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SUMMARY

Smallincreases inambient temperature can elicit strik-
ing effects on plant architecture, collectively termed
thermomorphogenesis [1]. In Arabidopsis thaliana,
these include marked stem elongation and leaf
elevation, responses that 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-temper-
ature-mediated hypocotyl elongation additionally
involves localized changes in auxin metabolism,
mediated by the indole-3-acetic acid (IAA)-amido syn-
thetase Gretchen Hagen 3 (GH3).17 [10]. Here we
show that ultraviolet-B light (UV-B) perceived by
the photoreceptor UV RESISTANCE LOCUS 8
(UVRS) [11] strongly attenuates thermomorphogene-
sis via multiple mechanisms inhibiting PIF4 activ-
ity. Suppression of thermomorphogenesis involves
UVR8 and CONSTITUTIVELY PHOTOMORPHOGENIC
1 (COP1)-mediated repression of PIF4 transcript accu-
mulation, reducing PIF4 abundance. UV-B also stabi-
lizes the bHLH protein LONG HYPOCOTYL IN FAR
RED (HFR1), which can bind to and inhibit PIF4 func-
tion. Collectively, our results demonstrate complex
crosstalk between UV-B and high-temperature
signaling. As plants grown in sunlight would most
likely experience concomitant elevations in UV-B and
ambient temperature, elucidating how these pathways
are integrated is of key importance to the understand-
ing 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
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responses involving rapid stem elongation at the expense
of biomass production [12, 13]. A number of studies have identi-
fied molecular crosstalk between high temperature and light
signaling via the red/far-red light-absorbing phytochrome photo-
receptors [13]. More recently, cryptochrome 1 has been shown
to physically interact with phytochrome-interacting factor 4
(PIF4) [14, 15] to regulate high-temperature-mediated hypocotyl
elongation in blue light [14]. Although daily peaks in ultraviolet-B
light (UV-B) levels correlate with temperature maxima in natural
photoperiods [16], the integration of UV-B and thermomorpho-
genesis signaling pathways has remained largely unexplored.
Following UV-B absorption, UV resistance locus 8 (UVR8) mono-
merizes and binds to the E3 ubiquitin ligase constitutively photo-
morphogenic 1 (COP1) to initiate downstream signaling [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 hr photope-
riods, and 8 hr photoperiods, suggesting no photoperiodic spec-
ificity 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, demon-
strating that the inhibition effects observed are predominantly
photomorphogenic responses mediated by UVR8 (Figures 1A-
1C). Some UVR8-independent, UV-B-mediated inhibitions of hy-
pocotyl and petiole elongation were, however, recorded. In addi-
tion 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 inde-
pendently of UVR8 at 20°C and 28°C. A smaller decrease was
observed following high-temperature treatment in wild-type
(WT) plants, but not in uvr8 mutants. When UV-B and tempera-
ture were applied 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 signaling pathways in addi-
tion to UVR8 signaling [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
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accumulation of phosphorylated PIF4 protein [12]. In diurnal
cycles, warm temperatures inhibit the transcriptional regulator
EARLY FLOWERING 3 (ELF3), relieving PIF4 repression at night
[21-283]. PIF4 promotes the expression of auxin biosynthesis
genes [8, 24], including YUCCAS8 (YUCS8), which encodes a key
rate-limiting enzyme in tryptophan-dependent auxin biosyn-
thesis [25, 26]. High temperature therefore elevates free indole-
3-acetic acid (IAA, the major natural auxin) levels and the expres-
sion 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 (Fig-
ure 2A) [6-8]. UV-B strongly suppressed the elongated pheno-
type of PIF4 overexpressor seedlings at 20°C and 28°C, sug-
gesting that UV-B may inhibit PIF4 activity (Figure 2A). In
support of this idea, UV-B inhibited the accumulation of YUCS8
and /AA29 transcript abundance at both temperatures (Fig-
ure 2B). Consistent with hypocotyl elongation data (Figure 1A),

PIF4 overexpressor seedlings displayed
elevated levels of IJAA29 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 stabilizing DELLA pro-
teins [27]. The latter inhibit PIF function
through heterodimerization [28, 29]. We
therefore analyzed the stability of consti-
tutively expressed, hemagglutinin (HA)-
tagged PIF4 in our conditions. In agree-
ment with previous observations at 20°C,
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 28°C, suggesting a temperature-
dependent component to this response (Figures 3A and 3B). We
nextinvestigated UV-B-mediated suppression of thermomorpho-
genesis in a DELLA quintuple mutant, deficient in all DELLA pro-
teins [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 stabilization
of DELLAs does not constitute an underlying regulatory mecha-
nism in the inhibition of thermomorphogenesis (Figure S2A).
Together, these data suggest that the dominance of regulatory
components controlling UV-B-mediated hypocotyl inhibition dif-
fers between thermomorphogenesis and shade avoidance.

We next investigated the effect of UV-B on PIF4 transcript abun-
dance. UV-B strongly inhibited PIF4 transcript accumulation at
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Figure 2. UV-B Perceived by UVR8 Inhibits PIF4 Activity and Auxin
Signaling at High Temperature

(A) Hypocotyl lengths of Col-0, pif4-101, and 35S:PIF4-HA seedlings grown in
continuous light for 3 days at 20°C, before transfer to 20°C, 28°C, 20°C +
UV-B, or 28°C + UV-B for a further 4 days (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 days in 16 hr light/8 hr dark cycles at 20°C, before
transfer at dawn to the indicated conditions for 4 hr (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.

20°C and 28°C 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
transcriptaccumulation. Consistent with this observation and pre-
vious studies [20], we observed no thermomorphogenesis incop1
mutants (Figure S2C). Plants expressing a constitutively dimeric
form of UVR8 in the uvr8-1 background (uvr8-1/GFP-UVR8V285F),
which is unable to bind COP1 [30], displayed no UV-B-mediated
inhibition of thermomorphogenesis (Figure S2D). This supports
the hypothesis that UVR8 monomerization and UVR8-COP1 bind-
ing is required for this response. The effect of reduced PIF4 tran-
script levels on PIF4 protein abundance was investigated by west-
ern blotting of native PIF4, using a polyclonal PIF4 antibody. This
antibody recognized 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
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HYPOCOTYL 5 (HY5) [20, 21]. In day/night cycles, ELF3 su-
presses the transcription of PIF4 in the early evening, promoting
PIF4 accumulation and hypocotyl elongation toward the end of
the night [23]. As high temperatures suppress ELF3 binding to
the PIF4 promoter [21], it has been proposed that (in short
days at least) reduced ELF3-mediated repression of PIF4 tran-
script accumulation drives high-temperature-mediated architec-
tural changes. We therefore investigated the consequence of
daytime UV-B supplementation on nighttime PIF4 transcript
levels at 20°C and 28°C. Plants were grown in short (8 hr) photo-
periods, and PIF4 levels were quantified throughout the day and
early night. In the absence of UV-B, PIF4 transcript showed the
expected early night suppression at 20°C (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 hr of dark. At 28°C, PIF4 transcript levels were higher than at
20°C during the early night, consistent with reduced ELF3 func-
tion [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 dis-
played UV-B-mediated PIF4 suppression at both temperatures
(Figures S3A and S3B). 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 inhibi-
tion in elf3-1 mutants at 20°C and 28°C. Consistent with previous
reports, elf3-1 mutants displayed elongated hypocotyls at 20°C
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 signaling
in inhibiting PIF4 function. As UV-B fully inhibited thermomor-
phogenesis in elf3 mutants (Figures 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 HOMOLOG (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
20°C and 28°C (Figure 4B). High-temperature-mediated hypo-
cotyl elongation was completely inhibited by UV-B in WT and
hy5 mutants, suggesting that HY5 is not required for the inhibi-
tion 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 to UV-
B-mediated thermomorphogenesis inhibition (Figure 4B). No role
for HY5 or HYH could be identified in the UV-B-mediated sup-
pression 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 tempera-
ture increases FCA transcript levels 2-fold but does not affect
protein stability [36]. A similar high-temperature effect on FCA
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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 days in 16 hr light/8 hr dark cycles at 20°C, harvested before dawn and 2 hr after 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 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 white light (WL)-treated controls at their
respective temperatures.

(legend continued on next page)
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transcript levels was observed in our experimental conditions.
This was inhibited by UV-B in a UVR8-dependent manner, sug-
gesting 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 antagonized 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 exagger-
ated 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 PAR7 and PAR2 (PAR1
RNAI) [39] displayed full UV-B-mediated inhibition of thermomor-
phogenesis, 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 stabilized
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 stabilization of HFR1 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 ther-
momorphogenesis (summarized in Figure 4E). Low-dose UV-B
supplementation promoted the degradation of PIF4 protein at
20°C, but not 28°C. At high temperature, UV-B, perceived by
UVRS, strongly inhibited PIF4 transcript accumulation, resulting
in low PIF4 levels and reduced expression of auxin biosynthesis/
signaling genes. No role for the characterized PIF4 transcrip-
tional regulators ELF3 or HY5 [20, 21] could be identified in this
response. In the absence of COP1, PIF4 transcript levels re-
mained 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) mu-
tants, deficient in an enhancer of COP1 activity [20]. Mutants

deficient in COP1 do not elongate at high temperature [20] (Fig-
ure S2B), so the role of COP1 in the UV-B-mediated inhibition
of this response could not be directly tested. GFP-UVR8"V28%F
plants express a constitutively dimerized UVR8 in the uvr8-1
background, which is unable to bind COP1 and initiate photo-
morphogenic signaling [30]. High-temperature-mediated hypo-
cotyl elongation was similar in UV-B-treated GFP-UVR8"/28%F
and uvr8 mutants, suggesting that UVR8 inhibits thermomorpho-
genesis via its established photoreceptor activity.

UV-B-mediated suppression of hypocotyl elongation in PIF4
overexpressor 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]. It is possible that in the presence of UV-B,
UVRS8 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 inhibi-
tors (DELLAs, ELF3, HY5, and PARs) does not have a dominant
role in UVR8-mediated inhibition of thermomorphogenesis [28,
29, 31, 32, 39], although we cannot rule out functional redun-
dancy between these regulators. Intriguingly, some role was
identified for HYH, highlighting different regulatory capabilities
between HY5 and HYH in these 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 antagonize
high-temperature-mediated elongation growth in blue light [12].
High temperature and UV-B both stabilized 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 upregulation 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 suppres-
sion of PIF4 transcript accumulation appears to strongly inhibit
PIF4 protein accumulation at 20°C and 28°C (Figures 3C-3F
and S2B). PIF4 protein is additionally degraded by UV-B treat-
ment at cooler temperatures (Figures 3A and 3B) [27]. At 28°C,
PIF4 protein is protected from UV-B-induced degradation (Fig-
ures 3A and 3B) but has severely reduced function. We hypoth-
esize that this results, at least in part, from high HFR1 levels in

(C) PIF4 transcript abundance in Ler and uvr8-1 seedlings grown as in (A) and harvested at 4 hr (*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 hr time point using anti-PIF4 antibody. Ponceau stain of Rubisco large subunit

(rbcL) serves as a loading control.

(E and F) Time course of PIF4 transcript abundance. Seedlings were grown for 10 days in 8 hr light/16 hr 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 two biological repeats are shown + SD.
See also Figures S2 and S3.
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Figure 4. UV-B-Mediated Stabilization of HFR1 Suppresses PIF4 Activity at 28°C
(A-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 days at 20°C, before
transfer to 20°C, 28°C, 20°C + UV-B, or 28°C + UV-B for a further 4 days. Data represent mean values (n = 40) + SE. Different letters indicate statistically significant
means (p < 0.05). Two-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 days in 16 hr light/8 hr dark cycles at 20°C, following 2 hr
transfer to the stated conditions using an anti-HA antibody.
(legend continued on next page)
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these conditions (Figure 4D). This assumption is supported
by the reduced UV-B-mediated hypocotyl growth inhibition
observed in hfr1 mutants at 28°C (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 antagonize the effect of warming, thereby con-
straining 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 thermomorphogen-
esis studies conducted in laboratory growth cabinets and glass-
houses, which often contain little or no UV-B. Analysis of PIF
function in natural canopies with fluctuating light and tempera-
ture conditions will be a key area of future research.
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