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SUMMARY

Plants in dense vegetation perceive their neighbors
primarily through changes in light quality. Initially,
the ratio between red (R) and far-red (FR) light
decreases due to reflection of FR by plant tissue
well before shading occurs. Perception of low
R:FR by the phytochrome photoreceptors induces
the shade avoidance response [1], of which
accelerated elongation growth of leaf-bearing or-
gans is an important feature. Low R:FR-induced
phytochrome inactivation leads to the accumula-
tion and activation of the transcription factors
PHYTOCHROME-INTERACTING FACTORs (PIFs)
4, 5, and 7 and subsequent expression of their
growth-mediating targets [2, 3]. When true shading
occurs, transmitted light is especially depleted in
red and blue (B) wavelengths, due to absorption
by chlorophyll [4]. Although the reduction of blue
wavelengths alone does not occur in nature, long-
term exposure to low B light induces a shade
avoidance-like response that is dependent on the
cryptochrome photoreceptors and the transcrip-
tion factors PIF4 and PIF5 [5–7]. We show in Arabi-
dopsis thaliana that low B in combination with
low R:FR enhances petiole elongation similar to
vegetation shade, providing functional context
for a low B response in plant competition. Low
B potentiates the low R:FR response through
PIF4, PIF5, and PIF7, and it involves increased
PIF5 abundance and transcriptional changes.
Low B attenuates a low R:FR-induced negative
feedback loop through reduced gene expression
of negative regulators and reduced HFR1 levels.
The enhanced response to combined phyto-
chrome and cryptochrome inactivation shows
how multiple light cues can be integrated to
fine-tune the plant’s response to a changing
environment.
3320 Current Biology 26, 3320–3326, December 19, 2016 ª 2016 Els
RESULTS AND DISCUSSION

Low B Enhances the Low R:FR-Induced Petiole
Response in a PIF-Dependent Manner
As reduction of specifically blue light (low B) does not naturally

occur, we studiedwhether lowB acts in concert with other shade

signals. Adult plants exposed to 24 hr of low B displayed only a

trend toward slight petiole elongation (Figure 1A). Interestingly,

combination of low B with low red (R): far-red (FR) induced a

stronger elongation response than low R:FR treatment alone,

which was not further affected by reduced light intensity (green

filter) (Figure 1A, light conditions in the Supplemental Experi-

mental Procedures). This suggests that low B is perceived as

a signal of increasing competition in the context of shade

avoidance.

The phytochrome (phy) mutant phyB showed an exaggerated

low B response, which was not enhanced in the combination

with low R:FR (Figure 1B). Cryptochrome (cry) mutants similarly

showed a compromised response to the combined light treat-

ment (Figure 1B), but they retained a low R:FR response. These

data indicate that the photoreceptors phyB and both cry1 and

cry2 respectively mediate the R:FR and B signaling of the

interaction.

PIF4, PIF5, and PIF7 are key regulators in low R:FR signaling

[2, 3], and PIF4 and PIF5 play a role in low B responses [5, 7].

Petiole elongation in the different light treatments was abolished

in the pif4pif5pif7mutant, but not in pif4pif5 and pif7 (Figures S1

and 1C), indicating that the enhanced response to low R:FR +

low B depends on combined action of the PIF4, PIF5, and PIF7

transcription factors. Three direct PIF target genes showed an

expression pattern consistent with enhanced elongation in low

R:FR + low B. Genes encoding the positive regulators ATHB2

and IAA19 were more expressed in low R:FR + low B than in

low R:FR alone, while gene expression of the negative regulator

HFR1 was reduced in the combined light treatment (Figures

1D–1F). Together, these results show that simultaneous low B

perception affects both low R:FR-induced gene expression

and elongation.

Wild-type plants grown at high density (canopy) experience a

reduction in R:FR, B, and light intensity over time, and they show

a strong petiole elongation response ([8]; Figures 2A and 2B). In

contrast, petiole elongation was largely reduced in pif4pif5pif7
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Figure 1. Low B Enhances the Low R:FR Response

(A–C) Elongation of�5-mm-long petioles of 29-day-old Col-0 wild-type (A), photoreceptor mutants versus Col-0 (B), and pif4pif5pif7 versus Col-0 (C) plants over

24 hr of light treatment (Supplemental Experimental Procedures) (n = 10). Green filter combines low R:FR, low B, and low light intensity.

(D–F) Expression relative to t = 0 of PIF-dependent genesATHB-2 (D), IAA19 (E), andHFR1 (F) over time in petioles of light-treated plants. Data represent means ±

SE (n = 4). Different letters indicate significant difference (p < 0.05) within genotype. ns, not significant. See also Figure S1.
canopies (Figures 2A and 2B), confirming the importance of the

PIF transcription factors in plant competition. To explore the

transcriptional interaction between low R:FR and low B more

broadly, we studied the genome-wide transcript profile of peti-

oles from single-grown plants subjected to the different light

treatments. We compared these with the transcript profile of

canopy-grown plants of the same age. Of the light treatments,

low R:FR single treatment overlapped best with low R:FR +

low B treatment, both in number of differentially regulated genes

(DEGs) and in direction of regulation (Figures 2C and 2D). In addi-

tion to light quality changes, canopy plants experienced a

changed microenvironment, including reduced light intensity

and mechanical stress [8]. These factors likely explain the larger

number of DEGs in canopy-grown plants (Figure 2C). The com-

bined low R:FR + low B treatment showed the best overlap in

expression with the canopy profile, (Figures 2C, 2D, S2A, and

S2B), suggesting that integration of low R:FR and low B signals

indeed occurs in competition for light.

Approximately 60% of DEGs in each treatment was identified

previously as PIF4/PIF5 targets in low R:FR-treated [9] or low

B-treated [7] seedlings (Figure 2E). This indicates that there

was a larger and partly unique set of PIF targets among the larger

number of DEGs in the low R:FR + low B and canopy treatments

(Figure 2E). R-activated phyB mediates PIF4 and PIF5 degrada-

tion and PIF7 inactivation [2, 3], and B-activated cry1 binds to
PIF4 and PIF5 and inhibits PIF4 activity [7, 10]. Combined cry

and phy inactivationmay thus relieve inhibition of PIF abundance

and activity, leading to increased regulation of PIF targets in

shade.

Auxin and Brassinosteroid Positively Regulate
Elongation in Low R:FR + Low B
Gene ontology (GO) terms for the plant hormones auxin and

brassinosteroid (BR) were particularly enriched in the low

R:FR + low B and canopy transcriptomes (Table S1). Auxin reg-

ulates both low R:FR and low B responses, and several auxin-

related genes are direct PIF targets [3, 6, 9, 11]. BR, together

with auxin, also is implicated in low R:FR and low B responses

[5, 6, 12–14]. The transcription factors ARF6 (auxin related),

BZR1 (BR related), and PIF4 directly interact and coopera-

tively induce genes involved in hypocotyl elongation [15], sug-

gesting auxin and BR together can stimulate PIF-dependent

growth.

To study whether auxin and BR mediate enhanced elongation

in low R:FR + low B, we used a seedling hypocotyl assay to

accelerate the experimental cycle and facilitate pharmacological

manipulation. Although hypocotyls strongly responded to low B,

they elongated more in combined R:FR and low B similar to

petioles (Figure S3A). This response was dependent on PIF4,

PIF5, and PIF7, with a more prominent role for PIF7 in low
Current Biology 26, 3320–3326, December 19, 2016 3321
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Figure 2. Genome-wide Transcript Analysis of Competition for Light

(A) Plants grown at low (single) or high (canopy) density are shown.

(B) Length of third youngest petiole of 37-day-old single and canopy-grown

plants. Data represent means ± SE (n = 5). Different letters indicate significant

difference (p < 0.05).

(C) Venn diagram of genes expressed differentially to control in petioles of

29-day-old light-treated (24 hr) single plants and canopy-grown plants.

Microarray analysis used a cutoff of p < 0.05 and jlog2FCj > 1 (n = 3).

(D) Heatmaps of log2FC of significantly regulated genes in canopy and at least

one of the light treatments.

(E) Number of differentially regulated genes in each of the treatments that are

putative PIF4 and/or PIF5 targets. Different colors indicate targets shared with

at least one other treatment and unique targets not expressed in the other

treatments. See also Figure S2 and Table S1.
R:FR-induced elongation in hypocotyls than in petioles (Figures

S1B and S3A). Simultaneous impairment of auxin and BR

pathways was achieved by combining mutants with chemical

inhibitors. Inhibition of both hormone pathways reduced the

elongation response to low R:FR + low B more than inhibition

of a single pathway, but it did not completely suppress it (Fig-

ure 3A). This suggests that, although auxin and BR indeed pro-
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mote enhanced elongation in low R:FR + low B, further modes

of regulation may exist, such as, for example, gibberellin [16].

Low B Enhances Low R:FR Response through a COP1-
Dependent Mechanism
To study whether the increased number of PIF targets expressed

in low R:FR + low B reflects increased PIF abundance, we stud-

ied PIF5 protein levels in PIF5:PIF5-HA seedlings. Indeed, PIF5

accumulated more in low R:FR + low B than in low R:FR after

1 hr, although PIF5 abundance did not significantly increase in

low B alone (Figure 3B). PIF-dependent transcription could be

enhanced further by counteracting low R:FR-induced negative

feedback loops. Several negative regulators of the shade

avoidance response are induced by low R:FR, such as LONG

HYPOCOTYL IN FAR-RED 1 (HFR1), PHYTOCHROME RAPIDLY

REGULATED 1 (PAR1) and PAR2, LONG HYPOCOTYL 5 (HY5),

and HOMOLOG OF HY5 (HYH) [17–19]. These negative regula-

tors may prevent exaggerated elongation in low R:FR, and they

present a putative target for cross-talk. We therefore measured

hypocotyl elongation in mutants of known negative regulators

of shade avoidance.

Although 35S:PAR1-GFP (PAR1-G) hypocotyls elongated less

in all light treatments, both the PAR1-RNAi line (mildly reduced

levels of PAR1 and PAR2 [18]) and the par2-1mutant maintained

a wild-type-like low R:FR + low B response (Figures 3C and 3D),

indicating that the PARs do not play a major role. In contrast, the

hfr1and hy5hyhmutants showedenhancedhypocotyl elongation.

Whereas hy5hyh elongated more than wild-type in all light treat-

ments,hfr1only did so in lowR:FRand lowR:FR+ lowB, suggest-

ing amore specific interaction (Figure 3C). A line overexpressing a

truncated stable version of HFR1 (G-BH-03 [20]) was impaired in

all light treatments (Figure 3C), confirming that HFR1 can be a

potent inhibitor of light quality-induced hypocotyl elongation [17,

21]. We therefore studied HFR1 protein levels in HFR1:HFR1-HA

seedlings. After 1 hr, HFR1 abundance had increased in low

R:FR, decreased in low B, and was similar to white light in low

R:FR + low B (Figure 3E). This attenuated HFR1 accumulation in

lowR:FR+ lowBalsowasobservedat later timepoints (FigureS3),

and it is consistent with HFR1 protein destabilization during

prolonged shade [22]. HFR1 forms non-DNA-binding hetero-

dimers with PIF4 and PIF5, thereby inhibiting their transcriptional

activity [21]. By reducing HFR1 abundance, low B signaling may

thus increase availability of PIFs for transcription.

Regulation of protein abundance may occur at the transcript

level, as was suggested by partially reduced HFR1 expression

in petioles in the combined light treatment (Figure 1F). Transcrip-

tome analysis suggested that HY5 expression was similarly

reduced in low R:FR + low B, and qPCR analysis confirmed

reduced expression of HFR1, HY5, and HYH in petioles of plants

treated with low R:FR + low B compared to low R:FR (Figures

4A–4C). How transcript levels of these genes might selectively

be reduced by the addition of a low B signal is currently not

understood.

As HFR1 transcript levels are elevated in low R:FR + low

B compared to white light while protein levels are similar, pro-

tein stability also may be regulated in the combined light treat-

ment. HFR1, HY5, and HYH are targets of the COP1/suppressor

of phytochrome (SPA) E3 ubiquitin ligase complex, which

labels them for degradation [29]. COP1 is indeed involved in
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Figure 3. Effect of Auxin, BR, and Negative Regulators in Hypocotyl Elongation

(A, C, and D) Hypocotyl length of light-treated (A) auxinmutantwei8-1 and BRmutant bri1-1 and (C andD) negative regulator mutants (n > 16). Chemical inhibitors

of auxin perception (50 mM a-(phenylethyl-2-one)-IAA [PEO-IAA]) and BR biosynthesis (0.5 mM Brassinazole [Brz]) were added to medium right before light

treatments started.

(B and E) Protein accumulation in PIF5:PIF5-HA (B) and HFR1:HFR1-HA (E) seedlings detected with anti-HA antibody from total protein extract after 1 hr of light

treatment, quantified, and normalized to DET3 signal (n = 3). Bands of representative blot correspond with bars in graph above. Data represent means ± SE.

Asterisks indicate significant difference between light treatment and its respective chemical-treated control, and different letters indicate significant difference

within genotype (p < 0.05). W, white light; FR, low R:FR; LB, low B; FR + LB, low R:FR + low B. See also Figure S3.
shade-induced elongation and accumulates in the nucleus both

in low R:FR and low B [22, 24, 30]. Moreover, crys and phys are

associated with the COP1/SPA complex, and their light activa-

tion inhibits COP1/SPA activity [25–28]. In low R:FR + low B,

COP1 nuclear localization and relieved inhibition through de-

activation of crys may thus provide more favorable conditions

for degradation of COP1 targets than low R:FR alone. Accord-

ingly, the cop1-4mutant did not show enhanced petiole elonga-

tion in combined low R:FR + low B (Figure 4D). This shows that

low B stimulation of the low R:FR response is COP1 dependent,

and it suggests that degradation of low R:FR-induced negative

regulators is indeed required for enhanced elongation in low

R:FR + low B.

Despite the COP1 dependency of the petiole response, the

reduced gene expression of COP1 targets in petioles, and the

obvious growth-inhibiting roles of HFR1 and HY5/HYH in hypo-
cotyls, petiole elongation was not enhanced in hfr1 adult plants

subjected to light treatment or canopy growth (Figures 4E and

4F). Similarly, hy5 responses to low R:FR and combined low

R:FR + low B were not significantly different from wild-type

(p > 0.05, Student’s t test) (Figures 4E and 4F). This suggests

that in adult plants other or a combination of COP1 targets inhibit

elongation and that negative regulators of shade avoidance

may depend on developmental stage.

A Model for Phy and Cry Signaling Integration in Plant
Competition
The combination of low B with low R:FR is a specific signature of

plant competition, posing a serious threat to light capture. Low B

stimulation of the low R:FR response suggests that blue and red

light signals are integrated to respond adequately to the transi-

tion from neighbor detection to real competition. This applies
Current Biology 26, 3320–3326, December 19, 2016 3323



Figure 4. Interaction between Low R:FR and Low B Is COP1 Dependent
(A–C) Gene expression relative to white light in petioles of 4-week-old light-treated (4 hr) plants is shown for HFR1 (A), HY5 (B), and HYH (C) (n = 6).

(D and E) Petiole elongation of 3-week-old (D: cop1-4, flowers early) or 4-week-old (E: hfr1-5 and hy5-215) mutants involved in the COP1 signaling pathway over

24 hr of light treatment is shown (n = 10).

(F) Length of third youngest petiole in 35-day-old plants grown at low (single) or high (canopy) density (n = 5). Data represent means ± SE. Different letters indicate

significant difference within genotype (p < 0.05).

(G) Model of phytochrome (phy) and cryptochrome (cry) signaling integration during competition for light. In low R:FR, phy is inactivated and resides in the cytosol

[23]. This allows PIF accumulation in the nucleus and subsequent transcription of positive but also negative (red mRNA) regulators of shade avoidance [2, 17],

such as HFR1 that forms non-DNA-binding heterodimers with PIFs [21]. In low B, PIFs may accumulate [7], and cry inactivation relieves its direct inhibition of PIF-

mediated transcription [10]. In combined low R:FR and low B, PIF-mediated transcription is thus facilitated likely through both enhanced PIF abundance (this

paper) and activity. Additionally, low R:FR + low B leads to reduced accumulation of negative regulators of shade avoidance, such as HFR1 (this paper), many of

which are targets of the E3 ubiquitin ligase COP1. LowR:FR and low B both induce nuclear translocation of COP1 [24], while both cry and phy inactivation relieves

their repression on the COP1/SPA complex [25–28]. This allows for enhanced degradation of COP1 targets. Furthermore, transcription of low R:FR-induced

negative regulators is reduced in the combination with low B (this paper) through an unknown mechanism. See also Figure S3.

3324 Current Biology 26, 3320–3326, December 19, 2016



both to shade-induced unidirectional elongation (this paper)

and phototropic movement (see the accompanying paper by

Goyal et al. in this issue of Current Biology [31]). We propose

that low B potentiates the low R:FR pathway through enhanced

PIF action. In addition to increased abundance, PIF activity is

likely enhanced directly through cry inactivation and indirectly

through relieved inhibition of COP1, which increases degrada-

tion of negative regulators of PIF-mediated transcription, such

as HFR1 (Figure 4G). As PIFs are thought to be signaling hubs

[32], these may be common mechanisms through which plants

adapt their growth to changing environmental conditions.
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