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The regulation of UV-B responses by the circadian clock
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he circadian clock modulates plant

responses to environmental stimuli.
In a recent study we showed that light
and the circadian clock regulate daily
changes in sensitivity to short treatments
of high UV-B. Here we demonstrate that
these time dependent changes in UV-B
stress sensitivity are not mediated by the
UV-B receptor UV RESISTANTCE
LOCUS 8. We also discuss the potential
mechanisms involved in this process and
the role of the circadian clock in the accli-
mation to UV-B.

The circadian clock modulates envi-
ronmental signals and stress responses in
plants. For example, the clock temporally
regulates cold, heat and light quality
mediated changes in gene expression” ~ as
well as sensitivity to many biotic and abi-
otic stresses.”®” We have recently shown
that the circadian clock modulates both
UV-B signaling as well as UV-B stress sen-
sitivity in  Arabidopsis. This work has
raised some questions on the mechanisms
of circadian control of UV-B acclimation
and acute UV-B stress responses.

Plants grown under natural conditions
are able to adapt to current levels of UV-B
radiation and do not display signs of UV-
B damage.'® However, plants grown in
the absence of UV-B are more sensitive to
subsequent UV-B applications indicating
acclimation occurs in nature.'"'* Natural
variation in UV-B sensitivity exists among
plants and has been associated with differ-
ences in irradiation, such as the ones
found at different altitudes.'>™"* There are
different fluence rate dependent responses
to UV-B in plants. Continuous exposure
to low levels of UV-B leads to morpho-
genic changes and protective acclimation
to UV-B." These processes are regulated
by the UV-B photoreceptor UV RESIS-
TANCE LOCUS 8 (UVRS).' In con-
trast, high UV-B irradiance leads to
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damage to plant cells and to stress
responses that are thought to be regulated
in a UVRS independent manner."’

UVRS is able to sense very low UV-B
fluence and regulate gene expression.17 It
forms a dimer in the absence of UV-B and
quickly monomerizes upon UV-B percep-
tion.'®'® 1 This monomerization allows
UVRS to interact with COP1 (CONSTI-
TUTIVELY PHOTOMORPHOGENIC
1) and mediate the regulation of transcrip-
tion in a manner that is still poorly under-
stood."? Principal targets of UVR8-COP1
include the transcription factors ELON-
GATED HYPOCOTYL 5 (HY5) and
HYH (HY5 HOMOLOGUE) which con-
trol the expression of a large number of
downstream genes in a UV-B dependent
manner.?’??

The circadian clock modulates UVRS-
COP1 UV-B-dependent regulation of
gene expression. This activity is reflected
in rhythmic changes in UV-B mediated
transcription under either constant light
or constant dark conditions.*® Most of
the UV-B regulated genes are also circa-
dian regulated under unstressed condi-
tions and include components of the
circadian clock.*® The misexpression of
clock components strongly influences the
effect of UV-B on transcription.4’9 More-
over, we have recently shown that clock
transcriptional repressors are able to
directly inhibit UV-B mediated gene
expression of several UV-B regulated
genes indicating that the circadian oscilla-
tor can regulate UV-B responses in a
gene-by-gene manner.” However, we have
also observed that the loss of clock compo-
nents ELF3 (EARLY FLOWERING 3),
LUX (LUX ARRHYTHMO) or ELF4
(EARLY FLOWERING 4) leads to con-
stitutive induction of all the genes tested
so far, including genes not directly tar-
geted by this transcriptional repressor
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Figure 1. UVR8 is not involved in short-term responses to UV-B stress. (A) uvr8-1 plants were more
sensitive to a long treatment of low UV-B radiation. Seedlings were grown under 12 h light/12 h
dark for 7 d and transferred to constant light for another 5 d before treatment with 3 wmol m—2
s~ ' of UV-B for 24 h in the presence of white light (70 wmol m—2 s"). Seedlings were weighed 9 d
after treatment. Values represent the averages and range of 2 independent experiments. (B) uvr8-1
seedlings displayed no differences in UV-B stress sensitivity under short UV-B treatments. Ten-day
old seedlings grown under 12 h light/12 h dark conditions were treated with UV-B using a 305 nm
long pass filter at ZT1 (3 wmol m—2 s ). After 3 h, the seedlings were transferred to 7.7 wmol m—2
s~ UV-B using a 305 nm longpass filter for 3 h in the presence of white light and before returning
back to light/dark conditions. Seedlings were weighed 15 d after treatment. Values are the average
and standard error of 4 independent experiments. For (A, B) values represent the ratio as a percent-
age of the weight between UV-B treated and control seedlings. Control seedlings were treated in
the same manner but with a 345 nm long pass filter. (C) A short UV-B treatment did not affect the
sensitivity to UV-B stress. Ten-day old wild type seedlings grown under 12 h light/12 h dark condi-
tions were treated at ZT4 (white bars) or ZT16 (dark bars) with either UV-B under a 305 nm long
pass filter (305) (3 wmol m~2 s~"), with UV-B but kept under a 345 nm long pass filter (345), or left
untreated (Ctrl). After 3 h, the seedlings were transferred to 7.7 pumol m~2 s~ UV-B using a
305 nm longpass filter for 3 h and before returning back to light/dark conditions. Seedlings were
weighed 20 d after treatment. Values are the average and standard error of 3 independent experi-

ments. Details about UV-B light conditions can be found in.?

complex.” This result suggests that the
circadian clock could also be acting fur-
ther upstream in the UV-B signaling
pathway.

In spite of the gated response in UV-B
signaling under constant light, so far no
changes in the time dependent UV-B
stress sensitivity have been observed under
these conditions.*” However, we have
shown that wild type Arabidopsis plants
are more resistant to UV-B stress during
the night than during the day and this dif-
ference is reduced in eff3 and elf4
mutants.” Under T-cycles of 6 h light and
6 h dark, the absence of visible light only
increases UV-B stress sensitivity during
the subjective night but not during the
subjective day in wild type plants indicat-
ing that the circadian clock, in addition to
light, affects UV-B stress sensitivity.” In
accordance, UV-B treatments of e/f3
mutants in the dark always leads to an
increase in stress sensitivity when com-
pared to the treatments in the light, inde-
pendent of the time of treatment, which is
likely due to the absence of circadian
control.
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These
dependent stress assays were performed
by treating plants with high UV-B
doses for short periods of time. We

previously  reported  time

wanted to test whether the response
under these conditions was dependent
on the UV-B receptor UVRS. The loss
of UVRS8 leads to increased sensitivity
to long treatments (>1 day) at low
UV-B fluence rates>*?° (Fig. 1A). We
observed that the #vr8—I1 mutants did
not display a decrease in stress sensitiv-
ity to a 3 h treatment of high UV-B
during the day when compared to the
wild type (Fig. 1B). In addition, the
single short UV-B pulses that are sufh-
cient for UVR8-COP1 mediated regula-
tion of gene expression did not affect
changes in UV-B sensitivity
(Fig. 1C). These results agree with
UVRS8 having a role of UVRS8 in long-
term acclimation to UV-B but not in

stress

short-term protection. These observa-
tions raise two questions about the
interactions between UV-B and the cir-
cadian clock: What is the role of the
circadian gated response to low UV-B
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in UV-B acclimation? And what causes
the changes in sensitivity to short pulses
of high UV-B radiation?

Under natural conditions, plants are
exposed to low UV-B fluence every morn-
ing and afternoon and to high fluence at
midday. Together with the effect of the
clock on UV-B signaling, it could be
hypothesized that there might be times of
day at which acclimation is more efficiently
induced than at others. An analogous sys-
tem is the acclimation of plants to cold
temperatures. In Arabidopsis, the circadian
clock is involved in the process of cold
acclimation via the transcriptional regula-
tion of key transcription factors.”®*® The
misexpression of clock components leads
to changes in sensitivity to freezing temper-
atures and some clock mutants are cold
resistant even in the absence of acclima-
tion.® However, in both cold and UV-B
acclimation processes it remains unknown
whether the exposure to non-damaging
treatments at certain times of day are more
effective than others in protecting plants
from subsequent stress.

There are several genes involved in the
protection against short-term treatments
of high UV-B. They include genes
involved in DNA damage repair such as
the photolyases (PHOTOLYASE 1/UV
RESISTANCE 2) and UVR3, as well as
UVHI1 (ULTRAVIOLET HYPERSENSI-
TIVE 1), which is likely to be involved in
nucleotide excision repair.”’>° PHRI and
UVR3 RNA content oscillate under con-
stant light conditions indicating that they
are circadian regulated (Fig. 2). Further-
more, it has been shown that in Cucumis
sativus extractable photorepair activity
changes throughout the diurnal cycle with
maximum activity occurring during the
middle of the day.’’ These changes in
activity correlate with differences in stress
sensitivity to high UV-B pulses in these
plants.31 Therefore, it is possible that the
circadian clock regulates changes in UV-B
stress sensitivity by modulating DNA
repair responses.

In summary, recent results have shown
that the circadian clock in Arabidopsis reg-
ulates different aspects of UV-B signaling
and stress responses. Further investigation
is necessary to elucidate the mechanisms
of circadian regulation and the clock’s role
in UV-B acclimation.
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Figure 2. Expression level of DNA repair genes under constant light conditions. Data are from the
Diurnal project3? Expression values were normalized to the average expression across the
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