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Plants have evolved various mechanisms that protect against
the harmful effects of UV-B radiation (280–315 nm) on
growth and development. Cyclobutane pyrimidine dimer
(CPD) photolyase, the repair enzyme for UV-B-induced
CPDs, is essential for protecting cells from UV-B radiation.
Expression of the CPD photolyase gene (PHR) is controlled
by light with various wavelengths including UV-B, but the
mechanisms of this regulation remain poorly understood. In
this study, we investigated the regulation of PHR expression
by light with various wavelengths, in particular low-fluence
UV-B radiation (280 nm, 0.2 mmol m�2 s�1), in Arabidopsis
thaliana seedlings grown under light–dark cycles for 7 d and
then adapted to the dark for 3 d. Low-fluence UV-B
radiation induced CPDs but not reactive oxygen species.
AtPHR expression was effectively induced by UV-B, UV-A
(375 nm) and blue light. Expression induced by UV-A and
blue light was predominantly regulated by the
cryptochrome-dependent pathway, whereas phytochromes
A and B played a minor but noticeable role. Expression
induced by UV-B was predominantly regulated by the
UVR8-dependent pathway. AtPHR expression was also
mediated by a UVR8-independent pathway, which is
correlated with CPD accumulation induced by UV-B radi-
ation. These results indicate that Arabidopsis has evolved
diverse mechanisms to regulate CPD photolyase expression
by multiple photoreceptor signaling pathways, including
UVR8-dependent and -independent pathways, as protection
against harmful effects of UV-B radiation.

Keywords: Arabidopsis � CPD photolyase � Cryptochrome �

Cyclobutane pyrimidine dimer (CPD) � Gene expression �

UVR8.

Abbreviations: CHS, CHALCONE SYNTHASE; Col, Columbia;
COP1, CONSTITUTIVELY PHOTOMORPHOGENIC 1; CPD,
cyclobutane pyrimidine dimer; HY5, ELONGATED
HYPOCOTYL5; HYH, HY5-HOMOLOG; LD cycle; light/dark

cycle; Ler, Landsberg erecta; PHR, CPD photolyase; ROS, re-
active oxygen species; RT-PCR, real-time PCR; UVR8, UV
RESISTANCE LOCUS8; WT, wild type.

Introduction

Plants use sunlight as the energy source for photosynthesis and
are inevitably exposed to harmful UV-B radiation (280–
315 nm). As sessile organisms, plants are at risk of damage
from UV-B radiation, which reduces growth and productivity
(Teramura 1983). Formation of cyclobutane pyrimidine dimers
(CPDs), a major type of DNA damage induced by UV-B radi-
ation (Britt 1996), can inhibit transcription and replication and
induce mutations (Britt 1996, Sancar 2004), thereby inhibiting
plant growth and development (Teramura 1983). In fact, CPDs
are a principal cause of UV-B-induced growth inhibition in rice
grown with supplementary UV-B radiation (Hidema et al. 2007,
Teranishi et al. 2012). Plants possess mechanisms for coping
with CPDs, including nucleotide excision repair and photoreac-
tivation. Photoreactivation is mediated by CPD photolyase,
which absorbs UV-A (315–400 nm) and blue light, and uses
the energy obtained to monomerize dimers, which is the pri-
mary mechanism to repair UV-B-induced CPDs (Britt 1996).
Previously, we showed that CPD photolyase is crucial for deter-
mining the resistance of rice to UV-B radiation (Hidema et al.
2005, Ueda et al. 2005), and that elevated CPD photolyase ac-
tivity can significantly alleviate UV-B-induced growth inhibition
in rice (Hidema et al. 2007, Teranishi et al. 2012). CPD photo-
lyase translocates to and functions in all three DNA-containing
organelles: nuclei, mitochondria and chloroplasts (Takahashi
et al. 2011, Takahashi et al. 2014). These results indicate that
CPD photolyase is essential for plants growing in sunlight,
which contains UV-B radiation. Thus, plants must be able to
sense UV-B conditions and then express CPD photolyase to
avoid UV-B-induced inhibition of growth and development.
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Numerous studies have investigated the mechanisms of
induction of the CPD photolyase gene (PHR). Expression
of PHR is regulated by light with various wavelengths, including
far-red, red, blue, UV-A and UV-B. In etiolated Phaseolus vul-
garis L. seedlings (Langer and Wellmann 1990) and etiolated
mustard cotyledons (Buchholz et al. 1995), PHR induction is
under phytochrome control; consequently, continuous far-red
light is most effective. In 6-day-old etiolated Arabidopsis
seedlings, exposure to long-wavelength UV-A radiation, but
not red, blue or UV-B radiation, effectively induces PHR
expression (Ahmad et al. 1997). In addition, in de-etiolated
cucumber, the action spectrum for PHR induction has a peak
in the UV-B region (at 310 nm; Ioki et al. 2008). Recent studies
identified a UV-B-specific photoreceptor, UV RESISTANCE
LOCUS8 (UVR8) (Rizzini et al. 2011, Christie et al. 2012),
which regulates a multitude of genes related to UV protection
in Arabidopsis, including PHR (Jenkins and Brown 2007, Brown
and Jenkins 2008). UVR8-mediated responses to UV-B are
observed at low fluence rates (<1 mmol m�2 s�1 UV-B).
Although a number of studies have addressed the mechanisms
of light-mediated PHR expression, the mechanisms are
complicated, and remain poorly understood.

Gene expression is also controlled by UV-B-induced damage
and stress response signaling pathways (Brosché and Strid 2003,
Ulm and Nagy 2005, Biever et al. 2014). This type of response to
UV-B is observed at high fluence rates (>1mmol m�2 s�1

UV-B), which lead to production of reactive oxygen species
(ROS) and damage cellular components including DNA, pro-
teins and lipids (A-H-Mackerness et al. 2001, Brosché and Strid
2003, Jenkins and Brown 2007). High UV-B fluence rates can
cause leaf curling, inhibit plant growth, and initiate the
expression of damage and stress response genes via various
signaling pathways. In most cases, however, these pathways
are not specific to UV-B (Brosché and Strid 2003, Frohnmeyer
and Staiger 2003, Kucera et al. 2003). In addition to ROS,
signaling components linked to UV-B responses include Ca2+

and various plant hormones (Brosché and Strid 2003,
Frohnmeyer and Staiger 2003). DNA damage (double- or
single-strand breaks and CPDs), induced by UV-B or ionizing
radiation, also may lead to activation of pathways that induce
cell cycle arrest or programmed cell death in stem cells of the
root apical meristem (Curtis and Hays 2007, Furukawa et al.
2010, Jiang et al. 2011). However, it is unclear whether PHR
expression is also regulated by UV-B-induced damage and
stress response signaling pathways.

To understand the mechanisms of light-mediated PHR
expression, especially that in response to low-fluence UV-B
(0.2 mmol m�2 s�1, 280 nm), in Arabidopsis seedlings, we inves-
tigated changes in PHR transcript levels in response to light
with various wavelengths using dark-adapted mutants that
lacked specific components of light-mediated signaling
pathways. The 0.2mmol m�2 s�1 UV-B can induce the
formation of CPDs but not ROS. We found that (i) the
expression of AtPHR was effectively induced by UV-B, UV-A
and blue light and that (ii) AtPHR expression induced by
UV-B and UV-A/blue light was primarily regulated by the
UVR8- and cryptochrome-dependent pathways, respectively,

both of which depend on ELONGATED HYPOCOTYL5 (HY5)
and HY5 HOMOLOG (HYH). In addition, we found that
expression of AtPHR in response to UV-B radiation is also
regulated by a UVR8-independent pathway. UV-B-induced
AtPHR expression mediated by the UVR8-independent
pathway was correlated with UV-B-induced CPD levels.

Results

CPD photolyase gene expression is controlled by
light but not by the circadian clock

We first investigated the expression pattern of PHR during day
and night in Arabidopsis seedlings grown in 12 h white light/
12 h dark (LD) cycles for 7 d. We observed daily oscillation of the
AtPHR transcript level when seedlings continued to grow under
LD cycles for a further 2 d (Fig. 1A). The AtPHR transcript
accumulated after the beginning of white light illumination,
reached a maximum 4 h later, and then decreased gradually

Fig. 1 Diurnal changes in CPD photolyase gene (PHR) expression in
Arabidopsis seedlings. Seedlings (Col) were grown in a 12 h white light
(100 mmol m�2 s�1)/12 h dark photoperiod (LD cycles) for 7 d, after
which seedlings were harvested every 4 h. After LD cycles, the
seedlings were either grown under LD cycles for another 2 d (A) or
transferred to continuous darkness for 3 d (B). The AtPHR transcrip-
tion level was measured by RT-PCR and normalized to that at the end
of the 7 d LD cycles. White boxes below the x-axis correspond to the
light intervals, and black boxes correspond to the dark intervals. Data
are means ± SEM (n = 3).
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over the light and dark phases of the subjective day until the
end of the dark period; the transcript level increased again
during the next light period. When seedlings were transferred
to continuous darkness after 7 d under LD cycles, the transcript
level gradually decreased and remained very low after 24 h of
darkness (Fig. 1B). Because AtPHR expression was strongly
reduced in the dark, we concluded that AtPHR expression is
promoted primarily by light and is not controlled by the
circadian clock in Arabidopsis seedlings grown under LD cycles.

Responsiveness of AtPHR to light with various
wavelengths

To determine the effect of light wavelength on AtPHR
expression, we exposed seedlings grown under LD cycles for
7 d and then dark-adapted for 3 d to narrowband UV-B,
UV-A, blue, red or far-red light for 0.5–6 h. In these experiments,
the fluence rate at all wavelengths except UV-B was
20mmol m�2 s�1, which is sufficient to activate UV-A/blue
(cryptochrome-dependent) or red/far-red (phytochrome-
dependent) signaling pathways (Peschke and Kretsch 2011).
A low fluence rate of UV-B radiation was used (0.2 mmol m�2

s�1). To investigate whether this fluence rate could induce CPD
or ROS formation, we exposed dark-adapted wild-type (WT)
Columbia (Col) seedlings to UV-B radiation (280 nm) for 3 h
and then monitored accumulation of CPDs and transcripts of
genes related to ROS production. Exposure to UV-B induced

considerable CPD formation (approximately 25 CPDs per Mb,
corresponding to 6,500 CPDs per diploid Arabidopsis cell; Fig.
2A). On the other hand, the expression of WRKY40 (a ROS-
responsive transcription factor gene; Shao et al. 2013), APX1 (an
H2O2-induced marker gene; Shao et al. 2013) and At3g50970 (an
O2-induced marker gene; Ramel et al. 2012) was not detected
upon exposure to low-fluence UV-B radiation �0.5mmol m�2

s�1), whereas these genes were expressed at high-fluence UV-B
(�1mmol m�2 s�1) (Fig. 2B). Therefore, UV-B radiation at the
fluence rate of 0.2 mmol m�2 s�1 induced the formation of
CPDs but not ROS.

Next, we quantitated the effects of light of different wave-
lengths on AtPHR transcript levels by real-time PCR (RT-PCR).
Accumulation of AtPHR mRNA was markedly increased by
exposure to UV-B, UV-A and blue light; it peaked at 3 h of
exposure and then slightly decreased (Fig. 3). In contrast,
accumulation of AtPHR mRNA increased slightly after 0.5 h of
exposure to red light and then decreased. No accumulation
of AtPHR transcript was observed under far-red light.

Cryptochromes and phytochromes regulate
light-induced expression of AtPHR

UV-A and blue light are sensed by multiple photoreceptors in
higher plants. Among them, cryptochromes are key regulators
of early blue-light-induced gene expression (Liu et al. 2011).
To determine whether UV-A- and blue-light-induced expres-
sion of AtPHR in Arabidopsis is regulated by a cryptochrome-
dependent pathway, we monitored the expression levels of
AtPHR in the dark-adapted cry1 cry2 double mutant exposed
to UV-B, UV-A or blue light for 3 h. The responsiveness of
AtPHR expression to UV-A and blue light but not to UV-B

Fig. 2 Low-fluence narrowband UV-B radiation (280 nm) induces
CPDs, but not ROS. Seven-day-old seedlings (Col) adapted to the
dark for 3 d were subjected to UV-B radiation or kept in the dark
for 3 h. (A) Accumulation of CPDs upon exposure to 0.2 mmol m�2 s�1

UV-B radiation. Data are means ± SEM (n = 3). (B) Transcript levels of
the WRKY40 (ROS-responsive transcription factor), APX1 (H2O2

marker gene), At3g50970 (O2 marker gene) and ACTIN genes upon
exposure to UV-B radiation of various fluence rates were assayed by
RT-PCR.

Fig. 3 Relative expression of AtPHR in WT Col seedlings in response to
light with various wavelengths. Seedlings were irradiated with narrow-
band UV-B (280 nm), UV-A (375 nm), blue (460 nm), red (660 nm) or
far-red (730 nm) light. The fluence rate was 0.2 mmol m�2 s�1 for UV-B
and 20 mmol m�2 s�1 for other wavelengths. AtPHR transcript levels,
determined by RT-PCR, were normalized to that in the dark control of
Col. Data are means ± SEM (n = 3).
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was considerably reduced in the cry1 cry2 mutant in
comparison with that of the WT (Fig. 4A). Some UV-A- and
blue-light-induced AtPHR expression was still observed in the
cry1 cry2 mutant, suggesting that cryptochromes are not the
only photoreceptors involved. Since phytochrome has a peak of
absorption in the blue-light region, it can also function as a
blue-light receptor and mediate blue-light responses (Casal
and Mazzella 1998, Poppe et al. 1998). Therefore, to determine
the role of phytochrome in UV-A- and blue-light-induced
AtPHR expression in the cry1 cry2 mutant, we monitored
AtPHR expression in cry1 cry2 phyA, cry1 cry2 phyB and cry1
cry2 phyA phyB mutants exposed to UV-B, UV-A or blue light
(Fig. 4B). UV-B radiation increased AtPHR transcription to
similar levels in these mutants and in Col, and there was no
significant difference in the expression level between the
mutants. Induction of AtPHR expression by UV-A and blue
light in the cry1 cry2 phyA mutant was similar to that in the

cry1 cry2 mutant. In contrast, in the cry1 cry2 phyB and cry1
cry2 phyA phyB mutants, blue-light-induced AtPHR expression
was strongly suppressed, whereas it was induced by UV-A in the
cry1 cry2 phyB mutant but not in the cry1 cry2 phyA phyB
mutant. These results indicate that both cryptochromes
and phytochrome B function as UV-A and blue-light
photoreceptors to induce AtPHR expression in Arabidopsis.
Thus, cryptochromes act as primary photoreceptors and
function redundantly with phytochrome B to induce AtPHR
expression in response to UV-A and blue light in dark-adapted
Arabidopsis seedlings. In addition, phytochrome A might
also contribute to UV-A-induced AtPHR expression (Reed
et al. 1994).

UV-B-inducible AtPHR expression is mediated by
UVR8-dependent and -independent pathways

To determine whether UV-B-induced expression of AtPHR is
controlled by UVR8, we monitored the levels of the AtPHR
transcript in two uvr8 mutants, uvr8-6 (Col background)
(Favory et al. 2009) and uvr8-2 [Landsberg erecta (Ler)
background] (Cloxi et al. 2012), after UV-B radiation. The
uvr8-6 mutant is a uvr8 T-DNA insertion line from the SALK
collection (SALK_033468), whereas uvr8-2 has a premature
stop codon at Trp400 and lacks 40 C-terminal amino acids. In
the dark, the AtPHR transcript levels were similar in the
mutants and WT (Fig. 5A). Under UV-B irradiation, the
induction of the AtPHR transcript in both mutants was
substantially reduced in comparison with the WT (Fig. 5A).
Under UV-A and blue light, the AtPHR transcript levels in the
mutants were not reduced, indicating that UVR8 was not
activated (Fig. 5A).

The cryptochrome chromophore, FAD, absorbs not only
UV-A and blue light, but also UV-B radiation (Vaidya et al.
2013). Thus, AtPHR transcription in the uvr8 mutants might
be induced by UV-B radiation through a UVR8-independent,
cryptochrome-dependent pathway. To examine this possibility,
we generated transgenic Arabidopsis plants expressing an
artificial microRNA that targets the 30-coding regions of
UVR8 (amiR-uvr8) in the cry1 cry2 double mutant background.
Four independent cry1 cry2 amiR-uvr8 transgenic lines (#2, 3, 6
and 7) selected for further study contained no detectable UVR8
transcript (Fig. 5B) or protein (Fig. 5C). To test whether the
UVR8 function in these lines was abolished, the UV-B-induced
expression of CHALCONE SYNTHASE (CHS) and HY5, which is
entirely dependent on UVR8 (Jenkins and Brown 2007, Brown
and Jenkins 2008), was examined in these lines grown for 7 d
under LD cycles and dark-adapted for 3 d. The CHS or HY5
induction by UV-B radiation in any of the transgenic lines or
in the uvr8-6 mutant was strongly repressed, whereas in the
cry1 cry2 mutant CHS and HY5 induction was similar to that in
the WT (Fig. 5D). Thus, we concluded that UVR8 did not
function in these lines.

Next, we monitored AtPHR expression in these lines in
response to UV-B radiation. Similar to the uvr8-6 mutant,
they showed considerable UV-B-induced AtPHR expression,
although it was markedly lower than in the WT and the cry1
cry2 mutant (Fig. 5E). These results strongly suggest that AtPHR

Fig. 4 UV-A- and blue-light-induced AtPHR expression in crypto-
chrome and phytochrome mutants. Seedlings of the WT (Col) and
the cry1 cry2 mutant (A), or of the WT and cry1 cry2, cry1 cry2 phyA,
cry1 cry2 phyB and cry1 cry2 phyA phyB mutants (B) were exposed to
UV-B, UV-A or blue light for 3 h as in Fig. 3. AtPHR transcript levels,
determined by quantitative RT-PCR, were normalized to those in the
dark controls of Col. Data are means ± SEM (n = 3).
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induction by low-fluence UV-B in Arabidopsis might be
mediated not only by a UVR8-dependent pathway but
also by UVR8-independent pathways other than the
cryptochrome-dependent pathway.

COP1, HY5 and HYH are dispensable for UV-B-
responsive UVR8-independent expression of
AtPHR

CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) protein
acts as a negative regulator of photomorphogenic responses
to UV-B and blue light and is required for regulation of many
genes regulated by UVR8 and cryptochromes (Oravecz et al.
2006, Favory et al. 2009, Tilbrook et al. 2013). To determine

whether COP1 is required for AtPHR expression by low-fluence
UV-B, we investigated AtPHR expression after UV-B radiation in
a cop1 mutant. In this mutant, a high constitutive level of
AtPHR transcript was detected in the dark, whereas UV-B
radiation further increased it (Fig. 6A). Blue-light-induced
expression of AtPHR was repressed in the cop1 mutant, whereas
CHS and HY5 expression was not induced by either UV-B or
blue light (Fig. 6A).

HY5, a key positive regulator of Arabidopsis photomorpho-
genesis, encodes a b-ZIP transcription factor up-regulated by
UV-B and blue light (Ulm et al. 2004, Brown and Jenkins 2008,
Jiang et al. 2012b). HYH, another b-ZIP transcription factor, is
partially functionally redundant with HY5 (Holm et al. 2002),

Fig. 5 UV-B-induced expression of AtPHR, AtCHS and AtHY5 in the uvr8 and cry1 cry2 mutants and in cry1 cry2 amiR-uvr8 transgenic plants. (A)
Relative AtPHR transcript levels in the WT (Col, Ler) and uvr8 mutant (uvr8-6/Col and uvr8-2/Ler) seedlings grown under LD cycles for 7 d,
adapted to the dark for 3 d and then exposed to UV-B, UV-A or blue light for 3 h. AtPHR transcript levels, determined by RT-PCR, were
normalized to that of the dark control of Col. Data are means ± SEM (n = 3). (B) RT-PCR analysis of UVR8 in seedlings of WT (Col), cry1 cry2,
uvr8-6 and cry1 cry2 amiR-uvr8 transgenic plants (lines #2, 3, 6 and 7) exposed (+UV-B) or not (�UV-B) to UV-B radiation for 3 h. (C) Western
blot analysis with anti-UVR8 antibody. Protein extracts were prepared from the WT (Col), and cry1 cry2, uvr8-6 and cry1 cry2 amiR-uvr8
transgenic plants grown under LD cycles for 7 d. CBB, Coomassie Brilliant Blue staining. RT-PCR analysis of CHS and HY5 (D) and AtPHR (E) in
seedlings of the WT (Col), and cry1 cry2, uvr8-6 and cry1 cry2 amiR-uvr8 transgenic plants grown under LD cycles for 7 d, adapted to the dark for
3 d and then exposed to UV-B radiation for 3 h. Transcript levels were normalized to those in the dark controls of Col. Light treatments and
conditions are as in Fig. 3. Data are means ± SEM (n = 3).
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and genes controlled by the UVR8-dependent pathway are
regulated by HY5/HYH (Brown and Jenkins 2008). To
determine whether HY5, HYH or both are required for AtPHR
expression by low-fluence UV-B, we investigated AtPHR
expression after UV-B radiation in hy5 (hy5-215) and hyh
(hyh-1) mutants and in a hy5 hyh double mutant (hy5-215
hyh-1). UV-B and blue light induced AtPHR expression in the
hy5-215 and hyh-1 mutants grown for 7 d under LD cycles and
then dark-adapted for 3 d, although the levels were lower than
in the WT (Fig. 6B). In the double mutant, AtPHR expression in
response to UV-B was substantially reduced, whereas its
expression in response to blue light was completely abolished
(Fig. 6B). These results indicate that AtPHR expression by
low-fluence UV-B is mediated by not only COP1-, HY5- and
HYH-dependent pathway but also an independent pathway.

AtPHR expression induced by the
UVR8-independent pathway is linked to CPDs
induced by UV-B radiation

As described above, UV-B radiation at 0.2mmol m�2 s�1 in-
duces formation of CPDs but not ROS (Fig. 2A). We examined
the relationship between CPD accumulation and the UVR8-
independent induction of the AtPHR transcript level in the
WT (Col) and the uvr8-6 mutant exposed to UV-B (280 nm;
�0.2mmol m�2 s�1) for 3 h (Fig. 7). The CPD levels increased
gradually with increasing dose of UV-B radiation until 0.1 mmol
m�2 s�1, and then increased dramatically at 0.2mmol m�2 s�1.
There was no significant difference in CPD levels between the
WT and the uvr8-6 mutant (Fig. 7A). The AtPHR transcript

levels also gradually increased with increasing dose of UV-B
radiation in both the WT and the uvr8-6 mutant. However, at
�0.1mmol m�2 s�1, the transcript level in the WT was
considerably higher than that in the uvr8-6 mutant, the
difference resulting from the activation of the UVR8-dependent
pathway (Fig. 7B). Therefore, UV-B-induced AtPHR expression
by UVR8-independent pathways in the uvr8-6 mutant is
correlated with accumulation of CPDs induced by UV-B
radiation.

Discussion

In this study, we investigated the regulation of expression of
AtPHR, which encodes CPD photolyase, in response to light
with various wavelengths and intensities, especially low-fluence
UV-B radiation. We used Arabidopsis seedlings of WT ecotypes
and mutants that lacked key components of various light
signaling pathways. We showed that AtPHR expression is
predominantly regulated not only by cryptochrome- and
UVR8-dependent pathways but also by a UVR8-independent
pathway. In addition, phytochromes A and B play a minor but
noticeable role in AtPHR induction by UV-A and blue light.

Phytochrome controls PHR expression in etiolated bean
seedlings (Langer and Wellmann 1990) and etiolated mustard
cotyledons (Buchholz et al. 1995) because the expression is
effectively induced by continuous far-red light. UV-A radiation
is highly effective in inducing PHR expression in 6-day-old etio-
lated Arabidopsis seedlings (Ahmad et al. 1997). We observed
diurnal changes in the AtPHR transcript level (Fig. 1A). A similar

Fig. 6 UV-B- and blue-light-induced AtPHR expression in cop1, hy5, hyh and hy5 hyh mutants. (A) Transcript levels of AtPHR, AtCHS and AtHY5
in WT (Col) and cop1 mutant (cop1-4) seedlings grown for 7 d under LD cycles, adapted to the dark for 3 d and then exposed to UV-B or blue
light for 3 h. (B) Transcript levels of AtPHR in the WT (Col), and hy5 (hy5-215), hyh (hyh-1) and hy5 hyh (hy5-215 hyh-1) mutants exposed to
UV-B or blue light for 3 h. Light treatments and conditions were as in Fig. 3. Transcript levels were determined by RT-PCR and normalized
to those in the dark controls of Col. Data are means ± SEM (n = 3).
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tendency was reported for cucumber PHR (CsPHR), and a
smaller oscillation was observed when the plants were
transferred to the dark (Takahashi et al. 2002). The authors
concluded that CsPHR transcription is controlled to some
extent by circadian rhythms, but mainly by light. However,
we detected no such oscillation in the dark (Fig. 1B). Thus,
the AtPHR transcription is controlled by light signals but not
by the circadian clock in dark-adapted Arabidopsis seedlings.
These results indicate that plants have diverse mechanisms to
regulate PHR expression in response to light, and might
use different mechanisms depending on plant species,
developmental stage and light conditions during plant growth.

Plants have many UV-B-induced responses that reduce
damage resulting from UV-B radiation. These responses can
be categorized into at least two types that are regulated by
distinct signaling pathways in Arabidopsis and are triggered
by different UV-B fluence rates (Brown and Jenkins 2008).
High-fluence UV-B causes molecular damage within cells,
resulting from production of ROS and CPDs, and can induce
the expression of genes involved in damage and stress
responses via signaling pathways that are not specific to
UV-B (Brosché and Strid 2003, Frohnmeyer and Staiger 2003,
Kucera et al. 2003). On the other hand, low-fluence UV-B
responses mainly depend on the UVR8 signaling pathway,
which is activated by UV-B radiation at approximately
0.1mmol m�2 s�1 and stimulates the expression of UV-
protective genes such as CHS or PHR (Jenkins and Brown
2007, Brown and Jenkins 2008). The intensity of UV-B light
we used was 0.2mmol m�2 s�1 (narrowband UV-B radiation
of 280 nm), corresponding to a low fluence rate. Continuous
exposure for 3 h at this fluence rate induced approximately 25
CPDs per Mb in Arabidopsis seedlings, whereas expression of

oxidative damage-induced marker genes was not detected
under these conditions (Fig. 2). At UV-B fluence rates of
<0.2 mmol m�2 s�1, CPD accumulation in the uvr8 mutant
decreased with decreasing UV-B dose, and there was a
correlation between CPD accumulation and the AtPHR
transcript level in the uvr8 mutant (Fig. 7). These results sup-
port the possibility that the induction of AtPHR expression by a
UVR8-independent pathway in response to UV-B is linked to
the CPD level induced by UV-B radiation in Arabidopsis
seedlings. We found that AtPHR expression by low-fluence
UV-B is mediated by not only COP1, HY5 and HYH-dependent
pathway but also an independent pathway (Fig. 6). To date,
however, it is unclear whether the UVR8-independent pathway
depends on neither COP1, HY5 nor HYH.

In bacteria, animals and plants, DNA damage and inhibition
of replication induce a variety of DNA damage responses,
including cell death and cell cycle arrest. DNA damage response
signaling has been well characterized in mammals (Zhou and
Elledge 2000, Herrlich et al. 2008, Picco and Pagès 2013), but
remains poorly understood in plant cells. Curtis and Hays
(2007) and Furukawa et al. (2010) demonstrated that
approximately 30,000 unrepaired UV-B photoproducts (such
as CPDs, 6–4 photoproducts or both) per diploid cell of
Arabidopsis root tip could specifically elicit death of stem
and progenitor cells. Moreover, analysis of gene expression in
the UV-B-sensitive uvh1 mutant, which is defective in the
homolog of the human repair endonuclease XPF (Liu et al.
2000, Liu et al. 2001), strongly indicated that UV-B radiation
moderates the expression of cell cycle regulatory genes, particu-
larly those involved in the G1 to S transition in root tip cells
(Jiang et al. 2011). The authors of that study concluded that the
G1 to S arrest is a consequence of CPDs induced by UV-B

Fig. 7 CPD accumulation and AtPHR transcription induced by low-fluence UV-B radiation. Accumulation of CPDs (A) and AtPHR transcript
levels (B) in seedlings of the WT (Col) and the uvr8 mutant (uvr8-6) grown for 7 d under LD cycles, adapted to the dark for 3 d and then exposed
to UV-B radiation for 3 h. Transcript levels (B) were determined by RT-PCR and normalized to that in the dark control of Col. Error bars represent
the SEM (n = 3).
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radiation because the uvh1 mutant accumulates a high level of
CPDs. Thus, PHR expression could also be regulated by a
signaling pathway triggered by CPDs. We found that the CHS
or HY5 induction by UV-B radiation in any of the transgenic
lines, in the uvr8-6 or cop1 mutant was strongly repressed. Thus,
neither CHS nor HY5 expression might be regulated by a
UVR8-independent signaling pathway (Figs. 5D, 6A). These
results are consistent with those of Kucera et al. (2003), who
showed that short-wavelength UV-B (� <290 nm) was most
efficient in class I b-1,3-glucanase induction in primary leaves of
French bean, and that this induction correlates with the forma-
tion of CPDs whereas the flavonoid biosynthesis pathway
exhibited a clear inhibition. In addition, various processes
with different action peaks in the UV-B region have been
reported (Jiang et al. 2012a). These results strongly suggest
that various unknown UV-B signaling pathways, in addition
to the UVR8-dependent pathway, exist in plants.

Detection and repair of CPDs are important aspects of UV-B
resistance in plants growing under sunlight. We found that CPD
photolyase gene expression is controlled not only by UVR8-,
cryptochrome- and phytochrome-dependent pathways, but
also by a UVR8-independent pathway linked to CPDs induced
by UV-B radiation. Thus, Arabidopsis has evolved diverse
mechanisms of regulating CPD photolyase expression to
protect cells from harmful effects of UV-B radiation. Recently,
Hays et al. (2014) showed that UV-B detected by the UVR8
photoreceptor inhibits shade avoidance responses, which is
mainly regulated by the phytochrome B signaling pathway.
Such inhibition of the shade avoidance responses
mediated by UV-B occurs through HY5/HYH-dependent and
-independent mechanisms (Hays et al. 2014). These results
suggest that UVR8 signaling is closely integrated with other
photoreceptor pathways, and these photoreceptors co-
operatively modulate the balance between growth and defense
through both convergent and parallel signaling pathways (Hays
et al. 2014, Mazza and Ballaré 2015). To date, however, the
mechanisms of the UVR8-independent pathway and the
cross-talk among the light and damage signaling pathways
remain poorly understood. A better understanding of these
mechanisms will facilitate the development of methods for
preventing growth inhibition caused by UV-B radiation.

Materials and Methods

Plant materials and growth conditions

WT Arabidopsis thaliana ecotypes Col and Ler, Col background Arabidopsis

mutants cry1 cry2, cry1 cry2 phyA, cry1 cry2 phyB, cry1 cry2 phyA phyB, cop1-4,

hy5-215, hyh-1, hy5-215 hyh-1 and uvr8-6, and the Ler background mutant

uvr8-2 were used. Seeds were surface-sterilized and sown on half-strength

solid Murashige and Skoog (MS) medium supplemented with 1% (w/v) sucrose.

Seeds were placed at 4�C for 4 d to synchronize germination. Seedlings

were grown at 22�C under a 12 h white light/12 h dark cycle for 7 d in a

controlled-environment incubator. Visible light was supplied by white

fluorescent lamps (100 mmol m�2 s�1, measured with a data logger, LI-1000;

Li-Cor) (see spectrum in Supplementary Fig. S1).

To examine PHR gene expression in response to light with various

wavelengths, seedlings were grown under LD cycles for 7 d, transferred to

darkness for 3 d, exposed to light for 0.5–6 h and subjected to RT-PCR analysis.

For Western blot analysis, seedlings were grown under LD cycles for 2 weeks.

Generation of transgenic Arabidopsis lines

To generate the UVR8-RNAi (RNA interference) construct, a 261 bp fragment

of the 30-coding region of UVR8 was amplified from WT Col using the following

primers: AtUVR8-RiF, 50-CACCGTAGAGGTACAAATGGACAGCT-30 ; AtUVR8-

RiR, 50-GTACACGCTTGACATCAGTTTGTGG-30 . The purified PCR product

was cloned into the pENTR/D-TOPO cloning vector (Life Technologies), and

then transferred into the pANDA35K vector by attL�attR recombination (Life

Technologies). The construct was verified and introduced into cry1 cry2 mutant

plants by Agrobacterium-mediated transformation using the floral dip method

(Clough and Bent 1998). T1 seeds were sown on agar plates containing MS salts

and 50 mg ml�1 hygromycin. Plates were kept for 20 d in a growth incubator

(14 h white light/8 h dark cycles; white light 100 mmol m�2 s�1) for selection.

Green, rooted plants were transferred to soil for seed production. T2 seeds were

again selected with hygromycin and tested for segregation. Seeds of

homozygous T2 plants were used for further studies. In four independent

transgenic lines, the mRNA and protein levels of UVR8 were determined by

RT-PCR and Western blotting, respectively.

Irradiation conditions

Seedlings were irradiated with narrowband light (20mmol m�2 s�1) of UV-A

(375 nm), blue (460 nm), red (660 nm) or far-red (730 nm) light supplied by a

light-emitting diode (see the spectrum in Supplementary Fig. S2) or with UV-B

(280 nm) supplied by a xenon light source [MAX-303 (UV-VIS); Asahi Spectra

Co., Ltd.] filtered through a 280 nm bandpass filter (LX0280; Asahi Spectra Co.,

Ltd.) (see the spectrum in Supplementary Fig. S2). The spectrum or fluence

rate was measured with a spectroradiometer (USR-45DA; Ushio Inc.).

RNA extraction, cDNA synthesis and real-time
PCR

Total RNA was extracted from whole seedlings with an RNeasy Plant Mini Kit

and treated with DNase I (Qiagen). mRNA was purified from total RNA using a

Micro mRNA Isolation Kit (Life Technologies). Reverse transcription was

performed with an oligo(dT) primer using a PrimeScript RT Reagent Kit

(TAKARA BIO INC.). The b-tubulin gene was used as an internal control.

Gene-specific primers are listed in Table 1. Real-time PCR was performed

using SYBR Green to monitor double-stranded DNA synthesis (CFX96, Bio-

Rad). The amounts of cDNA were calculated relative to signals of a standard

dilution of the respective PCR products.

Generation of antibodies, immunoprecipitation
assays and Western blot analysis

Rabbit polyclonal antibodies were generated against a specific C-terminal

peptide of UVR8 (C-terminal amino acids 426–440: CGDISVPQTDVKRVRI)

(Favory et al. 2009) (Scrum Inc.). Seedlings were homogenized in 1 ml

of PX-Buffer [100 mM Tris–HCl (pH 7.4), 2 mM Na2EDTA, 20 mM b-

mercaptoethanol, 20% glycerol, 10 mM dithiothreitol]. Proteins (50 mg) were

separated by SDS–PAGE in a 10% (w/v) gel and electrophoretically transferred

to polyvinylidene fluoride membranes (Bio-Rad). Polyclonal anti-UVR8 was

used as the primary antibody, and anti-rabbit IgG conjugated to alkaline

phosphatase as the secondary antibody.

DNA damage assay

To analyze the effect of low-fluence UV-B radiation on in vivo CPD levels in

seedlings, DNA was extracted from seedlings, agarose plugs were prepared, and

then DNA was treated with UV endonuclease as described previously (Hidema

et al. 2000). DNA molecules were separated according to their single-strand

molecular lengths in 0.5% alkaline agarose gels using static field electrophoresis

and biased sinusoidal field gel electrophoresis (Genofield; ATTO Co.) (Hidema

and Kumagai 1998). The molecular length markers were DNA from Hansenula

wingei chromosomes (smallest, 1.05 Mb) (Bio-Rad), T4 (170 kb), � DNA

(48.5 kb) and the HindIII digest of � DNA (23.1, 9.4, 6.6, 4.3 and 2.3 kb).
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The CPD frequencies were determined using a DNA damage analysis system

constructed by Tohoku Electric Co., as previously described (Hidema and

Kumagai 1998). CPD frequencies were calculated using a molecular length

standard curve, and the quantity of DNA at each migration position was

revealed by quantitative image data (Freeman et al. 1986), and expressed as

the number of CPDs per Mb.

Supplementary data

Supplementary data are available at PCP online.

Funding

This work was supported by the Japan Society for the
Promotion of Science [Grant-in-Aid for Scientific Research,
grant Nos. 24241028 (to J.H.) and 24620001 (to M.T.), and
Grant-in-Aid for Scientific Research on Innovative Areas,
grant Nos. 25120702 and 15H05945 (to J.H.)].

Disclosures

The authors have no conflicts of interest to declare.

References

Ahmad, M., Jarillo, J.A., Klimczak, L.J., Landry, L.G., Peng, T., Last, R.L., et al.

(1997) An enzyme similar to animal type II photolyases mediates

photoreactivation in Arabidopsis. Plant Cell 9: 199–207.
A-H-Mackerness, S., John, C.F., Jordan, B. and Thomas, B. (2001) Early

signaling components in ultraviolet-B responses: distinct roles for

different reactive oxygen species and nitric oxide. FEBS Lett. 489:
237–242.

Biever, J.J., Brinkman, D. and Gardner, G. (2014) UV-B inhibition of
hypocotyl growth in etiolated Arabidopsis thaliana seedlings is a

consequence of cell cycle arrest initiated by photodimer accumulation.
J. Exp. Bot. 65: 2949–2961.

Britt, A.B. (1996) DNA damage and repair in plants. Annu. Rev. Plant
Physiol. Plant Mol. Biol. 47: 75–100.

Brown, B.A. and Jenkins, G.I. (2008) UV-B signaling pathways with different
fluence-rate response profiles are distinguished in mature Arabidopsis

leaf tissue by requirement for UVR8, HY5, and HYH. Plant Physiol. 146:
576–588.
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Mazza, C.A. and Ballaré, C.L. (2015) Photoreceptors UVR8 and
phytochrome B cooperate to optimize plant growth and defense in

patchy canopies. New Phytol. 207: 4–9.
Oravecz, A., Baumann, A., Mate, Z., Brzezinska, A., Molinier, J., Oakeley, E.J.,

et al. (2006) CONSTITUTIVELY PHOTOMORPHOGENIC 1 is required
for the UV-B response in Arabidopsis. Plant Cell 18: 1975–1990.

Peschke, F. and Kretsch, T. (2011) Genome-wide analysis of light-
development transcript accumulation patterns during early stages of

Arabidopsis seedling deetiolation. Plant Physiol. 155: 1353–1366.
Picco, V. and Pagès, G. (2013) Linking JNK activity to the DNA damage

response. Genes Cancer 4: 360–368.

Poppe, C., Sweere, U., Drumm-Herrel, H. and Schafer, E. (1998) The blue
light receptor cryptochrome 1 can act independently of phytochrome

A and B in Arabidopsis thaliana. Plant J. 16: 465–471.
Ramel, F., Birtic, S., Ginies, C., Soubigou-Taconnat, L., Triantaphylidès, C.

and Havaux, M. (2012) Carotenoid oxidation products are stress signals
that mediate gene responses to singlet oxygen in plants. Proc. Natl.

Acad. Sci. USA 109: 5535–5540.
Reed, J.W., Nagatani, A., Elich, T.D., Fagan, E. and Chory, J. (1994)

Phytochrome A and phytochrome B have overlapping but distinct
functions in Arabidopsis development. Plant Physiol. 104: 1139–1149.

Rizzini, L., Favory, J.J., Cloix, C., Faggionato, D., O’Hara, A., Kaiserli, E., et al.
(2011) Perception of UV-B by the Arabidopsis UVR8 protein. Science

332: 103–106.
Sancar, A. (2004) Photolyase and cryptochrome blue-light photoreceptors.

Adv. Protein Chem. 69: 73–100.
Shao, N., Duan, G.Y. and Bock, R. (2013) A mediator of singlet oxygen

responses in Chlamydomonas reinhardtii and Arabidopsis identified by
a luciferase-based genetic screen in algal cells. Plant Cell 25: 4209–4226.

Takahashi, M., Teranishi, M., Ishida, H., Kawasaki, J., Takeuchi, A., Yamaya,
T., et al. (2011) Cyclobutane pyrimidine dimer (CPD) photolyase repairs

ultraviolet-B-induced CPDs in rice chloroplast and mitochondrial DNA.
Plant J. 66: 433–442.

Takahashi, S., Nakajima, N., Saji, H. and Kondo, N. (2002) Diurnal change
of cucumber CPD photolyase gene (CsPHR) expression and its

physiological role in growth under UV-B radiation. Plant Cell Physiol.
43: 342–349.

Takahashi, S., Teranishi, M., Izumi, M., Takahashi, M., Takahashi, F. and
Hidema, J. (2014) Transport of rice cyclobutane pyrimidine dimer

photolyase into mitochondria relies on a targeting sequence located
in its C-terminal internal region. Plant J. 79: 951–963.

Teramura, A. (1983) Effects of ultraviolet-B radiation on the growth and
yield of crop plants. Physiol. Plant. 58: 415–427.

Teranishi, M., Taguchi, T., Ono, T. and Hidema, J. (2012) Augmentation of

CPD photolyase activity in japonica and indica rice increases their UVB
resistance but still leaves the difference in their sensitivities. Photochem.

Photobiol. Sci. 11: 812–820.
Tilbrook, K., Arongaus, A.B., Binkert, M., Heijde, M., Yin, R. and Ulm, R.

(2013) The UVR8 UV-B photoreceptor: perception, signaling and
response. Arabidopsis Book 11: e0164.

Ueda, T., Sato, T., Hidema, J., Hirouchi, T., Yamamoto, K., Kumagai, T., et al.
(2005) qUVR-10, a major quantitative trait locus for ultraviolet-B

resistance in rice, encodes cyclobutane pyrimidine dimer photolyase.
Genetics 171: 1941–1950.

Ulm, R., Baumann, A., Oravecz, A., Mate, Z., Adam, E., Oakeley, E.J., et al.
(2004) Genome-wide analysis of gene expression reveals function of the

bZIP transcription factor HY5 in the UV-B response of Arabidopsis.
Proc. Natl. Acad. Sci. USA 101: 1397–1402.

Ulm, R. and Nagy, F. (2005) Signaling and gene regulation in response to
ultraviolet light. Curr. Opin. Plant Biol. 8: 477–482.

Vaidya, A.T., Top, D., Manahan, C.C., Tokuda, J.M., Zhang, S., Pollack, L.
et al. (2013) Flavin reduction activates Drosophila cryptochrome. Proc.

Natl. Acad. Sci. USA 110: 20455–20460.
Zhou, B.B.S. and Elledge, S.J. (2000) The DNA damage response: putting

checkpoints in perspective. Nature 408: 433–439.

2023

Plant Cell Physiol. 56(10): 2014–2023 (2015) doi:10.1093/pcp/pcv121

Downloaded from https://academic.oup.com/pcp/article-abstract/56/10/2014/2461035
by guest
on 05 June 2018




