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Competition for light determines the success of individual

plants in dense vegetation. Much depends on the capacity of

plants to detect neighbours quickly and on their ability to

respond to these signals. Recent findings indicate that

although red:far-red ratios, and thus phytochromes, are of

major importance in shade-avoidance responses, they do not

act alone. Differences in light intensity also provoke shade-

avoidance phenotypes, with blue light playing an important role

in dense stands. Moreover, links between shade-avoidance

signalling and auxins, gibberellins and ethylene have emerged.

Additional breakthroughs are based on transcriptome studies

that have unveiled new components in the response to

shading. Amongst these, the phytochrome interacting factor

3-like proteins PIL1 and PIL2 underline the importance of

circadian gating in shade avoidance.
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Introduction
Plants acquire their energy from light; hence, an optimal

positioning of leaves for photon harvest is desired. When

plants are shaded by neighbours, two types of reactions

can occur. Shade-acclimation responses maximize light

harvesting in shade conditions through increases in spe-

cific leaf area and reduced chlorophyll a:b ratio [1],

whereas shade-avoidance responses maximize light cap-

ture by positioning the leaves out of the shade [2].

Light that has passed through a canopy is rich in far-red

(FR) but poor in red (R) and blue (B) light (Figure 1a). R

and B are depleted by chlorophyll whereas FR is predo-

minantly reflected and transmitted. Shade-avoiding plants
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have machinery that reacts quickly to changes in R:FR

ratio that are sensed by the phytochrome family of photo-

receptors [3,4�]. The provoked phenotype (Figure 1b)

mainly consists of the elongation of stem-like organs

(including hypocotyls and petioles), the upward orienta-

tion of leaves (hyponasty) and reduced branching. In the

long term, low R:FR exposure leads to early flowering [5�]
and seed set, which is considered to be an escape mechan-

ism because it shortens generation time. These responses

constitute the adaptive plasticity of plants to shading [6].

Until recently, shade-avoidance responses were consid-

ered predominantly as a function of R:FR ratio. Evidence

is accumulating, however, that plants also adjust growth

to diminishing light intensities, including that of blue

light [7�–9�]. Light intensity affects chloroplast position-

ing, allowing optimal light harvesting [10��]. Thus, photo-

receptors serve not only as quality detectors but also as

photon counters [2]. Recent advances in understanding

the molecular mechanisms of shade-avoidance responses

have unveiled interactions between light signalling and

the circadian clock, and have revealed a more profound

view of the hormonal pathways that are involved.

Light signalling
The R:FR ratio decreases from approximately 1.2 in full

sunlight to 0.05 in closed canopies, with a significant

decrease occurring before canopy closure (reviewed in

[2,4�]). R:FR is sensed by the phytochrome family of

photoreceptors, which consists of five members (PHYA–

PHYE) in Arabidopsis. Of these, the light-stable PHYB,

PHYD, and PHYE operate redundantly and in a R:FR-

reversible fashion in allowing plants to detect neighbours

[11�]. Phytochromes act as dimers and exist in two photo-

convertible forms: ‘Pr’ (the R absorbing, inactive form)

and ‘Pfr’ (the FR absorbing, active form) [3], with the

Pfr:Pr ratio reflecting the R:FR ratio of the environment.

Upon photoconversion into active Pfr, part of the cyto-

plasmic phytochrome pool travels into the nucleus, where

it regulates gene expression by interacting with several

basic helix–loop–helix (bHLH) transcription factors

[12��], including phytochrome interacting factor (PIF)

and PIF-like (PIL) proteins [13]. PHYB signalling

involves not only PIF3 [14] but also PIF1/PIL5, PIF4,

and PIF5/PIL6 [13]. To date, however, only PIL1 is

known to be involved in low R:FR-mediated shade

avoidance. Phytochromes regulate the transcription of

light-responsive G-box-containing genes through their

direct interaction with PIF/PIL proteins [15,16]. Phyto-

chrome-regulated genes that are involved in shade avoid-

ance include the Arabidopsis thaliana homeobox HD-ZIP
www.sciencedirect.com
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Figure 1
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(a) Light spectral changes of normal daylight (grey solid line) and daylight filtered through a tobacco canopy (green dashed line) measured in a

greenhouse. (b) Individual tobacco plants in a high (left) or a low (right) R:FR ratio. Low R:FR induces shade-avoidance responses, including

enhanced stem elongation and hyponastic leaf growth.
transcription factor genes ATHB-2 and ATHB-4 (reviewed

in [4�,17]). The expression of ATHB-2 is specifically

controlled by PHYB and PHYE [11�]. Furthermore,

ATHB-2 stimulates shade avoidance: transgenic plants

that overexpress ATHB-2 display a phenotype that is

reminiscent of the low R:FR-induced wildtype pheno-

type, whereas reduced expression of this gene has the

opposite effect [18].
www.sciencedirect.com
Besides R:FR, reduced blue-light photon fluence rates in

canopies also induce shade-avoidance responses ([2,9�];
Figure 2). The UV-A/blue-light-perceiving crypto-

chromes regulate blue-light-mediated changes in growth

and development [12��]. Two cryptochromes (CRY1 and

CRY2) and their functions have been identified in Arabi-
dopsis. CRY1 is light-stable and acts at high blue-light

intensities, whereas CRY2 is light-labile and is considered
Current Opinion in Plant Biology 2005, 8:462–468
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Figure 2
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Schematic representation of light signals that act in a canopy, including downstream components that are known to be involved in shade

avoidance. R:FR is signalled through a subset of phytochromes to regulate shade avoidance. These PHYB,D,E-mediated responses are

counteracted by PHYA [33] and gated by the circadian clock through modulation of PIL1 and PIL2 expression [29��]. FR-induced early flowering

involves transcriptional regulation of PFT1 [5�]. Furthermore, phytochrome-mediated growth responses are temperature-dependent and involve

transcriptional regulation of the ATHB-2 and ATHB-4 homeobox genes (reviewed in [4�]). Blue-light responses are mediated by cryptochromes

and phototropins.
to be important at low blue-light intensities [19]. Still,

CRY2 does affect petiole elongation in Arabidopsis in

high-blue light [20�], and it therefore remains uncertain

which cryptochrome(s) regulate(s) growth responses to

reduced blue light in canopies [9�]. Cryptochromes show

structural similarities to DNA photolyases, and accumu-

late in the nucleus in the dark. In the light, CRY1

predominantly occurs in the cytosol, whereas CRY2

remains nuclear [19]. Cryptochromes interact with the

E3 ubiquitin ligase CONSTITUTIVELY PHOTO-

MORPHOGENIC1 (COP1), which targets the growth-

inhibiting transcription factor HY5 for degradation [21].

COP1-mediated HY5 breakdown is prevented by light-

activated cryptochrome, allowing HY5 accumulation and

the inhibition of elongation growth [19]. Interestingly,

phytochromes transcriptionally control HY5, providing a

point of convergence for CRY and PHY signalling [15,16].

The second class of UV-A/blue-light receptors are the

phototropins (PHOT1 and PHOT2), which might reg-

ulate phototropic growth [22] towards gaps in canopies

[2]. PHOT1 and PHOT2 have redundant functions in

phototropism and the optimization of photosynthesis-
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related traits, including chloroplast positioning and sto-

matal opening [12��]. This optimization of photosynthesis

was recently shown to dramatically increase the growth of

Arabidopsis in shaded conditions [10��]. PHOT2 operates

predominantly in high light, whereas PHOT1 is more

important for responses at low blue-light intensities [23].

Upon light activation, part of the plasma-membrane-

associated PHOT1 is released into the cytoplasm

[12��]. The NON-PHOTOTROPIC HYPOCOTYL 3

(NPH3) and ROOT PHOTOTROPISM 2 (RPT2) pro-

teins act downstream of PHOT1 [12��,22]. The exact

function of these proteins in PHOT1 signalling is

unknown, but it has been suggested that NPH3 and

RPT2 function as substrate adapters for CULLIN3

(CUL3)-based ubiquitin ligases, and thus target specific

proteins for degradation [22]. Tentatively, these target

proteins might include MASSUGU2 (MSG2)/INDOLE-

3-ACETIC ACID-REGULATED19 (IAA19), which was

recently shown to suppress the action of NPH4/ARF7, an

auxin response factor that regulates phototropism [24].

Interestingly, PHOT-mediated phototropism towards

unilateral blue light is modulated by cryptochromes
www.sciencedirect.com
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[25] and phytochromes [26�]. In addition, interactions

between CRY1 and PHYA [27] and between CRY2

and PHYB [28] have been reported in Arabidopsis. We

can conclude, therefore, that interactions between all

photoreceptors determine shade-avoidance responses.

Circadian clock control
Enhanced hypocotyl elongation caused by reduced R:FR

in Arabidopsis is day-time-dependent, and is most effec-

tively induced around (subjective) dusk [29��]. Under

these conditions, several growth-related genes, including

some that include auxin efflux regulators and cell wall

modifying enzymes, are highly expressed [30,31]. The

maximal growth increase at dusk, when sunlight in nat-

ural conditions is enriched in longer (FR) wavelengths, is

thus anticipated by the plant. Hence, the circadian clock

controls shade-avoidance responses. The clock in Arabi-
dopsis is essentially an oscillator that contains MYB factors

(e.g. CIRCADIAN CLOCK ASSOCIATED1 [CCA1]

and LATE ELONGATED HYPOCOTYL [LHY])

and a quintet of pseudo response regulators (APRRs),

including APRR1/TIMING OF CAB1 (TOC1). PIL1 is

among the proteins that interact with TOC1 [32], and the

pil1 knockout has an attenuated elongation response to a

transient reduction in R:FR. PIL1 is also rapidly and

strongly induced upon low R:FR exposure, and its expres-

sion shows circadian regulation, with highest expression

at dawn [29��,33]. This evidence paved the way for the

discovery of a molecular link between shade avoidance

and clock-regulation (Figure 2), although the exact role of

PIL1 in regulating circadian-clock-gated shade avoidance

remains to be elucidated because PIL1 transcription and

low-R:FR-induced elongation are out of phase.
Figure 3
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Hormonal interactions in shade avoidance
All of the plant hormones that are involved in elongation

growth are potential actors in shade-avoidance responses

(Figure 3). Auxin has been implicated in whole-plant

plasticity and more specifically in phototropic bending.

Phototropism is known to involve both differential auxin

transport through auxin efflux carriers [34,35�] and auxin

signalling: the nph4-1 Arabidopsis mutant is defective in

the auxin-response factor ARF7 [24]. Furthermore, the

elongation response to low R:FR is auxin dependent [18].

It has been suggested that the mechanism for elongation

relies on the lateral distribution (from the vascular tissue)

of auxin in the shoot (i.e. hypocotyl or stem) and a

consequent reduction in auxin transport towards the

roots, which remain shorter than in high R:FR [17]. Auxin

involvement is confirmed by the low R:FR-mediated

induction of IAA2, IAA7 and IAA19, and by the increased

expression of several auxin-inducible genes in crypto-

chrome and phytochrome mutants [17,33,36]. Further-

more, low-light-induced shade avoidance also requires

intact auxin signalling [7�].

Low light intensity and low R:FR also increase ethylene

production [7�,37,38]. Hence, ethylene can accumulate in

canopies [9�]. The Arabidopsis ethylene overproducing

mutant eto2 has an exaggerated response to decreased

light intensities [7�], and ethylene treatment can cause

rapid (within 2h) upward movement of leaves in Arabi-
dopsis, as can low-light treatment [8�]. The importance of

ethylene for shading responses has been convincingly

shown in tobacco. Ethylene-insensitive transgenic lines

have reduced stem-elongation and leaf-elevation

responses to low R:FR or in plant canopies [9�,39]. These
Current Opinion in Plant Biology
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R:FR and ethylene-induced elongation responses are

gibberellic acid (GA)-dependent [38]. Furthermore, the

shade-avoidance phenotype of Arabidopsis phyB mutants

is suppressed by the inactivation of GA1, a gene that

encodes ent-copalyl diphosphate synthase (CPS), which

catalyses the first step in GA biosynthesis [40]. Depend-

ing on the species, PHYB negatively controls GA sensi-

tivity and/or biosynthesis [41]. Evidently, the action of

blue light through cryptochromes might repress GA bio-

synthesis, as GA biosynthesis genes are upregulated in

cry1 mutant seedlings [36]. Recent breakthroughs in GA

signalling have provided a handle for our understanding

of the interactions between GA and other signalling

routes. Not only is the breakdown of the growth-inhibit-

ing DELLA proteins enhanced by GA signalling, but also

auxin and ethylene determine DELLA protein stability

[42,43], thus integrating several hormone signals.

The brassinosteroid (BR) pathway that stimulates elon-

gation is yet another factor implicated in the already

complex regulation of shade avoidance. The Arabidopsis
BR-biosynthesis mutant dwarf1-101 (dwf1-101) lacks

elongated hypocotyls in canopy shade [44]. Enhanced

expression of the BR-inactivating enzyme BAS1 sup-

presses the phenotype of phyB-4 mutants [45]. The

observation that BRs control the lateral distribution of

auxins or auxin signals in hypocotyls [46] tempts spec-

ulation about a link with the above-mentioned model for

the low R:FR response [17]. In shading, higher levels of

BRs could enhance lateral auxin transport out of the

vascular tissue, leading to increased auxin signalling.

Alternatively, auxin and BRs might directly stimulate

common target genes [46,47].

Ecological implications: adaptive exploitation
of shade avoidance
Shade avoidance confers a fitness advantage by enhancing

light capture in dense stands, and plants whose shade-

avoidance properties are inhibited are therefore out-

competed by wildtype neighbours [6,39]. However, the

elongated phenotype is a disadvantage in stands of low

density [6,48]. This disadvantage implies costs, such as

the reduced investment in roots and photosynthesizing

leaves and mechanical problems such as lodging [6].

These costs can even have consequences in dense stands;

for example, low water availability negatively affects

selection for shade avoidance traits, probably because

of the reduced investment in roots [49�]. Thus, shade

avoidance is advantageous only when displayed under

specific environmental conditions and disadvantageous

under other conditions. As a result, variation for shade-

avoidance properties exists between [50] and within [51]

species, which might be related to each species’ or

genotype’s habitat of origin. For example, the alpine

Stellaria longipes ecotype occurs in open, non-competitive

fields and shows no low R:FR-induced internode elonga-

tion, whereas this response is shown by the prairie
Current Opinion in Plant Biology 2005, 8:462–468
ecotype from dense, competitive vegetation [52].

Furthermore, woodland populations of Impatiens capensis
cannot outgrow the shading trees, and hence show no

shade avoidance to low R:FR, whereas open field popula-

tions do show this response because, in this environment,

the ability to respond to low R:FR provides a competitive

advantage over neighbours [53].

Conclusions
New perspectives on plant neighbour detection and the

paradigm of PHYB-mediated shade avoidance through

R:FR signalling have now been merged into a complex

model that involves numerous signals and photorecep-

tors. Besides PHYB, PHYD and PHYE also contribute

redundantly to R:FR signalling. Recent studies have

identified important roles for blue and total light intensity

as cues for the detection of neighbours, and there are even

indications that neighbours could be detected through

the perception of volatile chemicals such as ethylene [9�].
However, it remains to be determined which UV-A/blue-

light receptors are actually involved in neighbour detec-

tion, and the use of combined photoreceptor mutants in

canopy studies could shed new light on this emerging

topic.

At the level of hormone interactions, major progress

has been made recently. It has been shown that not

only gibberellins but also auxins, brassinosteroids and

ethylene regulate shade-avoidance responses. The invol-

vement of these hormones is best described in R:FR-

mediated responses, but data on blue light-regulated

traits are accumulating. Interestingly, light and hormone

signal transduction have a fundamental process in com-

mon: the breakdown of proteins that are targeted by

ubiquitination [54]. This has recently inspired several

authors to postulate light–hormone interactions in the

protein-degradation process, and this research area

will undoubtedly yield interesting insights in the near

future.
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