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Summary 

Small increases in ambient temperature can elicit striking effects on plant architecture, collectively 

termed thermomorphogenesis [1]. In Arabidopsis thaliana, these include marked stem elongation and 

leaf elevation; responses which have been predicted to enhance leaf cooling [2-5]. 

Thermomorphogenesis requires increased auxin biosynthesis, mediated by the bHLH transcription 

factor PHYTOCHROME INTERACTING FACTOR 4 (PIF4) [6-8] and enhanced stability of the auxin 

co-receptor, TIR1, involving HEAT SHOCK PROTEIN 90 (HSP90) [9]. High temperature-mediated 

hypocotyl elongation additionally involves localised changes in auxin metabolism, mediated by the 

indole-3-acetic acid (IAA)-amido synthetase Gretchen Hagen 3 (GH3).17 [10].  Here, we show that 

ultraviolet-B light (UV-B) perceived by the photoreceptor UV RESISTANCE LOCUS8 (UVR8) [11] 

strongly attenuates thermomorphogenesis via multiple mechanisms inhibiting PIF4 activity. 

Suppression of thermomorphogenesis involves UVR8 and CONSTITUTIVELY 

PHOTOMORPHOGENIC1 (COP1)-mediated repression of PIF4 transcript accumulation, reducing 
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PIF4 abundance. UV-B also stabilises the bHLH protein, LONG HYPOCOTYL IN FAR RED (HFR1), 

which can bind to and inhibit PIF4 function. Collectively, our results demonstrate complex crosstalk 

between UV-B and high temperature signalling. As plants grown in sunlight would likely experience 

concomitant elevations in UV-B and ambient temperature, elucidating how these pathways are 

integrated is of key importance to understanding of plant development in natural environments.  

Results and Discussion 

Growth in stressful environments such as high temperature and vegetational shade can trigger plant 

acclimation/escape responses involving rapid stem elongation at the expense of biomass production 

[12-13]. A number of studies have identified molecular crosstalk between high temperature and light 

signalling via the red/far-red light-absorbing phytochrome photoreceptors [13]. More recently, 

cryptochrome 1 has been shown to physically interact with PIF4 [14-15] to regulate high temperature-

mediated hypocotyl elongation in blue light [14]. Although daily peaks in UV-B levels correlate with 

temperature maxima in natural photoperiods [16], the integration of UV-B and thermomorphogenesis 

signalling pathways has remained largely unexplored. Following UV-B absorption, UVR8 

monomerises and binds to the E3 ubiquitin ligase COP1 to initiate downstream signalling [11]. Here, 

we show that low dose UV-B provides a strong brake on high temperature-induced hypocotyl 

elongation in seedlings (Figure 1A) and petiole elongation in adult plants (Figures 1B and 1C). UV-B-

mediated inhibition of hypocotyl elongation at high temperature was observed in continuous light, 16 

h photoperiods and 8 h photoperiods, suggesting no photoperiodic specificity to the response (Figures 

1A, S1A and S1B). Considerable high temperature-mediated stem elongation responses were observed 

in the uvr8-1 mutant in the presence of UV-B, demonstrating that the inhibition effects observed are 

predominantly photomorphogenic responses mediated by UVR8 (Figures 1A-C). Some UVR8-

independent, UV-B-mediated inhibitions of hypocotyl and petiole elongation were, however, recorded. 

In addition to changes in petiole length, a UVR8-mediated suppression of high temperature-induced 

leaf hyponasty was observed in UV-B (Figure S1C). UV-B treatment decreased leaf area, independently 

of UVR8 at 20oC and 28oC. A smaller decrease was observed following high temperature treatment in 

wild-type (WT) plants, but not in uvr8 mutants. When UV-B and temperature were applied 
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simultaneously, elevated temperature rescued the small leaf phenotype induced by UV-B in a UVR8-

dependent manner (Figure S1D). UV-B-induced reductions in leaf area are complex and likely to 

involve stress signalling pathways in addition to UVR8 signalling [17]. Leaf area phenotypes may 

therefore reflect enhanced repair of UV-B-induced DNA damage at high temperature [18-19]. 

Transfer of plants to high temperature transiently increases PIF4 transcript abundance [6-8, 20] and 

promotes the accumulation of phosphorylated PIF4 protein [12]. In diurnal cycles, warm temperatures 

inhibit the transcriptional regulator EARLY FLOWERING 3 (ELF3), relieving PIF4 repression at night 

[21-23]. PIF4 promotes the expression of auxin biosynthesis genes [8, 24], including YUCCA8 (YUC8) 

which encodes a key rate limiting enzyme in tryptophan-dependent auxin biosynthesis [25-26]. High 

temperature therefore elevates free IAA (the major natural auxin) levels and the expression of auxin-

responsive genes, such as IAA29 [2, 6, 8, 24]. As expected, no significant high temperature-induced 

hypocotyl elongation was evident in pif4 mutants in our conditions (Figure 2A), [6-8]. UV-B strongly 

suppressed the elongated phenotype of PIF4 over-expressor seedlings at 20oC and 28oC, suggesting that 

UV-B may inhibit PIF4 activity (Figure 2A). In support of this idea, UV-B inhibited the accumulation 

of YUC8 and IAA29 transcript abundance at both temperatures (Figure 2B). Consistent with hypocotyl 

elongation data (Figure 1A), UV-B-mediated suppression of auxin biosynthesis/signalling genes was 

dependent upon the presence of UVR8, confirming the response to be photomorphogenic (Figure 2B). 

No high temperature-mediated increase in IAA29 transcript was observed in pif4 mutants. PIF4 over-

expressor seedlings displayed elevated levels of IAA29 transcript which were supressed by UV-B 

(Figure S1E). 

UV-B has previously been shown to inhibit auxin biosynthesis in simulated canopy shade (low red to 

far-red ratio light; low R:FR), by promoting PIF4/PIF5 degradation and stabilising DELLA proteins 

[27]. The latter inhibit PIF function through heterodimerisation [28-29]. We therefore analysed the 

stability of constitutively expressed, hemagglutinin (HA)-tagged PIF4, in our conditions. In agreement 

with previous observations at 20oC, UV-B treatment resulted in rapid PIF4-HA degradation (Figures 

3A and 3B), [27]. Intriguingly, no UV-B-mediated degradation of PIF4-HA was observed at 28oC, 

suggesting a temperature-dependent component to this response (Figures 3A, and 3B). We next 
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investigated UV-B-mediated suppression of thermomorphogenesis in a DELLA quintuple mutant, 

deficient in all DELLA proteins [6]. Despite showing longer hypocotyls than WT plants in all 

experimental conditions, strong UV-B-mediated inhibition of hypocotyl elongation was observed in 

della null mutants at high temperature, confirming that UV-B-mediated stabilisation of DELLAs does 

not constitute an underlying regulatory mechanism in the inhibition of thermomorphogenesis (Figure 

S2A). Together, these data suggest that the dominance of regulatory components controlling UV-B-

mediated hypocotyl inhibition differs between thermomorphogenesis and shade avoidance. 

We next investigated the effect of UV-B on PIF4 transcript abundance. UV-B strongly inhibited PIF4 

transcript accumulation at 20oC and 28oC in a UVR8-dependent manner (Figure 3C). Mutants deficient 

in the UVR8-binding protein COP1 showed significantly reduced PIF4 transcript in the absence of UV-

B and insensitivity to UV-B treatment at both temperatures (Figure S2B). Such data suggest a 

fundamental requirement for COP1 in promoting PIF4 transcript accumulation. Consistent with this 

observation and previous studies [20], we observed no thermomorphogenesis in cop1 mutants (Figure 

S2C). Plants expressing a constitutively dimeric form of UVR8 in the uvr8-1 background (uvr8-1/GFP-

UVR8W285F), which is unable to bind COP1 [30] displayed no UV-B-mediated inhibition of 

thermomorphogenesis (Figure S3D). This supports the hypothesis that UVR8 monomerisation and 

UVR8-COP1 binding is required for this response. The effect of reduced PIF4 transcript levels on PIF4 

protein abundance was investigated by western blotting of native PIF4, using a polyclonal PIF4 

antibody. This antibody recognised PIF4 when tested on a range of mutant and transgenic lines (Figure 

S2E). UV-B treatment strongly decreased PIF4 abundance at both temperatures, suggesting that UVR8-

mediated suppression of PIF4 transcript abundance reduces PIF4 protein (Figure 3D).  

The transcriptional regulation of PIF4 has been shown to involve the regulatory proteins ELF3 and 

ELONGATED HYPOCOTYL 5 (HY5) [20-21]. In day/night cycles, ELF3 supresses the transcription 

of PIF4 in the early evening, promoting PIF4 accumulation and hypocotyl elongation towards the end 

of the night [23]. As high temperatures supress ELF3 binding to the PIF4 promoter [21], it has been 

proposed that (in short days at least) reduced ELF3-mediated repression of PIF4 transcript 

accumulation drives high temperature mediated architectural changes. We therefore investigated the 
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consequence of daytime UV-B supplementation on night time PIF4 transcript levels at 20oC and 28oC. 

Plants were grown in short (8 h) photoperiods and PIF4 levels quantified throughout the day and early 

night. In the absence of UV-B, PIF4 transcript showed the expected early night suppression at 20oC 

(Figure 3E) [21, 23, 31]. UV-B strongly reduced PIF4 transcript abundance during the day, maintaining 

low PIF4 levels throughout the early night, before eventually reaching similar levels to untreated plants 

by 8 h of dark. At 28oC, PIF4 transcript levels were higher than at 20oC during the early night, consistent 

with reduced ELF3 function [21]. UV-B treatment still, however, resulted in a sustained suppression of 

PIF4 transcript levels across the entire time course (Figure 3F). Despite showing a higher abundance 

of PIF4 transcript than WT plants at dawn [21], elf3-1 mutants displayed UV-B-mediated PIF4 

suppression at both temperatures (Figure S3A-B). These data suggest that the inhibition of PIF4 

transcript abundance by UV-B can occur independently of ELF3. 

It is likely that UV-B also regulates PIF4 activity at the post-translational level (as evidenced by strong 

inhibition of hypocotyl elongation in PIF4-overexpressor seedlings in Figure 2A).  ELF3 and HY5 have 

been shown to inhibit PIF4 activity by direct physical interaction [31] and antagonistic promoter binding 

[32], respectively. To investigate post-translational regulation by ELF3, we investigated the effect of 

UV-B on hypocotyl inhibition in elf3-1 mutants at 20oC and 28oC. Consistent with previous reports, 

elf3-1 mutants displayed elongated hypocotyls at 20oC and an exaggerated elongation response to high 

temperature (Figures 4A and S3C) [21, 31]. These phenotypes were abolished in the presence of UV-

B, consistent with a role for UV-B signalling in inhibiting PIF4 function. As UV-B fully inhibited 

thermomorphogenesis in elf3 mutants (Figure 4A and S3C), it is unlikely that ELF3 forms a regulatory 

component of this response. We therefore investigated the role of HY5 and its close relative, HY5 

HOMOLOGUE (HYH). The expression of both is strongly increased in UV-B [33-35]. Single and 

double hy5/hyh mutants displayed significant UV-B-mediated hypocotyl inhibition at 20oC and 28oC 

(Figure 4B). High temperature-mediated hypocotyl elongation was completely inhibited by UV-B in 

WT and hy5 mutants, suggesting that HY5 is not required for the inhibition response. Conversely, some 

high temperature-mediated hypocotyl elongation was observed in hyh and hy5/hyh mutants in the 

presence of UV-B suggesting that HYH contributes towards UV-B-mediated thermomorphogenesis 
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inhibition (Figure 4B). No role for HY5 or HYH could be identified in the UV-B-mediated suppression 

of PIF4 transcript accumulation (Figure S3D).  

The RNA binding protein FCA has been shown to attenuate hypocotyl elongation at high temperature 

by promoting the dissociation of PIF4 from YUC8 chromatin [36]. High temperature increases FCA 

transcript levels two-fold but does not affect protein stability [36]. A similar high temperature effect on 

FCA transcript levels was observed in our experimental conditions. This was inhibited by UV-B in a 

UVR8-dependent manner, suggesting that FCA does not form a component of UV-B-mediated 

hypocotyl inhibition at high temperature (Figure S4A). In low R:FR, PIF function is antagonised in a 

negative feedback loop by the HLH proteins, PHYTOCHROME RAPIDLY REGULATED 1 (PAR1) 

and PAR2, and the bHLH protein, LONG HYPOCOTYL IN FAR RED (HFR1) which form 

competitive heterodimers, unable to bind DNA [37-39]. Inhibition of PIF4 activity by HFR1 has also 

been reported in monochromatic FR and blue light [12, 40]. Mutants deficient in PAR2 (par2-1) 

displayed exaggerated hypocotyl elongation at high temperature, suggesting a role for PAR2 in the 

suppression of this response in white light (Figure S4B). Despite this, both par2-1 and transgenic plants 

containing reduced transcripts of both PAR1 and PAR2 (PAR1 RNAi) [39] displayed full UV-B-

mediated inhibition of thermomorphogenesis, suggesting neither to be essential for this response 

(Figure S4B). Indeed, UV-B perceived by UVR8 strongly inhibited PAR1 and PAR2 transcript 

accumulation (Figures S4C and S4D), consistent with their roles as PIF4-target genes. A partial 

inhibition of thermomorphogenesis was, however, observed in hfr1 mutants in the presence of UV-B, 

suggesting a regulatory role for this protein (Figure 4C). In agreement with previous observations, 

HFR1 transcript abundance increased significantly at high temperature (Figure S4E) [12], but was 

strongly suppressed by UV-B in a UVR8-dependent manner (Figure S4E), consistent with the role of 

HFR1 as a PIF4 target gene [38]. We therefore investigated the effect of UV-B on HFR1 protein 

stability.  HFR1 levels increased following transfer to high temperature (Figure 4D), [12], and were 

strongly stabilised by UV-B (Figure 4D). It is possible that HFR1 binding protects PIF4 from UV-B–

induced degradation. Collectively, our data suggest that UV-B-mediated stabilisation of HFR1 
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contributes to the suppression of PIF4 activity and inhibition of hypocotyl elongation in these 

conditions. 

Conclusions 

Here, we demonstrate that UV-B is a potent inhibitor of plant thermomorphogenesis (summarised in 

Figure 4E). Low dose UV-B supplementation promoted the degradation of PIF4 protein at 20oC, but 

not 28oC. At high temperature, UV-B, perceived by UVR8, strongly inhibited PIF4 transcript 

accumulation, resulting in low PIF4 levels and reduced expression of auxin biosynthesis/signalling 

genes. No role for the characterised PIF4 transcriptional regulators ELF3 or HY5 [20-21] could be 

identified in this response. In the absence of COP1, PIF4 transcript levels remained low and insensitive 

to UV-B, suggesting a role for this protein in regulating PIF4 transcript abundance.  Reduced PIF4 

transcript has also been reported in de-etiolated 1 (det-1) mutants, deficient in an enhancer of COP1 

activity [20]. Mutants deficient in COP1 do not elongate at high temperature [20] (Figure S2B) so the 

role of COP1 in the UV-B-mediated inhibition of this response could not be directly tested. GFP-

UVR8W285F plants express a constitutively dimerised UVR8 in the uvr8-1 background which is unable 

to bind COP1 and initiate photomorphogenic signalling [30]. High temperature-mediated hypocotyl 

elongation was similar in UV-B-treated GFP-UVR8W285F and uvr8 mutants, suggesting that UVR8 

inhibits thermomorphogenesis via its established photoreceptor activity.  UV-B-mediated suppression 

of hypocotyl elongation in PIF4 over-expressor plants suggested that UVR8 inhibits PIF4 activity in 

addition to repressing transcript abundance. Two recent studies have shown that CRY1 and CRY2 

physically interact with PIF4 in blue light to inhibit thermomorphogenesis and shade avoidance [14-

15]. By contrast, UVR8 appears not to physically interact with PIFs [27]. UVR8 does, however, directly 

interact with COP1 [11, 42]. It is possible that in the presence of UV-B, UVR8 sequesters COP1, 

reducing its E3 ubiquitin ligase activity and enabling the accumulation of PIF4 negative regulators. 

Mutant analyses showed that the majority of known PIF4 inhibitors (DELLAs, ELF3, HY5, PARs), do 

not have a dominant role in UVR8-mediated inhibition of thermomorphogenesis [28-29, 31, 32, 39], 

although we cannot rule out functional redundancy between these regulators. Intriguingly, some role 

was identified for HYH, highlighting different regulatory capabilities between HY5 and HYH in these 
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conditions. The mechanism by which HYH inhibits PIF4 function is unclear but it may compete for 

PIF4 target promoters at higher temperatures. A clear role was, however, identified for HFR1, which 

is known to antagonise high temperature-mediated elongation growth in blue light [12]. High 

temperature and UV-B both stabilised HFR1 protein, which can inhibit PIF4 activity through 

heterodimer formation [38]. It is therefore likely that high HFR1 levels contribute to the UV-B-

mediated suppression of thermomorphogenesis. 

Collectively, our data support the existence of an overarching mechanism through which UV-B inhibits 

hypocotyl elongation in Arabidopsis. This involves the repression of PIF abundance and activity, which 

subsequently prevents the up-regulation of auxin biosynthesis. The relative contributions of different 

regulatory components do, however, appear to change with environmental context [27]. Here, we show 

that the molecular mechanisms controlling UV-B-mediated suppression of hypocotyl elongation vary 

with growth temperature. UVR8/COP1-mediated suppression of PIF4 transcript accumulation appears 

to strongly inhibit PIF4 protein accumulation at 20oC and 28oC (Figures 3C-F; S2B). PIF4 protein is 

additionally degraded by UV-B treatment at cooler temperatures (Figure 3A-B), [27]. At 28oC, PIF4 

protein is protected from UV-B-induced degradation (Figure 3A-B) but has severely reduced function. 

We hypothesise that this results, at least in part, from high HFR1 levels in these conditions (Figure 4D). 

This assumption is supported by the reduced UV-B- mediated hypocotyl growth inhibition observed in 

hfr1 mutants at 28oC (Figure 4C). 

Elongation growth at high temperature may facilitate plant fitness through enhancing leaf cooling 

capacity [2-5]. Excessive stem growth at the expense of leaf and root development could, however, 

prove detrimental to plant survival, by critically reducing biomass and increasing lodging susceptibility. 

Our data suggest that enhanced UV-B absorption by leaves in direct sunlight would antagonise the 

effect of warming, thereby constraining stem elongation. It is therefore of particular relevance that daily 

peaks in UV-B and temperature coincide [16]. Caution must therefore be applied when interpreting 

thermomorphogenesis studies conducted in laboratory growth cabinets and glasshouses, which often 

contain little or no UV-B.  Analysis of PIF function in natural canopies with fluctuating light and 

temperature conditions will be a key area of future research. 
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Figure legends 

Figure 1. UV-B perceived by UVR8 inhibits high temperature-induced architectural adaptations 

in Arabidopsis. (A) Hypocotyl lengths of Ler and uvr8-1 seedlings grown in continuous light for 3 d 

at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B for a further 4 d. Data represent 

mean length (n=40) ± SE. (B) Petiole length of leaf 4 of Ler and uvr8-1 plants grown for 10 d in 16 h 

light/ 8 h dark cycles at 20
o
C before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B for a further 

9 d. Data represent mean length (n ≥ 23) ± SE. Different letters indicate statistically significant means 

(p <0.05). 2-way ANOVA confirmed that there was a significant interaction between genotype and 

condition on petiole length (p < 0.001). (C) Representative rosettes of plants grown as in (B). See also 

Figure S1. 

Figure 2. UV-B perceived by UVR8 inhibits PIF4 activity and auxin signalling at high 

temperature. (A) Hypocotyl lengths of Col-0, pif4-101 and 35S:PIF4-HA seedlings grown in 

continuous light for 3 d at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B for a 

further 4 d; (n ≤ 27) ± SE. Different letters indicate statistically significant means (p <0.05). (B) Relative 

transcript abundance of YUC8 and IAA29 in Ler and uvr8-1 seedlings  grown  for 10 d in 16 h light/ 8 

h dark cycles at 20
o
C, before transfer at dawn to the indicated conditions for 4 h; n=3 ± SE. *Significant 

UV-B-mediated decrease in transcript abundance when compared to 20°C (p <0.05). **Significant UV-

B-mediated decrease in transcript abundance when compared to 28°C (p <0.05). See also Figure S1. 

Figure 3. UV-B inhibits PIF4 transcript accumulation in a UVR8-dependent manner and 

promotes PIF4 degradation in a temperature conditional manner. (A) PIF4-HA abundance in 

35S:PIF4-HA seedlings grown for 10 d in 16 h light/ 8 h dark cycles at 20
o
C, harvested before dawn 

and 2 h post dawn following transfer to the stated conditions. Col-0 serves as a negative control. 

Ponceau stain of Rubisco large subunit (rbcL) serves as a loading control. (B) Time course of plants 
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grown and treated as in (A). Relative protein abundance was normalized to ponceau staining of the 

Rubisco large subunit then expressed as a value relative to pre-dawn levels; n=3 ± SE. Asterisks denote 

a significant difference between UV-B and WL treated controls at their respective temperatures. (C) 

PIF4 transcript abundance in Ler and uvr8-1 seedlings grown as in (A) and harvested at 4 h. 

*Significant UV-B-mediated decrease in transcript abundance when compared to 20°C (p <0.05). 

**Significant UV-B-mediated decrease in transcript abundance when compared to 28°C (p <0.05). (D) 

Representative blot showing PIF4 abundance in Ler grown as in (A) at the 2 h timepoint using anti-

PIF4 antibody. Ponceau stain of Rubisco large subunit (rbcL) serves as a loading control. (E-F) Time 

course of PIF4 transcript abundance. Seedlings were grown for 10 d in 8 h light/16 h dark cycles at 

20°C. On day 11, plants were transferred to either (E) 20°C or (F) 28°C ± UV-B. UV-B treatment was 

maintained for the duration of the photoperiod and plants harvested at the times shown. All values are 

normalized to time 0. The mean of 2 biological repeats are shown ± SD. See also Figures S2 and S3. 

Figure 4. UV-B- mediated stabilization of HFR1 suppresses PIF4 activity at 28°C. Hypocotyl 

lengths of (A) Col-0 and elf3-1 (B) Ws, hy5, hyh and hy5/hyh and (C) Col-7 and hfr1 seedlings 

grown in continuous light for 3 d at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C 

+UV-B for a further 4 d. Data represent mean values (n=40) ± SE. Different letters indicate 

statistically significant means (p <0.05). 2-way ANOVA confirmed an interaction between 

genotype*condition on hypocotyl length between Col-7 and hfr1 plants (p <0.001). (D) 

Representative blot showing HFR1-HA abundance in pHFR1:HFR1-HA seedlings grown for 

10 d  in 16 h light/ 8 h dark cycles at 20
o
C, following  2 h transfer to the stated conditions using 

an anti-HA antibody. (E) Hypothetical model depicting UV-B-mediated inhibition of hypocotyl 

elongation at different temperatures. At 20°C, UV-B perceived by UVR8 inhibits PIF4 

transcript accumulation in a response requiring COP1. This reduces PIF4 protein abundance. 

Simultaneously, UV-B drives degradation of PIF4 protein and stabilises HFR1. At 28°C, UV-

B perceived by UVR8 inhibits PIF4 transcript abundance, in a response requiring COP1. This 

reduces PIF4 protein accumulation. PIF4 is protected from UV-B-induced degradation at 
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elevated temperature but its transcriptional activity is inhibited by high HFR1 levels. The 

abundance of HFR1 increases at 28°C. In UV-B, UVR8 sequesters COP1, inhibiting COP1-

mediated HFR1 degradation. A role for HYH in the UV-B-mediated inhibition of hypocotyl 

elongation was additionally observed at high temperature, although no known mechanism 

exists for HYH-regulation of PIF4 activity. Collectively, UV-B inhibits hypocotyl elongation 

by reducing PIF4 abundance and activity, thereby limiting auxin biosynthesis. The relative 

contributions of different regulatory mechanisms to this overall response are dependent on 

ambient temperature. See also Figures S2, S3 and S4. 
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Supplemental Figure Legends 

 

Figure S1, related to Figures 1 and 2. UV-B inhibits plant photomorphogenesis in multiple photoperiods. (A,B) 

Hypocotyl lengths of Col-0 seedlings grown in (A) 16 h light/ 8 h dark cycles and (B) 8 h light/ 16 h dark cycles for 3 d 

at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B for a further 4 d. Data represent means (n = 15) ± 

SE. Different letters indicate statistically significant means (p <0.05). (C) Petiole angle from horizontal of Ler and uvr8-

1 plants grown in 16 h light/ 8 h dark cycles for 10 d at 20°C before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-

B for a further 8 d. Data represent mean (n=24) ±SE. (D) Leaf area of leaf 4 of plants grown as in (C) 9 d after transfer. 

Data represent mean (n ≥ 23) ± SE. Different letters indicate statistically significant means (p <0.05). (E) Relative 

transcript abundance of IAA29 in Col-0, pif4-101 and PIF4ox seedlings  grown  for 10 d in a 16 h photoperiod at 20°C, 

before transfer at dawn to the indicated conditions for 4 h. n=3 ± SE. *Significant UV-B-mediated decrease in transcript 

abundance when compared to 20°C (p <0.05). **Significant UV-B-mediated decrease in transcript abundance when 

compared to 28°C (p <0.05). 

 

Figure S2, related to Figures 3 and 4. UV-B-mediated suppression of high temperature-induced hypocotyl 

elongation is not mediated by DELLA proteins and COP1 promotes PIF4 expression. (A) Hypocotyl lengths of Ler 

and della null seedlings grown in continuous light for 3 d at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C 

+UV-B for a further 4 d. Data represent means (n ≥ 19) ±SE. Different letters indicate statistically significant means (p 

<0.05). 2-way ANOVA confirmed there was no significant interaction between genotype and condition on hypocotyl 

length (p >0.1). (B) Relative transcript abundance of PIF4 in Col-0 and cop1-4 seedlings grown for 10 days in 16 h light/ 

8 h dark cycles at 20°C , before transfer at dawn to the indicated conditions for 4 h. n=3 ± S.E. *Significant decrease in 

transcript abundance when compared to Col-0 in identical conditions (p <0.05). NS = No significant difference in PIF4 

transcript abundance between indicated treatments (p <0.05). (C) Hypocotyl lengths of  Col-0 and cop1-4 seedlings grown 

in continuous light for 3 d at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B for a further 4 d. n=35 ± 

SE. Different letters indicate statistically significant means (p <0.05). (D) Hypocotyl lengths of  Ler, uvr8-1 and two 

independent lines of uvr8-1/GFP-UVR8W285F (W285F),  were grown in continuous light for 3 d at 20°C, before transfer 

to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B for a further 4 d. n ≥ 10 ± SE. Different letters indicate statistically significant 

means (p <0.05). (E) PIF4 and PIF4-HA abundance in WT, PIF4-deficient mutants (pif-q, pif4-101, pif4-2 and pif4/5) and 

PIF4-HA overexpressor plants grown for 10 d in 16 h light/ 8 h dark cycles at 20
o
C and harvested before dawn. The blot 

was probed with anti-PIF4, stripped and re-probed with anti-HA. Ponceau stain of Rubisco large subunit (rbcL) serves as 

a loading control. 

 

Figure S3, related to Figure 3 and 4. UV-B-mediated suppression of high temperature-induced hypocotyl 

elongation is not mediated by ELF3 or HY5. (A,B) Time course of PIF4 transcript abundance in elf3-1 mutants. 

Seedlings were grown for 10 d in 8 h light/16 h dark cycles at 20oC. On day 11, plants were transferred to either 20oC or 

28oC ± UV-B. UV-B treatment was maintained for the duration of the photoperiod and plants harvested at the times 

shown. All values are normalized to Col-0 at time 0. The mean of 2 biological repeats are shown ± SE. (C) Col-0 and 

elf3-1 seedlings grown in continuous light for 3 d at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B 

for a further 4 d. (D) Relative transcript abundance of PIF4 in Ws, hy5, hyh and hy5/hyh  seedlings  grown  for 10 d in 16 

h light/ 8 h dark cycles at 20°C, before transfer at dawn to the indicated conditions for 4 h. n=3 ± SE. *Significant UV-

B-mediated decrease in transcript abundance when compared to 20°C (p <0.05). **Significant UV-B-mediated decrease 

in transcript abundance when compared to 28°C (p <0.05).  

 

Figure S4, related to Figure 4. UV-B does not increase transcript abundance of FCA, PAR1, PAR2 or HFR1. (A) 

Relative transcript abundance of FCA in Ler and uvr8-1 seedlings  grown  for 10 d in a 16 h light/ 8 h dark cycles at 20°C, 

before transfer at dawn to the indicated conditions for 4 h. n=3 ± SE. (B) Hypocotyl lengths of the par2-1 mutant and 

PAR1-RNAi line grown in continuous light for 3 d at 20°C, before transfer to 20°C, 28°C, 20°C +UV-B or 28°C +UV-B 

for a further 4 d. Data represent means (n ≥ 19) ±SE. Different letters indicate statistically significant means (p <0.05). 

(C) Relative transcript of PAR1, (D) PAR2 and (E) HFR1 grown as in (A). *Significant UV-B-mediated decrease in 

transcript abundance when compared to 20°C (p <0.05). **Significant UV-B-mediated decrease in transcript abundance 

when compared to 28°C (p <0.05). 

 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Experimental Procedures 

 

Plant material 

All mutants and transgenic lines used in this study have been described previously. The uvr8-1 [S1] and the della null 

[S2] mutants are in the Landsberg erecta (Ler) background. The hy5KS50 [S3], hyh [S4] and hy5KS50/hyh mutants [S4]  

are in the Wassilewskija (Ws) background. The PIF4-HA over-expressor, pif4-101 and pif4/5 lines [S5], PAR1-RNAi and 

par2-1 lines [S6], pif4-2 and pif-q mutants [S7], elf3-1 [S8] and cop1-4 [S9] mutants are in the Columbia (Col-0) 

background. uvr8-1/GFP-UVR8W285F lines are in the Ler background [S10]. The hfr1-101 mutant is in the Col-7 

background [S11]. pPH73 (HFR1pro:HFR1-3XHA) was constructed by amplifying 2.1kb 5’ of the HFR1 ATG using 

primers 5’-tgactctagaggtaccggcgatcgctacgaaaagaagaag-3’ and 5’-gtcaggatccttagttaaagagatatcggagatga-3’.  HFR1 cDNA 

with a triple HA tag at the C-terminus was amplified from vector pCF396 described in [S12]. HFR1 promoter and cDNA 

were ligated into pPZP211 including an RBCS terminator sequence 3’ of the HFR1 gene. This construct was transformed 

into hfr1-101 and lines with a single insertion site that complemented the hfr1 phenotype were selected.  

 

Growth conditions 

Seeds were sown directly onto a 3:1 mixture of compost: horticultural silver sand. After 4 d stratification in darkness at 

4oC, seedlings were germinated in controlled growth cabinets (Microclima 1600E, Snijder Scientific) in continuous white 

light at 20˚C and 70% humidity.  Plants were either left in control cabinets or transferred to the indicated conditions at 

the specified time. For adult plant experiments, qPCR analysis and western blots, plants were grown in the same cabinets 

under 16 h light/8 h dark cycles or 8 h light/ 16 h dark cycles. White light was provided by cool-white fluorescent tubes 

(400-700 nm) at a photon irradiance of 90 μmolm-2s-1. Supplementary narrowband UV-B was provided at a photon 

irradiance of 400 mWm2 (approximately 1 μmolm-2s-1) by Philips TL100W/01 tubes. UV-B levels were modulated by 

strips of heat-proof tape. Biologically effective UV-B dose (BE-UV-B) was calculated 3.6 μWm−2nm−1, following Flint 

and Caldwell [S13]. Control conditions also contained the same UV-B tubes, with an extruded acrylic cover which 

selectively blocked UV wavelengths. All light measurements were performed using an Ocean Optics FLAME-S-UV-VIS 

spectrometer with a cosine corrector (oceanoptics.com). 

 

Plant measurements 
Measurements of hypocotyl length, petiole length, leaf angle and leaf area were recorded using ImageJ software 

(http://www.rsb.info.gov/ij). For hypocotyl measurements, a minimum of 15 seedlings were measured for each genotype 

in each condition. For leaf area and petiole length measurements, the largest fully expanded rosette leaf (leaf 4) was 

excised from each plant at day 19. Leaf angles of leaf 4 were measured from the horizontal soil surface at day 18. 

Measurements were recorded from a minimum of 23 plants per treatment. At least two biological repeats were performed 

for each experiment with similar results.  

 

RNA extraction and qPCR analysis.  

Seedlings were initially grown in control conditions under 16 h light/ 8 h dark cycles for 10 d, before transfer at dawn to 

different light and temperature conditions for the indicated time. RNA extraction, cDNA synthesis and qPCR were 

performed as described previously [S14]. Transcript abundance values were normalised to ACTIN2. See list of primers 

for ACTIN2, FCA, HFR1, IAA29¸ PAR1, PAR2, PIF4, and YUCCA8 sequences. Three biological replicates were 

performed for each experiment. For time course analyses, 2 biological repeats were performed with similar results.  

 

Protein extraction and western blotting 

Seedlings were grown in 16 h light/ 8 h dark photoperiods for 10 d at 20°C, before transfer at dawn to different light and 

temperature conditions for the indicated time. Samples were harvested into liquid nitrogen and extracted in buffer (100 

mM tris-HCl (pH 8), 4 M urea, 5% (w/v) SDS, 15% (v/v) glycerol, 10 mM β-ME, 30 µl/ml protease inhibitor cocktail 

(Sigma)), before boiling at 95°C for 4 min and centrifugation at maximum speed for 15 min. Protein levels were quantified 

by RC DC Lowry assay (Biorad). SDS-PAGE sample buffer (4x (8% (w/v) SDS, 0.4%  (w/v) bromophenol blue, 40% 

(v/v) glycerol, 200 mM tris-HCl (pH6.8), 400 mM β-ME)) was added to supernatants to a final dilution of 1x. Samples 

were then heated for 5 min at 95°C. 

 

For PIF4-HA immunoblots, 30 µg of total protein was loaded on to 10% SDS-PAGE gels and blotted on to nitrocellulose 

membranes (Biorad). Membranes were incubated overnight at 4°C in 1:1000 anti-HA antibody conjugated to peroxidase 

(Roche). Signals were detected using ECL2 (Thermo Scientific). Blots were performed in triplicate at each time point. 

Band intensity was analysed with ImageJ. Protein abundance was normalised to ponceau staining of rubisco large subunit 

and expressed as a value relative to pre-dawn levels.   

 

For native PIF4 and HFR1 immunoblots, protein extracts (70 µg for PIF4 or 40 µg for HFR1-HA) were separated on 10% 

or 12% SDS-PAGE gels, respectively and blotted on PVDF membrane (Thermo Scientific). Membranes were incubated 

overnight at 4oC in 1:1000 anti-PIF4 (Agrisera) or 1:2000 anti-HA (Covance). Secondary antibody incubations were 

performed for 1 h at room temperature using 1:10000 anti-rabbit (Promega) or 1:5000 anti-mouse (Dako) antibodies 

conjugated with peroxidase. Signals were detected using the SuperSignalTM West Femto Maximum Sensitivity Substrate 

(Thermo Scientific). Protein abundance was normalised to ponceau staining of rubisco large subunit. 



 

Statistical analyses 

Statistical analyses were carried out using IBM SPSS Statistics 21.0 software. Morphological assays were analyzed using 

a one-way ANOVA, treating genotype and temperature/light condition together as a single factor. Tukey’s post-hoc tests 

were used to deduce statistically significant means (p <0.05) as indicated by letters in the figures. For selected experiments 

2-way ANOVAs were performed to either confirm or rule-out interactions between genotypes and conditions. For qPCR 

analyses, relative expression values were first transformed by Log2. Student’s t-tests were then performed to investigate 

differences between the means indicated in the figure legends (p <0.05). Student’s t-test was also performed to analyse 

quantitative western blot data. 

 

Primer sequences used for qPCR 

 

 

Primer Sequence 

ActinF TCAGATGCCCAGAAGTGTTGTTCC 

ActinR CCGTACAGATCCTTCCTGATATCC 

FCAF GCTCTTGTCGCAGCAAACTC 

FCAR GATCCAGCCCACTGTTGTTTAC 

HFR1F TAAATTGGCCATTACCACCGTTTA 

HFR1R ACCGTGAAGAGACTGAGGAGAAGA 

IAA29F ATCACCATCATTGCCCGTAT 

IAA29R ATTGCCACACCATCCATCTT 

PAR1F CACGAGACGCTCTCTGT 

PAR1R TTCTCGGTCTTCACGTAC 

PAR2F CGTAGAAGATGAAGATGAA 

PAR2R CGTAGTAAGAACTTTAATGG 

PIF4F GCCGATGGAGATGTTGAGAT 

PIF4R CCAACCTAGTGGTCCAAACG 

YUCCA8F ATCAACCCTAAGTTCAACGAGTG 

YUCCA8R CTCCCGTAGCCACCACAAG 
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