolation of separate null mutants in all five
phytochromes has facilitated the construction of multiple,
higher-order mutants, deficient in a variety of phytochrome
combinations. Analyses of both individual and multiple
phytochrome-deficient mutants has subsequently provided
a refined picture of phytochrome functions throughout
plant development, an overview of which is presented here.

Seedling establishment
Germination

The promotion of seed germination in many species
requires light (Casal and Sanchez, 1998). The involvement
of a R/FR-reversible photoreceptor in mediating seed
germination was first demonstrated in the pioneering ‘flip
flop’ experiments of Harry Borthwick and colleagues in
1952. In this work, Grand Rapids lettuce seed were treated
with alternating R and FR treatments and germination
efficiency analysed. The results were striking. In seeds
receiving the R treatment last, almost 100% germination
was achieved. A markedly different response was observed
in seeds receiving the FR treatment last, with much lower
percentages of germination recorded (Borthwick et al,
1952). These experiments provided the first evidence of
phytochromes operating reversibly in the LFR mode. The
involvement of individual phytochromes in mediating
Arabidopsis seed germination has been revealed in multiple
mutant studies. Comparisons of mutants deficient in phyA,
phyB, and phyA/phyB have shown a predominant role for
phyB in regulating germination in R via the LFR mode
whilst phyA mediates VLFRs in R and FR (Botto et al,
1996; Shinomura et al, 1996). Phytochrome A can, in
addition, promote germination in continuous FR in the
HIR mode (Johnson et al., 1994; Reed et al., 1994; Hennig
et al., 2002). Observations of R/FR-reversible germination
in phyAphyB double mutants (phyAB) suggested the
participation of an additional phytochrome in this response
(Poppe and Schifer, 1997). The subsequent isolation of
mutants deficient in phyD and phyE enabled the roles of

these phytochromes to be examined (Aukerman et al., 1997,
Devlin et al., 1998). Whilst only a small role was observed
for phyD, deficiency of phytochromes A, B, and E severely
impaired light-induced germination and abolished R/FR-
reversibility, confirming the redundant interactions between
these phytochromes (Hennig et al, 2002). An intriguing
observation from this study was the requirement of phyE to
promote germination in continuous FR. Germination of
monogenic phyE mutants was severely impaired in blue
light (B) and abolished in FR, a phenotype similar to that
observed in phy4 mutants. Immunoblot analyses revealed
wild-type (WT) levels of PHYA in phyE mutants, raising
the interesting possibility that phyE itself may operate as
a FR photoreceptor in the regulation of germination
(Hennig et al., 2002). Alternatively, this response may be
mediated by phyA/phyE heterodimers, although the ab-
sence of obvious phyA heterodimerization with type II
phytochromes in vitro would appear to preclude this notion
(Sharrock and Clack 2004; Clack et al., 2009).

More recent analyses of mutants deficient in combina-
tions of phyA, phyB, and phyE have shown ambient
temperature to modulate the light-regulation of Arabidopsis
germination. In this work, phytochrome family members
were shown to display altered functional hierarchies at
different temperatures (Heschel er al, 2007). At warmer
temperatures (>22 °C) phyB adopted a prominent role in
promoting germination, followed by phyA and phyE. At
cooler temperatures (<16 °C) phyE displayed functional
dominance, with phyB displaying an accessory role (Heschel
et al., 2007). The increased functional dominance of phyE
over phyB at cooler temperatures parallels observations in
flowering inhibition (see ‘Reproductive development’), rais-
ing the interesting possibility that phyE abundance may
exceed phyB levels in these conditions.

De-etiolation

Dark-grown seedlings display a ‘skotomorphogenic’ pheno-
type. This is characterized by an elongated hypocotyl,
unexpanded cotyledons within a protective apical hook,
and the absence of chlorophyll. Following germination and/
or soil emergence, light signals initiate a variety of de-
etiolation responses to promote photoautotrophic survival.
These include inhibition of hypocotyl elongation, opening of
the apical hook, expansion of cotyledons, and synthesis of
chlorophyll. Phytochromes perform a variety of overlapping
functions in seedling de-etiolation, in combination with the
cryptochrome UV-A/blue light photoreceptors cryl and
cry2.

Monogenic phyA mutants display a WT de-etiolation
phenotype in W and R (Fig. 1; Dehesh er al, 1993;
Nagatani et al, 1993; Parks and Quail, 1993; Whitelam
et al., 1993; Reed et al, 1994). The most characteristic
phenotype of phyA mutants, and the basis upon which they
were identified, is an absence of responsivity in the FR-HIR
mode. When grown in continuous FR, phy4 mutants
display a skotomorphogenic phenotype, confirming the
unique role of phyA in mediating de-etiolation in these
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conditions (Dehesh et al., 1993; Nagatani et al., 1993; Parks
and Quail, 1993; Whitelam er al, 1993). Comparative
transcriptional profiling of etiolated WT and phyA mutants
subject to FR treatment has revealed more than 800 phyA-
regulated genes, providing the first insights in to the phyA
transcriptional network (Tepperman et al., 2001). Mutants
deficient in phyA have also been shown to display elongated
hypocotyls in continuous B, presumably because of a lack
of phyA activity in the HIR mode (Whitelam ez al., 1993;
Neff and Chory, 1998). Phytochrome B is the predominant
phytochrome regulating de-etiolation in W and R. Mutants
deficient in phyB are characterized by elongated hypocotyls,
reduced cotyledon expansion, and reduced chlorophyll
synthesis (Fig. 1; Koorneef et al, 1980; Nagatani et al.,
1991; Somers et al., 1991; Reed et al., 1993). Despite these
striking phenotypes, transcription profiles of etiolated phyB
mutants transferred to R were shown not to differ
dramatically from WT controls (Tepperman et al., 2004).
Subsequent mutant analyses revealed a dominant role for
phyA in regulating rapid gene expression responses upon R
transfer (Tepperman et al., 2006; Quail, 2007). Redundancy
between phyA and phyB has been reported in R-mediated
hypocotyl inhibition and cotyledon expansion (Neff and
Van Volkenburgh, 1994; Reed et al, 1994; Casal and
Magzella, 1998; Neff and Chory, 1998). In these studies,
phyAB mutants were shown to display modestly longer
hypocotyls and smaller cotyledons than phyB monogenic
mutants, revealing roles for phyA which are normally
masked by the presence of phyB. The stimulation of
chlorophyll synthesis by light has been demonstrated to
involve the combined actions of phyA, phyB, cryl, and
cry2, acting largely through the regulation of the glutamyl
tRNA reductase- encoding gene, HEMAI (Reed et al.,
1994; McCormac and Terry, 2002).

The majority of photomorphogenic analyses are per-
formed at photon irradiances of <50 pumol m*s~'. Growth
of seedlings at higher photon irradiances of R (>100 umol
m~2 s°') has revealed photoprotection of phyA from
proteolytic degradation and considerable phyA activity
(Franklin et al, 2007). Under these conditions, phyB
mutants displayed markedly greater hypocotyl inhibition
and cotyledon expansion than seedlings grown at lower
photon irradiances. The irradiance-dependent enhancement

of de-etiolation was largely absent in phy4AB mutants,
confirming a significant role for phyA in mediating this
response. These findings suggest that, in many natural light
environments, where photon irradiances are considerably
greater than those achievable in laboratory conditions, the
contribution of phyA to seedling establishment may be
greater than previously considered, even in light conditions
which establish a high proportion of Pfr.

Despite high sequence similarity between PHYB and
PHYD, the role of phyD in seedling de-etiolation appears
minor. Wassilewskija seedlings containing a natural phyD
deletion were observed to display only marginally longer
hypocotyls in R than plants containing an introgressed
PHYD gene (Aukerman et al., 1997). A synergistic relation-
ship was observed between phyB and phyD in R, with
phyBD mutants displaying greater hypocotyl elongation
than the combined increases in both monogenic mutants
(Aukerman et al, 1997). This study also showed phyD to
perform minor accessory roles to phyB in both the W-
mediated promotion of cotyledon expansion and anthocya-
nin accumulation. Interestingly, phyD does not appear to
perform these roles in La-er, revealing natural genetic
variation in phytochrome function (Aukerman et al., 1997).
Phytochrome E has a small role in seedling de-etiolation.
Monogenic phy E mutants were shown to be indistinguishable
from WT controls in a variety of light conditions (Devlin
et al., 1998). The combined loss of phyB and phyE has been
shown to result in slightly smaller cotyledon size in R- grown
seedlings than loss of phyB alone (Franklin ez al., 2003b). It
is therefore likely that phyE performs a minor redundant role
in this response. The isolation of multiple phyC mutants
enabled the roles of all five phytochromes to be determined
in Arabidopsis seedling de-etiolation (Franklin ez al., 2003q;
Monte et al, 2003). Mutants deficient in phyC displayed
greater hypocotyl elongation than WT controls in R. No
additivity was, however, observed in mutants lacking phyB
and phyC, suggesting phyC to operate through modulation
of phyB function. The recently described obligate hetero-
dimerization of phyC with phyB might explain these
observations (Clack et al, 2009). Despite displaying more
sequence similarity to PHYA than PHYB, D or E, no role
for phyC in mediating seedling de-etiolation in FR was
observed (Franklin et al, 2003a; Monte et al., 2003).

Fig. 1. WT (A), phyA (B), phyB (C), phyBDE (D), phyABE (E), and phyABDE (F) seedlings grown in 8 h photoperiods of white light at 120

umol m~2 s~". Scale bar represents 5 mm.
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An important, frequently overlooked point, is that the
phenotypes of the null mutants of all five phytochromes are
indistinguishable from WT seedlings when grown in the
dark. This observation establishes that the Pr form of the
photoreceptor has no detectable intrinsic biological activity,
an issue of some debate in earlier years in the photomor-
phogenesis field.

Phytochrome co-action with UV-A/blue light
photoreceptors

Seedling de-etiolation involves the interaction of phyto-
chrome and cryptochrome signalling. Although the exact
nature of co-action remains uncertain, physical interactions
between PHYA/CRY1 and PHYB/CRY2 have been
reported (Ahmad et al., 1998; Mas et al., 2000). Analysis of
mutants deficient in multiple photoreceptors has shown
complex interplay between phyA, phyB, and cryl in
seedling de-etiolation. The presence of cryl was shown to
be required for phyB-mediated cotyledon expansion in B
and enhanced phyA and phyB-mediated chlorophyll pro-
duction in R (Neff and Chory, 1998). In a separate study,
conditional synergism was observed between cryl and phyB
in hypocotyl inhibition and cotyledon unfolding (Casal and
Mazzella, 1998). A functional interaction between cryl and
phyD has also been observed in the W-enhancement of
R-mediated hypocotyl inhibition (Hennig et al., 1999).
Mutants deficient in phyC have been reported to display
hyposensitivity to low photon irradiances of blue light with
respect to the regulation of hypocotyl elongation (Franklin
et al, 2003a). Under these conditions cry2 function
predominates (Lin et al, 1998), suggesting a possible
functional interaction between these photoreceptors.

In addition to phytochrome/cryptochrome co-actions,
a red light pretreatment, mediated by phytochromes A and
B, has been demonstrated to enhance phototropic curvature
of Arabidopsis hypocotyls in blue light, suggesting func-
tional interaction between phytochrome and phototropin
photoreceptors (Parks et al., 1996; Janoudi et al., 1997a, b).

Gravitropic orientation

Gravity provides a continuous directional signal to plants,
ensuring roots grow downwards towards water and
nutrients in the soil and shoots grow upwards towards
sunlight. When grown in the dark, Arabidopsis hypocotyls
display negative gravitropism and grow more or less
vertically upwards against the gravitational vector. This
strategy presumably enables buried seedlings to reach the
soil surface as efficiently as possible. When subject to either
continuous or intermittent R treatment, however, random-
ization of the direction of hypocotyl growth is observed
(Liscum and Hangarter, 1993). This strategy enhances plant
fitness through facilitating seedling emergence in patchy
low light environments (Allen et al., 2006). Mutant analyses
have revealed redundant roles for both phyA and phyB
in regulating light-mediated randomization. Red light-
mediated hypocotyl randomization was observed in both

phyA and phyB single mutants, but was absent in mutants
lacking both photoreceptors (Poppe et al., 1996; Robson
and Smith, 1996). Significant hypocotyl randomization was
also observed in WT seedlings following pulses of FR
(Poppe et al., 1996). Mutants deficient in phyA displayed
negative gravitropism in these conditions, confirming a role
for this photoreceptor in mediating gravitropic sensitivity in
the VLFR mode (Poppe et al, 1996). Light can also
modulate gravitropic responses in roots. Mutants lacking
phyB have been shown to display reduced rates of
gravitropic curvature, a response which may be attributed
to their altered elongation rates (Correll and Kiss, 2005).

Plant architecture

Phytochromes perform many overlapping roles in the
regulation of plant architecture. The dissection of individual
phytochrome functions has been made possible through the
construction of mutants deficient in multiple phytochrome
combinations. Arabidopsis phyA mutants display a WT
adult phenotype in W and R (Fig. 2; Whitelam ez al., 1993;
Franklin ez al., 2007). By contrast, phyB performs a domi-
nant role in suppressing petiole elongation and apical
dominance in light-grown plants. Mutants, deficient in
phyB display significantly elongated petioles, reduced leaf
area, and increased apical dominance (Fig. 2; Nagatani
et al., 1991; Reed et al, 1993). These shoot architectural
adaptations are accompanied by increased root hair growth
(Reed et al., 1993). Suppression of axes elongation growth
in WT plants is facilitated by the redundant actions of
phytochromes A, D, and E. When grown in W and R,
phyB-deficient mutant combinations display progressively
more elongated phenotypes with increasing phytochrome
deficiency (Fig. 2; Devlin et al, 1998, 1999; Franklin et al.,
2007). Changes in light quality directly manipulate the

Fig. 2. WT (A), phyA (B), phyB (C), phyABE (D), and phyABDE (E)
plants grown in 8 h photoperiods of white light at 120 umol m~2
s~'. Scale bar represents 10 mm.
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phyB-, D-, and E-mediated suppression of elongation
growth, providing plants with the capacity to alter their
architecture in response to the threat of vegetational
shading (see ‘Shade avoidance’). Mutants deficient in phyC
have also been shown to display increased petiole elonga-
tion in W, suggesting an accessory role for this phyto-
chrome in modulating leaf architecture (Franklin et al.,
2003a; Monte et al., 2003).

Arabidopsis displays a compact rosette phenotype. Main-
tenance of this growth habit is regulated by the redundant
interactions of phyA, phyB, and phyE. Mutants deficient in
these three phytochromes display visible internodes between
rosette leaves (Fig. 2D). This phenotype is not visible in
single or double mutant combinations and was the basis
upon which the phyE mutant was isolated (Devlin ez al.,
1998). Interestingly, elongated internodes have also been
recorded in phyBcryl double mutants when grown at 22 °C.
This phenotype was not observed in plants grown at cooler
temperatures, suggesting conditional modulation of photo-
receptor interactions (Mazzella et al., 2000).

Shade avoidance

One of the greatest threats to plant survival in natural
environments is light limitation through shading by neigh-
bouring vegetation. In shade-intolerant species, phyto-
chromes perform a major role in the detection of
neighbouring vegetation and initiation of escape responses
before canopy closure. Light transmitted through or
reflected from living vegetation is depleted in R and B
wavebands, which are absorbed by chlorophyll and carot-
enoid pigments and used for photosynthesis. Far-red and
green wavebands are enriched in reflected/transmitted light,
resulting in a reduction in the ratio of R to FR (R:FR).
This parameter directly modifies phytochrome activity and
can be more precisely defined as follows: photon irradiance
between 660 nm and 670 nm/photon irradiance between 725
nm and 735 nm. When growing in close proximity to
neighbouring vegetation, plants experience a reduction in
R:FR and initiate a suite of developmental responses
termed the shade avoidance syndrome (reviewed in Smith
and Whitelam, 1997). These include elongation of stems and
petioles and increased apical dominance. Such responses
serve to elevate leaves within a canopy and enable plants to
overtop competitors. In this way, reflected FR signals can
initiate adaptive responses before leaves are actually shaded
(Ballaré¢ et al, 1990). If light foraging is unsuccessful
and the low R:FR signal persists then flowering is acceler-
ated, enabling seed production in unfavourable conditions
(Halliday et al., 1994).

When growing under a vegetational canopy, reductions in
R:FR are accompanied by reductions in photosynthetically
active radiation (PAR), in particular R and B wavebands.
Architectural adaptations to canopy shading therefore
involve the interaction of phytochrome signalling with UV-
A/blue light photoreceptor signalling networks (reviewed in
Franklin, 2008). The suppression of shade avoidance
responses in high R:FR is mediated predominantly by

phyB. The dramatically elongated, early flowering pheno-
type of phyB mutants is often therefore described as
‘constitutive shade avoidance’ (Nagatani et al, 1991;
Somers et al, 1991). Observations of residual shade
avoidance responses in phyB mutants of multiple species
provided evidence for the involvement of additional phyto-
chromes in R:FR signalling (Whitelam and Smith, 1991;
Smith et al, 1992; Robson et al, 1993). Analyses of
Arabidopsis mutants, deficient in multiple phytochrome
combinations subsequently revealed redundant roles for
phyD and E. The roles of phyD and phyE in shade
avoidance were investigated using End-Of-Day-FR (EOD-
FR) treatments. Plants subject to EOD-FR maintain a low
Pfr status throughout the subsequent dark period and
mimic plants grown in low R:FR. When grown in W, phyD
mutants displayed no obvious morphological phenotype or
aberrant response to EOD-FR (Aukerman et al., 1997). The
combined deficiency of phyB and phyD, however, was
shown to result in longer hypocotyls, longer petioles, and
earlier flowering than phyB deficiency alone, suggesting
redundancy of the phyB and phyD function in suppressing
shade avoidance (Aukerman et al, 1997; Devlin et al.,
1999). As with phyD, monogenic mutants deficient in phyE
were observed to phenocopy WT plants in multiple light
conditions. Double mutants, deficient in both phyB and
phyE displayed longer petioles and earlier flowering than
phyB monogenic mutants, supporting an additional re-
dundant role for phyE in suppressing these responses
(Devlin et al, 1998). Confirmation of the redundant
activities of phytochromes B, D, and E in mediating shade
avoidance was provided by analysis of triple phyBDE
mutants which showed no further response to reductions in
R:FR or EOD-FR (Franklin et al., 2003b).

Enrichment of FR wavelengths in reflected/transmitted
light can lead to enhanced phyA signalling in the HIR
mode. Such activity provides some inhibition of elongation
growth, thereby limiting shade avoidance responses. Labo-
ratory analyses have shown phy4 mutants to display
enhanced elongation responses to low R:FR treatment
when compared to WT controls (Johnson et al.,1994; Smith
et al., 1997, Salter et al., 2003). The adaptive significance of
this phyA-mediated ‘antagonism’ of shade avoidance has
been demonstrated in the field by Yanovsky and colleagues.
In these experiments, Arabidopsis phyA mutants were grown
under the natural shade of densely planted Triticum
aestivum plants. Mutants deficient in phyA displayed
extreme elongation growth, poor cotyledon development,
and a lower survival rate (25%) than WT seedlings (58%)
(Yanovsky et al., 1995).

One of the first genes reported to display reversible
regulation of transcript abundance by low R:FR was the
homeodomain leucine zipper (HD Zip) transcription factor
ATHB?2 (formerly HAT4) (Carabelli et al., 1993). Elevated
levels of ATHB2 transcript were recorded in phyB mut-
ants, confirming a role for this phytochrome in repress-
ing ATHB2 expression (Carabelli et al, 1996). Further
increases in ATHB2 transcripts were, however, still
observed in phyB mutants following low R:FR and EOD-
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FR treatments, suggesting the involvement of additional
phytochrome(s) in controlling this response. Studies of
mutants deficient in multiple phytochrome combinations
have since confirmed that R:FR-ratio-mediated changes in
ATHB?2 expression are regulated by the redundant actions
of phyB and phyE (Franklin et al, 2003b). Microarray
analyses have now identified multiple genes displaying
altered transcript abundance following low R:FR and
simulated shade treatments of light-grown plants (Devlin
et al., 2003; Salter et al., 2003; Sessa et al., 2005). As with
ATHB2, many of these genes were observed to display
enhanced transcript abundance in phyB mutants (Devlin
et al., 2003; Salter et al., 2003). One such gene (PILI),
encoding a bHLH transcription factor displaying high
sequence similarity to PIF3, displayed an increase in
transcript abundance of over 100-fold within 30 min of low
R:FR treatment. Triple mutants deficient in phytochromes
B, D, and E showed no further increase in PILI tran-
scripts following low R:FR treatment, confirming the
redundant interactions of these photoreceptors in mediating
this response (Salter et al., 2003). Interestingly, a number
of genes displaying low R:FR-mediated de-repression in
light-grown plants have also been reported to display
phytochrome-mediated repression following transfer of
etiolated seedlings to both FR and R, including PILI
(Tepperman et al, 2001, 2004; Quail, 2007, Hwang
and Quail, 2008). Together, these data indicate that
phytochrome-regulation of gene expression is a key regula-
tory mechanism underlying photomorphogenesis at multiple
stages of development.

Stomatal development

Further roles for phyB in modulating plant architecture
have recently been proposed in the regulation of stomatal
development. Mutants deficient in phyB were shown to
display reduced stomatal index (SI) at higher photon
irradiances of both W and R (Boccalandro et al, 2009;
Casson et al., 2009). Stomatal index represents the ratio of
the number of stomata in a given area, divided by the
number of stomata and other epidermal cells in the same
area, thereby providing an indication of the extent of
stomatal differentiation. Increased photon irradiance is well
documented to result in increased SI, an adaptation which
likely enhances gas exchange during conditions of high
photosynthetic activity (Lake ez al, 2001). This response
displayed significant attenuation in phyB mutants (Casson
et al., 2009). A decreased SI was additionally recorded in
WT plants subject to EOD-FR treatment (Boccalandro
et al., 2009). The reduced SI observed in phyB mutants was
recorded to result in reduced transpiration per unit leaf area
which ultimately enhanced water use efficiency (WUE) in
these plants (Boccalandro et al., 2009). The authors propose
that phyB-mediated increases in stomatal differentiation
serve to enhance photosynthesis in high R:FR/high PAR
environments, a strategy which is implemented at the
expense of WUE.

Reproductive development

A key role of phytochromes in natural light environments
involves the monitoring of daylength or photoperiod which,
together with temperature, provide plants with important
seasonal information. Many plants use seasonal cues to
coincide the timing of reproductive development with
conditions of optimal climate and/or competitive advan-
tage. Daylength perception requires the integration of light
signals with the plant’s endogenous oscillators, circadian
clocks (Thomas, 2006). Considerable progress has been
made in elucidating the molecular components of the
Arabidopsis circadian system, which comprises at least three
interlocking transcriptional/translational feedback loops
(reviewed in Ueda, 2006; McClung, 2006, 2008; Hotta
et al., 2007; Pruneda-Paz et al, 2009). The first identified
loop (termed ‘the central oscillator’) contains two light-
regulated Myb domain transcription factors, CIRCADIAN
AND CLOCK ASSOCIATED 1 (CCAl) and LONG
HYPOCOTYL (LHY) which, together, regulate abundance
of the PSEUDO RESPONSE REGULATOR (PRR) pro-
tein, TIMING OF CABI (TOC1) and the recently identified
CHE, a TCP transcription factor. A second interlocking
loop incorporates the PRR proteins PRR7 and PRR9
whilst a third loop involves GI and possibly PRRS.
Arabidopsis circadian clocks run with a period of between
22 h and 29 h (Michael et al., 2003) and require daily input
or ‘entrainment’ signals from the environment. The ability
to co-ordinate photosynthesis and metabolism with day/
night cycles has been shown to confer considerable compet-
itive advantage and, ultimately, to enhance plant survival
(Dodd et al., 2005).

Entrainment of the circadian clock

Light signals provide important day/night entrainment
information to plant circadian clocks and are transduced
by multiple photoreceptors. The photoreceptors involved in
light input to the circadian clock have been elucidated in
Arabidopsis, through analyses of null mutants. To date,
roles have been established for phytochromes A, B, D, and
E and the cryptochromes 1 and 2 (Somers et al., 1998;
Devlin and Kay, 2000). The role of phyC has not been
examined. Reporter gene analyses in a variety of mutant
backgrounds have shown conditional modulation of circa-
dian period by phytochrome. Increased photon irradiance
shortens period length in diurnal organisms such as
Arabidopsis (Aschoff, 1979; Millar et al., 1995). Mutants
deficient in phyA have been shown to display longer periods
of CHLOROPHYLL A/B BINDING PROTEIN::LUCI-
FERASE (CAB::LUC) expression at lower photon irradi-
ances of R (<2 pmol m~? s~ '), whilst a similar phenotype
was observed in phyB mutants at higher photon irradiances
(>10 pmol m~2 s~ ') (Somers ez al., 1998). Mutants deficient
in both phytochromes (phy4B) displayed a long period
phenotype at all photon irradiances examined (Devlin and
Kay, 2000). A further role for phyA was recorded at lower
photon irradiances of B, consistent with the role of this
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phytochrome in B sensing (Somers et al., 1998). Compara-
tive analyses of phyABD and phyABE mutants in R
revealed small additional roles for phyD and phyE in
regulating CAB.:LUC period length, which were masked
by the presence of phyB in WT plants. An unusual result
from this study was the observation that cry/ mutants
displayed deficiencies in the perception of low photon
irradiance R, similar to those observed in phyA mutants.
As cryptochromes show no absorption peak in R, the
authors conclude that cryl acts as a signal transduction
component of phyA in these conditions (Devlin and Kay,
2000).

Flowering

The timing of Arabidopsis floral transition is regulated by
environmental stimuli via convergence of multiple signalling
cascades. Transcriptional regulators act on floral integrators
which, in turn, alter expression of meristem identity genes
to promote flowering (reviewed in Turck ez al, 2008).
Arabidopsis is a characteristic ‘Long-Day-Plant” (LDP),
displaying accelerated flowering in longer photoperiods.
This process is determined by the length of the dark period
and is regulated via an ‘external co-incidence’ of light with
a threshold level of the rhythmically cycling transcriptional
activator CONSTANS (CO). This co-incidence leads to
elevated expression of the floral integrator FLOWERING
TIME (FT) and, ultimately, flowering (Yanovsky and Kay,
2002). Photoreceptor mutant analyses have revealed roles
for both phyA and cry2 in perceiving long photoperiods.
Photoperiodic sensitivity can be investigated in laboratory
experiments by extending short photoperiods with low
quantities of incandescent light (thereby not enhancing
photosynthetic activity) and by mimicking short day
conditions with ‘night break’ light treatments during the
dark period. Flowering time studies have shown phyA
mutants to display insensitivity to both daylength exten-
sions and night-break treatments, confirming a role for this
phytochrome in photoperiodic perception (Johnson et al.,
1994; Reed et al, 1994). These data are supported by
observations of late flowering in phyA mutants grown in
long photoperiods (Johnson et al, 1994; Neff and Chory,
1998). Analyses of multiple photoreceptor-deficient mutants
in monochromatic light have also revealed a redundant role
for phyA in the B-mediated regulation of flowering. When
grown in continuous B, phyA, cryl, and cry2 mutants all
flowered at a similar time to WT plants. Pronounced late
flowering was, however, recorded in all double mutant
combinations confirming the redundant interactions of
these three photoreceptors in B-mediated floral promotion
(Mockler et al., 2003).

Phytochrome B acts redundantly with phyD and phyE to
repress flowering in high R:FR conditions (see ‘Shade
avoidance’). Relief of floral repression requires prolonged
exposure to low R:FR, ensuring that the precocious
transition to reproductive development does not occur in
response to transient shading (Halliday et al, 1994).
Interestingly, the functional hierarchy of phytochromes in

mediating floral repression has been shown to display
regulation by ambient growth temperature. When grown at
22 °C, phyB mutants are characterized by their early
flowering phenotype (Goto et al, 1991; Whitelam and
Smith, 1991; Reed et al, 1993). When grown at 16 °C,
however, similar flowering times were recorded in piyB and
WT plants (Halliday et al., 2003). As with the promotion of
seed germination (see ‘Germination’), phyE appears to
adopt a dominant role in cooler conditions (Halliday and
Whitelam, 2003). When grown in short photoperiods at
16 °C, phyABD mutants flowered with a similar number of
rosette leaves to WT plants. Early flowering was, however,
observed in phyABDE mutants, confirming the significance
of phyE function in these conditions. Transcript abundance
of the floral integrator FLOWERING TIME (FT) displayed
a positive correlation with the loss of dominant phyto-
chrome function at 16 °C and 22 °C suggesting that
phytochromes inhibit flowering through repression of FT
expression (Halliday ef al., 2003).

Mutant studies have also revealed roles for phyC in the
regulation of Arabidopsis flowering time. Accelerated flow-
ering was observed in phyC-deficient mutants in the Col
background when grown in short days (Monte et al., 2003).
Comparison of phyAC mutants with monogenic parents
also revealed a small redundant role for phyC in the
detection of long photoperiods with phyA (Monte et al.,
2003). No role for phyC in the regulation of flowering was
observed in the Ws background (Franklin et al, 2003a),
suggesting the existence of natural variation in phyC
function. Quantitative genetic analyses have since suggested
that allelic variation at the PHYC locus accounts for
considerable latitudinal variation in flowering time, thereby
providing support for this notion (Balasubramanian et al.,
2006).

Freezing tolerance

Further cross-talk between light and temperature signalling
pathways has been identified in the regulation of Arabidop-
sis freezing tolerance. In order to survive sub-zero temper-
atures, many plants require a period of low temperature
(<4 °C), termed cold acclimation. Exposure to low temper-
ature elevates expression of a number of genes encoding
proteins which protect plants against freezing damage
through membrane stabilization and the accumulation of
compatible solutes (Chinnusumay et al, 2007). Phyto-
chromes have been shown to perform a role in the regulation
of one such regulon, the C-repeat-Binding-Factor (CBF)
regulon (Franklin and Whitelam, 2007). Low R:FR treat-
ment at 16 °C was shown to elevate expression of both CBF
transcription factors and their downstream targets, the
COLD-REGULATED (COR) genes, leading to enhanced
freezing tolerance. Intriguingly, the linkage of CBFs to
downstream target genes was uncoupled at 22 °C. Mutant
analyses revealed repression of the CBF regulon to be
mediated by phyB and phyD in a non-redundant manner
(Franklin and Whitelam, 2007). The authors speculate that
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the cooler temperatures and prolonged twilight reductions
in low R:FR experienced by plants growing at Northern
latitudes may confer some seasonal protection against sudden
freezing snaps during warmer than average autumn months.

Future perspectives

Phytochromes perform a diverse array of regulatory func-
tions throughout plant development (Table 2). The isolation
and construction of Arabidopsis mutants deficient in both
single and multiple phytochrome combinations has pro-
vided an invaluable set of tools to explore the conditional
and redundant interactions of individual family members.
Observations of heterodimerization between phytochromes
B-E may suggest further functional diversification of these
photoreceptors (Sharrock and Clack, 2004). A more recent
study has suggested obligate heterodimerization of phyC
and phyE with other Type II phytochromes (Clack et al.,
2009), although the de-etiolation and survival of phyABDE
mutants through to flowering in R would appear to suggest
some activity of phyC, either as homodimers or monomers
in planta (Franklin et al., 2003bh, 2007). Co-action between
phytochromes and UV-A/blue light photoreceptors enables
plants to precisely monitor changes in light quantity and

quality throughout development. Moreover, early studies of
plant photomorphogenesis revealed that protocols combin-
ing red and blue light treatments are more effective than
either waveband in isolation (reviewed in Mohr,1994).
These observations led to the provocative suggestion that
the sole function of UV-A/blue light photoreceptors was to
enhance the activity of phytochrome, which acted as
a ‘single effector’ to mediate photomorphogenic responses
(Mohr, 1994). Despite the fundamental importance of this
issue to our understanding of plant photobiology, an
unequivocal answer as to whether UV-A/blue light photo-
receptors can operate independently of phytochrome action
has yet to be provided. The construction of quadruple
phytochrome-deficient mutants has enabled investigation
into the functional capabilities of individual phytochromes
in the absence of other family members. To date, phyABDE
and phyBCDE plants have been created, containing only
phyC and phyA, respectively. The germination, de-etiola-
tion and survival through to flowering of these mutants in
both W and R shows the diverse functional capabilities of
individual phytochromes; roles which are usually masked by
the actions of other family members in WT plants (Fig. 1;
Franklin et al., 2003b, 2007). The existence of Arabidopsis
quadruple mutants, deficient in four family members,
should now enable the implementation of crossing strategies

Table 2. Summary of phytochrome functions, elucidated through analysis of Arabidopsis mutants

Function Phytochromes

References

Promotion of seed germination phyA, phyB, phyE

Regulation of seedling de-etiolation

Regulation of hypocotyl randomization phyA, phyB
Regulation of root gravitropic curvature phyB
Suppression of root hair growth phyB

Regulation of leaf architecture

Suppression of internode elongation
Suppression of shade avoidance

phyA, phyB, phyE
phyB, phyD, phyE

Antagonism of shade avoidance phyA

Regulation of stomatal index phyB

Entrainment of the circadian clock phyA, phyB, phyD, phyE
Photoperiodic perception phyA, phyC

Repression of flowering phyB, phyC, phyD, phyE

Suppression of the CBF regulon phyB, phyD

phyA, phyB, phyC, phyD, phyE

phyA, phyB, phyC, phyD, phyE

Botto et al., 1996; Shinomura et al., 1996;

Hennig et al., 2002; Heschel et al., 2007

Koorneef et al., 1980; Nagatani et al., 1991;

Somers et al., 1991; Dehesh et al., 1993;

Nagatani et al., 1993; Parks and Quail, 1993;

Whitelam et al., 1993; Neff and Vanvolkenburgh,

1994; Reed et al., 1994; Aukerman et al., 1997,

Casal and Mazella, 1998;

Neff and Chory, 1998; McCormac and Terry, 2002;
Franklin et al. 2003a, b; Monte et al., 2003; Franklin

et al., 2007

Liscum and Hangarter, 1993; Poppe et al., 1996;
Robson et al., 1996

Correll and Kiss, 2005

Reed et al., 1993

Nagatani et al., 1991; Reed et al., 1994; Devlin et al.,
1998, 1999; Franklin et al., 2003a, b; Monte et al., 2003
Devlin et al., 1998

Nagatani et al., 1991; Somers et al., 1991; Whitelam
and Smith, 1991; Aukerman et al., 1997; Devlin et al.,
1998, 1999; Franklin et al., 2003b

Johnson et al. 1994; Yanovsky et al., 1995; Smith

et al., 1997; Salter et al., 2003

Boccalandro et al., 2009; Casson et al., 2009

Somers et al., 1998; Devlin and Kay, 2000.

Johnson et al., 1994; Reed et al., 1994; Neff and Chory,
1998; Monte et al., 2003

Goto et al., 1991; Whitelam and Smith, 1991; Reed et al.,
1993; Halliday et al., 1994, 2003; Monte et al., 2003
Franklin and Whitelam, 2007
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designed to produce a totally phytochrome null plant. The
successful construction of a phyABCDE quintuple mutant
will, ultimately, address a long unresolved question in
photomorphogenesis research, whether phytochromes are
an obligate requirement for the germination, growth and
reproduction of flowering plants.

Dedication

This review is dedicated to the memory of Professor Garry
Whitelam (1955-2008). Garry was an internationally
respected figure in plant photomorphogenesis research and
made numerous important contributions to the field. In
addition to leading many advances in plant shade avoidance
research, Garry was at the forefront of phytochrome
mutant isolation and the elucidation of redundant phyto-
chrome functions through multiple mutant analyses. He will
be greatly missed.
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