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Abstract

Cryptochromes (CRYs) and UV RESISTANCE LOCUS 8 (UVR8) photoreceptors perceive UV-A/blue (315–500 nm) and 
UV-B (280–315 nm) radiation in plants, respectively. While the roles of CRYs and UVR8 have been studied in sep-
arate controlled-environment experiments, little is known about the interaction between these photoreceptors. Here, 
Arabidopsis wild-type Ler, CRYs and UVR8 photoreceptor mutants (uvr8-2, cry1cry2 and cry1cry2uvr8-2), and a fla-
vonoid biosynthesis-defective mutant (tt4) were grown in a sun simulator. Plants were exposed to filtered radiation 
for 17 d or for 6 h, to study the effects of blue, UV-A, and UV-B radiation. Both CRYs and UVR8 independently enabled 
growth and survival of plants under solar levels of UV, while their joint absence was lethal under UV-B. CRYs mediated 
gene expression under blue light. UVR8 mediated gene expression under UV-B radiation, and in the absence of CRYs, 
also under UV-A. This negative regulation of UVR8-mediated gene expression by CRYs was also observed for UV-B. 
The accumulation of flavonoids was also consistent with this interaction between CRYs and UVR8. In conclusion, 
we provide evidence for an antagonistic interaction between CRYs and UVR8 and a role of UVR8 in UV-A perception.

Keywords:  Arabidopsis thaliana, blue light, cryptochromes, flavonoids, photoreceptor interaction, solar radiation, sun simulator, 
transcript abundance, ultraviolet radiation, UVR8.

Introduction

Blue (400–500 nm), UV-A (315–400 nm), and UV-B (ground 
level UV-B, 290–315  nm) radiation are important compo-
nents of sunlight that affect plant growth and development. 
Cryptochrome 1 and 2 (CRY1 and CRY2), Phototropin 1 and 

2, and three LOV/F-box/Kelch-domain proteins (ZTL, FKF, 
and LKP2) are blue/UV-A photoreceptors (Lin, 2000; Christie 
et al., 2015). Of these seven blue/UV-A photoreceptors, CRY1 
and CRY2 are key regulators of photomorphogenic responses 
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such as inhibition of hypocotyl elongation and changes in gene 
expression in response to blue light (Yu et  al., 2010; Chaves 
et al., 2011; Christie et al., 2015). UV RESISTANCE LOCUS 
8 (UVR8), the only UV-B photoreceptor reported in plants 
(Rizzini et  al., 2011), mediates photomorphogenesis in re-
sponse to UV-B (Jenkins, 2017). Perception of UV-B and blue 
through UVR8 and CRYs, respectively, initiates signaling 
events that involve altered gene expression, which in turn af-
fects photomorphogenesis of the whole plant (Liu et al., 2011; 
Jenkins, 2017).

CONSTITUTIVELY PHOTOMORPHOGENIC 1 
(COP1), an E3 ubiquitin ligase, is a central regulator of light 
signaling and photomorphogenesis in plants. COP1 inter-
acts with CRY1 and UVR8 in a blue- and UV-B-dependent 
manner, respectively (Davis et  al., 2001; Favory et  al., 2009). 
The interactions of CRYs and UVR8 with COP1 stabilize 
the transcription factors ELONGATED HYPOCOTYL 5 
(HY5) and HY5 HOMOLOG (HYH), both of which regu-
late the expression of most blue- and UV-responsive genes. 
Examples of genes induced by blue and UV-B that require 
CRYs and UVR8 include CHALCONE SYNTHASE (CHS), 
CHALCONE ISOMERASE (CHI), DIHYDROFLAVONOL 
4-REDUCTASE (DFR), EARLY LIGHT-INDUCED 
PROTEIN 2 (ELIP2) and SOLANESYL DIPHOSPHATE 
SYNTHASE 1 (SPS1) (Brown et al., 2005; Favory et al., 2009; 
Yu et al., 2010; OuYang et al., 2015; Nawkar et al., 2017).

One of the outcomes of the altered gene expression medi-
ated by UVR8 in response to UV-B is a change in the con-
centrations of phenolic compounds (Kliebenstein et al., 2002; 
Demkura and Ballaré, 2012; Morales et  al., 2013). Flavonoid 
glycosides and hydroxycinnamic acids (HCAs) are the two 
most important groups of phenolic compounds with UV-B-
absorbing properties and their concentration is significantly in-
creased upon exposure of plants to UV radiation (Tevini et al., 
1991; Burchard et al., 2000). The first enzyme in the flavonoid 
biosynthesis pathway is CHS (Li et al., 1993). The role of fla-
vonoids in UV protection has been studied using transparent 
testa 4 (tt4), which has a mutation in the CHS gene and is 
impaired in flavonoid biosynthesis (Li et  al., 1993). The ac-
cumulation of these compounds is known to be increased by 
UV radiation and blue light (Duell-Pfaff and Wellmann, 1982; 
Son and Oh, 2013). However, recent studies also showed that 
the induction of phenolic compounds was mainly driven by 
the blue component of sunlight in pea (Siipola et al., 2015). In 
addition to UV and blue light, flavonoid biosynthesis is also 
modulated by other environmental factors including tempera-
ture (Bilger et al., 2007; Pescheck and Bilger, 2019).

Despite recent advances in our understanding of plant re-
sponses regulated by CRYs and UVR8, there is still a signifi-
cant gap in knowledge on how these photoreceptors together 
regulate responses to sunlight, a condition under which they 
both can be activated. It should also be noted that the ab-
sorption spectra of CRYs and UVR8 overlap. The CRYs 
absorption spectra extend from UV-B to green regions (Lin 
et al., 1995; Ahmad et al., 2002; Zeugner et al., 2005; Banerjee 
et  al., 2007), while the UVR8 absorption spectrum extends 
from UV-C to the violet region (Daniel Farkas and Åke Strid, 
unpublished). This overlap in absorption spectra suggests the 

possibility of interaction between CRYs and UVR8. In fact, a 
crosstalk between UVR8 and other blue/UV-A photorecep-
tors has been previously suggested (Morales et al., 2013). Both 
CRY and UVR8 signaling requires binding of the photo-
receptors with COP1, and hence COP1 could mediate 
this interaction. UVR8 and CRYs mediate the expression 
of HY5/HYH which then induces the expression of some 
common downstream genes such as those involved in fla-
vonoid biosynthesis (Ang et al., 1998; Oravecz et al., 2006; Lee 
et al., 2007; Brown and Jenkins, 2008; Stracke et al., 2010). In 
this way, HY5/HYH could also play a key role in mediating the 
interaction. Earlier experiments have elucidated the roles of 
CRYs or UVR8 in the perception of blue/UV-A and UV-B, 
respectively (Yu et al., 2010; Rizzini et al., 2011). However, no 
information exists on how these two photoreceptors together 
regulate plant growth, gene expression, and metabolite accu-
mulation. In addition, most previous experiments have used 
artificial illumination with spectra very different from that of 
sunlight.

Another aspect that has been overlooked is the comparative 
study of blue-, UV-A-, and UV-B-mediated responses at short-
term and long-term exposure, where short term would be from 
one to several hours and long term several days. Radiation-
mediated responses including gene expression and phenolics 
biosynthesis can start within a few minutes to a few hours 
(Jenkins, 2009; Morales et  al., 2013). However, accumulation 
depends on the turnover rate, which is slower for phenolics 
than for gene transcripts.

To address these gaps in knowledge, we performed two 
factorial experiments using Arabidopsis mutants and light-
absorbing filters. In the first experiment in a sun simulator, 
we used three photoreceptor mutants with impaired func-
tion in CRYs, UVR8, or both. The plants were exposed to 
long-term (17 d) or short-term (6 h) exposure to simulated 
sunlight modified by five long-pass filters with different 
cut-off wavelengths in UV and blue regions. In addition, we 
used the tt4 mutant to understand the role of phenolic com-
pounds in photoprotection. In this first experiment, we aimed 
to elucidate how UVR8 and CRYs together regulate growth, 
the changes in transcript abundance and the concentration of 
phenolic secondary metabolites in plants exposed to simulated 
sunlight. In the second experiment in outdoor conditions, we 
used the same photoreceptor mutants and filter treatments 
to confirm the roles of UVR8 and CRYs in regulating plant 
growth and survival in sunlight.

Materials and methods

Plant material
The sun simulator experiment was conducted in a small sun simu-
lator (SunSCREEN growth chamber, 1.2 m×1.2 m×0.4 m) at the 
Research Unit Environmental Simulation at Helmholtz Zentrum 
München, Neuherberg, Germany and the outdoor experiment in the 
field area of the Viikki campus of the University of Helsinki (60°13′N, 
25°1′E). The Arabidopsis genotypes used in both experiments were 
wild-type Landsberg erecta (Ler) and the three photoreceptor mu-
tants uvr8-2 (Brown et  al., 2005), cry1cry2 (Mazzella et  al., 2001), and 
cry1cry2uvr8-2. This new triple photoreceptor mutant was obtained by 
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crossing uvr8-2 and cry1cry2. F2 triple mutant plants were genotyped by 
PCR using derived cleaved amplified polymorphic sequence (dCAPS) 
markers designed to detect homozygous mutations for cry1 (Neff and 
Chory, 1998) and cry2 (Mazzella et  al., 2001). For uvr8-2, genomic 
DNA was amplified with 5′-AACGTGTTTGCTTGGGGTAG-3′ and 
5′-GGCTTACCGTTTCATCAGGA-3′ primers and PCR products 
were resolved on 2.5% agarose gel after digestion with endonuclease re-
striction enzyme DdeI. After digestion, 270 and 210 bp fragments were 
observed in Ler and 270, 163, and 50 bp fragments in uvr8-2. In addition, 
a mutant impaired in flavonoid biosynthesis, tt4 (Li et al., 1993), was used 
in the sun simulator experiment.

Growth conditions and treatments in the sun simulator 
experiment
The seeds were sown in black plastic pots (7 cm×7 cm, Götz, Bischweier, 
Germany) filled with a commercial propagation substrate (Floradur B 
Seed, Floragard, Oldenburg, Germany) mixed with 1/6 volume of quartz 
sand (Dorsilit No. 7, Ø 0.6–1.2 mm, Dorfner, Hirschau, Germany). After 
sowing the seeds, the pots were kept in a dark and cold room at 4 °C 
for 3 d. Subsequently, the pots were transferred to the sun simulator and 
after 7 d seedlings were thinned to four per pot. There were four repli-
cates in time (rounds 1–4). At each round, we collected one sample per 
treatment and genotype that consisted of 12 pooled rosettes from three 
independent pots. For Ler, uvr8-2, and cry1cry2 we had four replicates in 
all analyses (rounds 1–4). For cry1cry2uvr8-2 and tt4, only two replicates 
were available (rounds 3 and 4, and rounds 1 and 2, respectively). This 
was because the triple mutant was not available until round 3. However, 
this limitation has been taken into consideration while doing the stat-
istical analysis.

In the sun simulator, a combination of four lamp types (metal halide 
lamps: Osram Powerstar HQI-TS 400W/D; quartz halogen lamps: 
Osram Haloline 500W; blue fluorescent tubes: Philips TL-D 36W/
BLUE; and UV-B fluorescent tubes: Philips TL 40W/12) filtered 
with a layer of Pyran glass (thickness 6 mm, Schott, Mainz, Germany) 
were used to obtain a natural balance of simulated global radiation 
throughout the UV to infrared spectrum. The lamps of different types 
were connected in separately controlled groups allowing the simulation 
of the diurnal variation in solar irradiance (Döhring et al., 1996; Thiel 
et al., 1996). A comparison between the spectral irradiance of the sun 
simulator and an outdoor spectrum has been shown in Aphalo et  al. 
(2012, fig. 2.22). The sun simulator was at 21 °C/19 °C (day/night) air 
temperature and 65%/80% relative humidity under a 10 h photoperiod. 
Each of the two temperature- and humidity-controlled cuvettes (0.55 
m×0.90 m×0.27 m) in the chamber was subdivided into five separate 
compartments, each covered by one of the five different filters (Ibdah 
et al., 2002; Götz et al., 2010). Near ambient solar UV >290 nm was 
provided by WG305 glass filters (Schott, Mainz, Germany), exclusion of 
wavebands <315 nm was provided by WG320 glass filters (Schott), ex-
clusion of <350 nm was provided by Plexiglas 0Z023 GT acrylic filters 
(Evonik, Germany), exclusion of <400 nm was provided by Makrolife 
clear polycarbonate (Arla Plast, Sweden), and exclusion of <500  nm 
was provided by Plexiglas 1C33 GT acrylic filters (Evonik). The trans-
mittance of these 3 mm-thick filters was measured with a spectropho-
tometer (Biochrom 4060 UV/VIS, Pharmacia LKB Biochrom Ltd, 
Cambourne, UK) (Fig. 1A).

PAR+UV-A and UV-B irradiances were adjusted independently. PAR 
and UV-A were increased from darkness to 900 and 80 µmol m−2 s−1, 
respectively in steps from the start of the photoperiod and decreased 
in symmetrical steps until its end (Table 1A, B). UV-B radiation was 
switched on 1 h later than PAR+UV-A and switched off 1 h earlier. It 
was also increased in steps to a maximum value, which was 3.4 µmol m−2 
s−1 in the >290 nm treatment (Table 1A, B). The exposure treatments 
were applied for two different lengths of time: long-term for 17 d and 
short-term for 6 h. For the 17 d exposure, the five filters were placed side 
by side on top of one of the two cuvettes from the start of the experi-
ment until sampling at the end. For the 6 h exposure, polycarbonate filter 
was used to exclude UV radiation (290–400 nm) from the start of the 
experiment until 6 h before sampling when it was replaced by the above 

mentioned five filters. The spectral irradiance under the different filters 
was measured with a double monochromator spectrometer (Bentham, 
Reading, UK) at a wavelength resolution and wavelength steps of 1 nm 
in the UV range and 2 nm in the visible range. The integrated photon 
irradiances for different wavebands and steps are given in Table 1A, B.

Immediately before harvesting, photographs of rosettes were taken to 
estimate mean rosette area. The samples from the 6 h treatment were col-
lected first followed by the 17 d treatment samples with filter treatments 
and genotypes in random order. The short-term-treatment samples were 
harvested between 6 h and 6 h 45 min into the photoperiod and the 
long-term-treatment ones between 6 h 50 min and 7 h and 40 min into 
the photoperiod. Each harvested sample was immediately frozen in liquid 
nitrogen and stored at –80 °C. The frozen rosette leaves were ground with 
mortar and pestle in liquid nitrogen, and the powdered samples were div-
ided into two Eppendorf tubes for storage and later assessment of gene 
expression and composition and concentration of phenolic compounds.

Growth conditions and treatments in the outdoor experiment
The seeds of Ler, uvr8-2, cry1cry2, and cry1cry2uvr8-2 were sown on 
19 August 2016 in black plastic pots (8  cm×8  cm) containing a 1:1 
mixture of pre-fertilized and limed peat (Kekkilä Professional, Vantaa, 
Finland) and vermiculite (Agra Vermiculite, PULL Rhenen, Rhenen, 
Netherlands), and kept in darkness at 4  °C for 3 d. Plastic trays con-
taining two pots per genotype were brought outdoors on 22 August 
under four types of filters (1 m×1 m), matching the five used in the 
sun simulators, except for the filter that cuts at 315 nm, which was not 
included. Near ambient solar UV >290 nm was provided by Plexiglas 
2458 GT (Evonik), exclusion of <350  nm was provided by Plexiglas 
0Z023 GT, exclusion of <400 nm was provided by Makrolife clear poly-
carbonate, and exclusion of <500 nm was provided by Plexiglas 1C33 
GT. The filter treatments were randomly assigned within four replicate 
blocks. All the genotypes were randomly distributed under each filter. 
The filters were held by wooden sticks at a slight inclination for rain-
water to drain. The filters were kept 10–15  cm above the top of the 
plants, at the south and north, respectively. The transmittance of the filters 
was measured with a spectrophotometer (model 8453, Hewlett Packard, 
now Agilent, Waldbronn, Germany) (Fig. 1B). The air temperature for 
the duration of the experiment ranged from 2.3 to 21 °C. We modeled 
the hourly ambient spectra for the whole duration of the experiment 
(Lindfors et al., 2009). Supplementary Fig. S1 at JXB online shows the 
daily photon exposure of PAR, and the daily photon ratios UV-B:PAR, 
UV-Asw:PAR, UV-Alw:PAR, and blue:PAR throughout the duration 
of the experiment. The spectral irradiance under each filter was meas-
ured with a spectroradiometer to validate the simulation (Maya2000 Pro, 
Ocean Optics, Largo, FL, USA).

The emergence of seedlings started under all treatments on 26 August. 
Five days after emergence (dae) seedlings were thinned to five plants 
per pot. Pictures were taken under the filters 17, 20, 24, and 27 dae to 
measure the growth and survival of plants.

Rosette growth area measurement in both sun simulator and 
outdoor experiment
Photographs were taken directly from above the plants with a camera 
supported by a tripod (Nikon D7000 AF-S NIKKOR 16–85 mm 1:3.5–
5.6G ED, DX objective in the sun simulator experiment, and Olympus 
E-M1 M Zuiko 25 mm 1:18 objective in the outdoor experiment). In the 
sun simulator experiment, each photograph of six pots included a black 
reference target (2 cm×2 cm) on a white background. Raw images were 
first adjusted to equal brightness using the target’s white background. 
Projected rosette area was determined as described by Wang (2016), using 
Fiji ImageJ (Schindelin et  al., 2012). In the outdoor experiment, each 
photograph of four pots was analysed for the projected rosette area simi-
larly to what was described above. In this experiment, the photographs 
were taken of the same plants sequentially and the rosette area data were 
analysed as repeated measurements. The survival percentage was calcu-
lated from the same photographs.
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RNA extraction and quantitative real-time PCR in the sun 
simulator experiment
Total RNA was extracted from rosette leaves with a GeneJET Plant RNA 
Purification Kit according to manufacturer’s guidelines (Thermo Fisher 
Scientific, Vilnius, Lithuania). RNA quantity and quality were checked 
using an ND-1000 Spectrophotometer (Thermo Fisher Scientific). 
Two micrograms of RNA from each sample were treated with DNase 
I  (Thermo Fisher Scientific) in a 20  µl reaction mixture for 30  min 
at 37  °C. DNase I was inactivated by adding 2 µl EDTA to the reac-
tion mixture and incubated for 10 min at 65 °C. This was then reverse-
transcribed to cDNA using Revert Aid Reverse Transcriptase (Thermo 
Fisher Scientific), dNTP (Solis BioDyne, Tartu, Estonia) and oligo(dT) 20 
primers (Sigma-Aldrich, St Louis, MO, USA) in 30 µl reaction mixture 

for 2  h at 50  °C. The cDNA was diluted to a final volume of 70  µl, 
and 1 µl was used as the template for PCR using 5× HOT FIREPol® 
EvaGreen® qPCR Mix Plus (Solis BioDyne) on a CFX 384 Real-Time 
PCR detection system (Bio-Rad, Hercules, CA, USA) in triplicate. PCR 
and data analysis were performed as in (Morales et al., 2013). Information 
on the primers and three reference genes used in PCR is given in 
Supplementary Table S1.

Identification and quantification of phenolic compounds in the 
sun simulator experiment
Flavonoids were analysed according to Schmidt et al. (2010) with slight 
modification. Lyophilized, ground plant material (0.01 g) was extracted 

Fig. 1. Transmittance of filters used in (A) the sun simulator and (B) the outdoor experiment. See ‘Materials and methods’ for description of filters.
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with 600 µl of 60% aqueous methanol on a magnetic stirrer plate for 
40 min at 20 °C. The extract was centrifuged at 19 000 g for 10 min at the 
same temperature, and the supernatant was collected in a reaction tube. 
This process was repeated twice with 300 µl of 60% aqueous methanol 
for 20 and 10 min, respectively; the three supernatants were combined. 
Next, the extract was evaporated until dry and then suspended in 200 µl 
of 10% aqueous methanol. The extract was centrifuged at 12 500 g for 
5 min at 20 °C through a Corning® Costar® Spin-X® plastic centrifuge 
tube filter (Sigma-Aldrich) for the HPLC analysis. Each extraction was 
carried out in duplicate.

The concentration and composition of phenolics (flavonoid glyco-
sides and HCAs) were determined from the filtrate using a series 1100 
HPLC (Agilent Technologies, Waldbronn, Germany) equipped with a 
degaser, binary pump, autosampler, column oven, and photodiode array 
detector. An Ascentis® Express F5 column (150  mm×4.6  mm, 5  µm, 
Supelco, Bellefonte, PA, USA) was used to separate the compounds 
at a temperature of 25  °C. Eluent A was 0.5% acetic acid, and eluent 
B was 100% acetonitrile. The gradient used for eluent B was 5–12% 
(0–3 min), 12–25% (3–46 min), 25–90% (46–49.5 min), 90% isocratic 
(49.5–52 min), 90–5% (52–52.7 min), and 5% isocratic (52.7–59 min). 
The flow rate of 0.85 ml min−1 and wavelengths 280, 320, 330, 370 and 
520 nm were used. The HCA and flavonoid derivatives were identified 
as deprotonated molecular ions and characteristic mass fragment ions ac-
cording to Schmidt et  al. (2010) and Neugart et  al. (2015) by HPLC 
diode‐array detection/electrospray ionization multi‐stage mass spectrom-
etry (HPLC‐DAD/ESI‐MSn) using a Bruker amaZon SL ion trap mass 
spectrometer in negative ionization mode. Nitrogen was used as the dry 
gas (10 liters min−1, 325 °C) and the nebulizer gas (40 psi) with a ca-
pillary voltage of −3500 V. Helium was used as the collision gas in the 
ion trap. The mass optimization for the ion optics of the mass spectrom-
eter for quercetin was performed at m/z 301 or arbitrarily at m/z 1000. 
The MSn experiments were performed in auto mode to MS3 in a scan 
from m/z 200–2000. Standards (chlorogenic acid, quercetin 3-glucoside, 
kaempferol 3-glucoside, Roth, Karlsruhe, Germany) were used for ex-
ternal calibration curves in a semi-quantitative approach. Results are pre-
sented as mg g−1 dry weight (dw).

Statistical analysis
All statistical analyses were performed in R (R Core Team, 2018). Linear 
mixed-effect models with rounds, equivalent to blocks, as random-
grouping factor were fitted using function lme from package ‘nlme’ 
(Pinheiro et al., 2018). Factorial ANOVA was used to assess the signifi-
cance of the main effects treatment, genotype, and time (here time refers 
to 17 d and 6 h exposures) and of the interactions treatment×genotype, 
treatment×time, genotype×time for all variables measured. This ana-
lysis is shown in Supplementary Tables S2–S4. When ANOVA indicated 

significant two-way interactions (P≤0.05), the function fit.contrast from 
the package gmodels (Warnes et al., 2018) was used to fit the contrasts of 
interests defined a priori. Thereafter, P-values from pairwise contrasts were 
adjusted with function p.adjust in R (Holm, 1979). The effect of blue 
light was tested from contrasts between the treatments >400 nm versus 
>500 nm, while the contrasts >315 nm versus >400 nm and >290 nm 
versus >315 nm allowed us to test specific UV-A and UV-B effects, re-
spectively. We tested the effect of the short and long wavelength por-
tions of UV-A (UV-Asw and UV-Alw, respectively) by fitting contrasts 
for >315 nm versus >350 nm and >350 nm versus >400 nm (Fig. 1A).

Results

Growth and survival

Rosette area was measured to assess the roles of CRYs and 
UVR8 in maintaining growth of the plants in response to 17 
d of blue, UV-Alw, UV-Asw, and UV-B wavebands in the sun 
simulator. The filter treatments had no detectable effect on 
the rosette area in Ler, uvr8-2, and tt4 (Fig. 2A, B). However, 
the rosette area of cry1cry2 plants decreased in response to 
UV-Alw (P≤0.05), indicating a mediation by CRYs (Fig. 2B). 
Interestingly, cry1cry2uvr8-2 showed a decreasing trend in 
the rosette area of plants in response to UV-A, UV-Asw, and 
UV-Alw (Fig. 2B). The effect of UV-A as a whole was signifi-
cant (P≤0.05) but not that of UV-Alw or UV-Asw individually. 
As most cry1cry2uvr8-2 plants died in response to UV-B, the 
rosette area is not relevant here (Fig. 2A).

In addition to the quantitative differences, we found visible 
differences between genotypes and between filter treatments. 
In plants that did not receive either UV or blue radiation under 
the >500 nm filter, the margins of the leaves were curled down-
wards in all genotypes (Fig. 2A). This phenotype was not evi-
dent when plants were exposed to blue (Fig. 2A). In addition, 
cry1cry2 had yellower leaves in response to blue and UV-Alw 
whereas cry1cry2uvr8-2 had them in response to blue, UV-Alw, 
and UV-Asw. On the other hand, uvr8-2 had some of its older 
leaves darker in response to UV-Alw, UV-Asw, and UV-B (Fig. 
2A). This suggests that the photoreceptors played a role in the 
accumulation of various pigments in leaves under simulated 
sunlight.

Table 1. Light treatments

A. Treatment PAR (µmol m−2 s−1) Blue (µmol m−2 s−1) UV-A (µmol m−2 s−1) UV-B (µmol m−2 s−1)

>290 nm 920 220 80 3.4
>315 nm 910 220 75 0.3
>350 nm 890 210 40 <0.001
>400 nm 860 190 0.6 <0.001
>500 nm 620 1.0 <0.01 <0.001

B. Light step PAR (%) Blue (%) UV-A (%) UV-B (%) 

LS 1 14 15 12 0.30
LS 2 45 45 48 46
LS 3 91 89 90 90
LS 4 100 100 100 100

(A) Photon irradiance at highest light level, step 4 (LS4). UV-B irradiance was calculated integrating from 290–315 nm, UV-A irradiance from 315–400 nm 
and blue irradiance from 400–500 nm. (B) Relative mean values at the different light steps. The photon irradiance at each light step for each treatment 
can be calculated by multiplying the values in (A) by those in (B), e.g. UV-A in treatment >350 nm at LS2 is 40×48/100=19.2 µmol m−2 s−1.
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The role of CRYs and UVR8 in the regulation of growth 
and survival was further examined in the outdoor experi-
ment. Here, the rosette area was similar for Ler, uvr8-2, and 
cry1cry2 (Fig. 3A, B). However, cry1cry2uvr8-2 plants failed 

to grow when exposed to solar UV-B+UV-Asw and sur-
vived in only a few pots when exposed to solar UV-Alw 
(Fig. 3A–C). Here it should be noted that in the outdoor 
experiment, a small fraction of ambient diffuse UV-B and 

Fig. 2. Growth of the Arabidopsis plants in sun simulator experiment. (A) Photographs of plants after 17 d of treatment showing morphology and 
survival. A representative pot from each genotype and treatment is shown. (B) Rosette area of all the plants after 17 d of treatment. Mean ±1 SE.
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UV-A reached the plants even under filters fully blocking 
these wavebands.

Under full spectrum sunlight (>290  nm) only 4% of the 
cry1cry2uvr8-2 plants survived at the end of the experiment 
(Fig. 3C). The survival percentage was 30% when UV-B+UV-
Asw were attenuated from sunlight (>350  nm). The survival 
improved to more than 80% when cry1cry2uvr8-2 did not 
receive UV-B+UV-Asw and UV-Alw. Furthermore, almost 
all cry1cry2uvr8-2 plants survived when they did not receive 

UV-B+UV-Asw, UV-Alw, and blue (>500 nm). The mean sur-
vival percentage of plants of the other three genotypes was 
80% or more under all treatments (Fig. 3C).

Transcript abundance

We measured changes in transcript abundance of nine UV- and 
blue light-responsive marker genes after 17 d and 6  h of ex-
posure to filter treatments. Out of these nine genes, HY5 and 

Fig. 3. Growth of the Arabidopsis plants in outdoor experiment. (A) Photographs of plants after 24 d of treatment. A representative pot from each 
genotype and treatment is shown. A strong color cast is present in the photographs taken under the >500 nm filter, which is yellow in color. (B) Time 
course of rosette area between 17 and 27 d of treatment. Mean ±1 SE. (C) Time course of plant survival between 17 and 27 d of treatment. Data points 
are the overall mean and means for individual biological replicates.
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REPRESSOR OF UV-B PHOTOMORPHOGENESIS 2 
(RUP2) are involved in UVR8 and/or CRY signaling; CHS 
(TT4), CHI (TT5), DFR, FLAVONOID 3′-HYDROXYLASE 
(F3′H or TT7, Schoenbohm et al., 2000), and PRODUCTION 
OF ANTHOCYANIN PIGMENT 1 (PAP1) are involved in 
biosynthesis of flavonoids and anthocyanins; SPS1 is involved in 
ubiquinone biosynthesis; and ELIP2 is involved in multiple light 
signaling pathways. Seven genes (CHS, CHI, ELIP2, F3′H, HY5, 
RUP2, and SPS1) showed significant induction to more than 
one treatment–genotype–time combination (P≤0.05, Fig. 4A–G) 
that could be mediated by CRYs or UVR8. On the other hand, 
two genes (DFR and PAP1) did not respond significantly to any 
combination that could be assigned to these photoreceptors (see 
Supplementary Fig. S2). Furthermore, most responses in tran-
script abundance for these seven genes were observed after 6 h of 
treatments, and only a few after 17 d (Fig. 4A–G).

The transcript abundance of CHS, HY5, RUP2, and SPS1 
increased in response to 6 h of blue in Ler and uvr8-2 (P≤0.05) 
but not in cry1cry2, indicating a mediation by CRYs (Fig. 4A, 
E–G). On the other hand, RUP2 increased in response to 6 h of 
UV-B in Ler and cry1cry2 (P≤0.05) but not in uvr8-2, indicating 
a mediation by UVR8 (Fig. 4F).

The transcript abundance of CHI increased in response to 
6  h of UV-A in Ler alone (P≤0.05), apparently mediated by 
both UVR8 and CRYs (Fig. 4B). The absence of CRYs re-
sulted in increased transcript levels of CHS, ELIP2, RUP2, and 
SPS1 in response to 6 h of UV-Asw in cry1cry2 (Fig. 4A, C, F, G). 
This induction of transcripts was only significant in cry1cry2 and 
not in Ler, uvr8-2, or cry1cry1uvr8-2. This indicates that CRYs 
negatively regulated the UVR8-mediated gene expression in 
response to UV-Asw, in the presence of UV-Alw and PAR.

Similarly, an absence of CRYs led to enhanced levels of 
CHS, F3′H, and SPS1 in response to 6 h of UV-B in cry1cry2 
(P≤0.05), and this enhancement was not detected as significant 
in Ler (Fig. 4A, D, G). The transcript levels of ELIP2 and RUP2 
were also enhanced to a higher magnitude by 6 h of UV-B in 
cry1cry2 than in Ler (Fig. 4C, F). Furthermore, cry1cry2uvr8-2 
was impaired in these responses. These observations indicate 
that CRYs also negatively regulated the UVR8-mediated gene 
expression in response to UV-B in the presence of UV-Asw, 
UV-Alw, and PAR.

The response of transcript abundance to 17 d treatments was 
mostly non-significant (P>0.05). The few exceptions included 
an induction of ELIP2 in Ler and uvr8-2 in response to blue 
light, which indicates a mediation by CRYs (Fig. 4C). The in-
duction of RUP2 in response to 17 d of blue treatment was 
only detected significantly in Ler (Fig. 4F) while the absence of 
CRYs resulted in the induction of CHS in response to 17 d of 
UV-Asw in cry1cry2 (Fig. 4A).

The tt4 mutant showed similar patterns of gene expression 
response to Ler to 6 h and 17 d of treatments, but only in very 
few cases were these responses detected as significant, probably 
because of fewer replicates (Fig. 4A–G).

Phenolic compound accumulation

We identified 11 phenolic compounds that included four 
kaempferol derivatives, three quercetin derivatives, and four 

HCAs. The kaempferol derivatives were kaempferol-3-O-
rutinoside-7-O-rhamnoside (K-3-rut-7-rha), kaempferol-
3-O-diglucoside-7-O-rhamnoside (K-3-diglc-7-rha), 
kaempferol-3-O-glucoside-7-O-rhamnoside (K-3-glc-7-
rha), and kaempferol-3-O-rhamnoside-7-O-rhamnoside 
(K-3-rha-7-rha) (Fig. 5A–E). The quercetin derivatives 
were: quercetin-3-O-rutinoside-7-O-rhamnoside (Q-3-
rut-7-rha), quercetin-3-O-diglucoside-7-O-rhamnoside 
(Q-3-diglc-7-rha), and quercetin-3-O-rhamnoside-7-O-
rhamnoside (Q-3-rha-7-rha) (Fig. 6A–D). The HCAs in-
cluded hydroxyferuloyl glucoside (HFG), hydroxyferuloyl 
malate (HFM), sinapoyl malate (SM), and an unknown acid 
(Fig. 7A–E). The sum of the derivatives in each group was 
used to quantify total kaempferols (Fig. 5A), total quercetins 
(Fig. 6A), and total HCAs (Fig. 7A).

We found an increase in the concentration of total 
kaempferols in Ler and cry1cry2 (P≤0.05) but not in uvr8-2 after 
17 d of UV-B, which indicates mediation by UVR8. However, 
no clear photoreceptor-mediated response was detected after 
6 h (Fig. 5A). Assessment of individual kaempferol derivatives 
showed an increase in the concentration of three out of four 
kaempferol derivatives (K-3-rut-7-rha, K-3-glc-7-rha, and 
K-3-rha-7-rha) in Ler and cry1cry2 after17 d of UV-B (P≤0.05, 
Fig. 5B, D, E).

In comparison to the kaempferols, the total quercetins 
accumulated in lower amounts (<50% than the total 
kaempferols under filter >290 nm, cf. Figs 5A, 6A). After 6 h, 
the concentration of total quercetins increased in response 
to UV-Alw in Ler, uvr8-2, and cry1cry2uvr8-2 (P≤0.05), sug-
gesting mediation by photoreceptors other than CRYs and 
UVR8 (Fig. 6A). We also observed an increased concentra-
tion of total quercetins in response to 6 h of UV-B in Ler 
(P=0.053) and cry1cry2 (P≤0.05), suggesting a mediation by 
UVR8. After 17 d, the concentration of total quercetins in-
creased in response to UV-B in Ler (P≤0.05). However, this 
response could not be assigned to UVR8 due to high vari-
ation in cry1cry2 (P=0.085, Fig. 6A). The analysis of indi-
vidual quercetin derivatives showed that all three quercetins 
(Q-3-rut-7-rha, Q-3-diglc-7-rha, and Q-3-rha-7-rha) also 
responded in a similar way as the total quercetins. In add-
ition, Q-3-diglc-7-rha and Q-3-rha-7-rha concentration 
increased significantly in cry1cry2 (P≤0.05) in response to 
6  h of UV-B, also suggesting mediation by UVR8 (Fig. 
6C, D).

Unlike kaempferols and quercetins, the changes in the con-
centration of HCAs were less pronounced and could not be 
assigned to UVR8 or CRYs (Fig. 7A–E). Of the four HCAs, 
SM was present in highest concentration in all treatments and 
genotypes at 6 h and 17 d (Fig. 7A, D).

We did not detect kaempferol derivatives in the tt4 mutant 
at any time point, as expected from a mutant defective in fla-
vonoid biosynthesis (Fig. 5A–E). The quercetin derivatives also 
accumulated to a very low concentration (<0.15 mg g−1 dry 
weight) or were not detected in tt4 (Fig. 6A–D). HCAs were 
present in both Ler and tt4 and after both 6 h and 17 d treat-
ments (Fig. 7A–E). HFG and HFM accumulated to a higher 
concentration in tt4 than in Ler, after both 6 h and 17 d in all 
the treatments (Fig. 7B, C).
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Fig. 4. Transcript abundance of seven marker genes in leaves of Arabidopsis plants after 6 h (upper row) or 17 d (lower row) of treatment. (A) CHS, (B) 
CHI, (C) ELIP2, (D) F3′H, (E) HY5, (F) RUP2, and (G) SPS1. Mean ±1 SE. The horizontal bars represent pair-wise comparisons between treatments within 
each genotype. The PF value (at the bottom of each panel) is from a one-way ANOVA testing the overall effect of filter treatments within each genotype.
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Fig. 5. Kaempferols in leaves of Arabidopsis plants after 6 h (upper row) and 17 d (lower row). (A) Stacked bars showing total concentration and 
composition. (B–E) Concentration of individual kaempferol derivatives: (B) K-3-rut-7-rha, (C) K-3-diglc-7-rha, (D) K-3-glc-7-rha, and (E) K-3-rha-7-rha. 
Mean ±1 SE. The horizontal bars represent pair-wise comparisons between treatments within each genotype. The PF value (at the top of each panel) is 
from a one-way ANOVA testing the overall effect of filter treatments within each genotype. K-3-diglc-7-rha co-eluted with Q-3-glc-7-rha, but K-3-diglc-7-
rha was the major compound. Therefore, K-3-diglc-7-rha concentration represents a very small amount of Q-3-glc-7-rha concentration too, which could 
not be quantified separately.
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Fig. 6. Quercetins in leaves of Arabidopsis plants after 6 h (upper row) and 17 d (lower row). (A) Stacked bars showing total concentration and 
composition. (B–D) Concentration of individual quercetin derivatives: (B) Q-3-rut-7-rha, (C) Q-3-diglc-7-rha, and (D) Q-3-rha-7-rha. Mean ±1 SE. The 
horizontal bars represent pair-wise comparisons between treatments within each genotype. The PF value (at the top of each panel) is from a one-way 
ANOVA testing the overall effect of filter treatments within each genotype.
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Fig. 7. Hydroxycinnamic acids in leaves of Arabidopsis plants after 6 h (upper row) and 17 d (lower row). (A) Stacked bars showing total concentration 
and composition. (B–E) Concentration of individual hydroxycinnamic acid derivatives: (B) hydroxyferuloyl glucoside, (C) hydroxyferuloyl malate, (D) 
sinapoyl malate, and (E) unknown compound. Mean ±1 SE. The horizontal bars represent pair-wise comparisons between treatments within each 
genotype. The PF value (at the top of each panel) is from a one-way ANOVA testing the overall effect of filter treatments within each genotype.
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Discussion

The simultaneous absence of both CRYs and UVR8 
was detrimental for plants exposed to UV-A and UV-B

The role of CRYs and UVR8 in Arabidopsis plants’ growth and 
survival has been shown earlier using cry1cry2 and uvr8 mutants 
(Brown et al., 2005; Mao et al., 2005; Favory et al., 2009; Morales 
et al., 2013), but not studied in cry1cry2uvr8-2 as reported here. It 
is known that the absence of CRYs is not lethal for Arabidopsis 
plants growing in the presence of blue light (Mao et al., 2005). 
Similarly, an absence of functional UVR8 is also not lethal for 
plants growing in sunlight containing UV-B (Morales et  al., 
2013). Morales et al. (2013) suggested that other pathways inde-
pendent of UVR8 signaling might play a role in plant survival 
under UV-B exposure. Our results showing that cry1cry2 and 
uvr8-2 plants survived under full-spectrum simulated and natural 
sunlight agree with these previous findings (Figs 2, 3). Morales 
et al. (2013) also showed a reduced growth in uvr8-2 under sun-
light containing UV-A and UV-B, whereas Favory et al. (2009) 
reported visible leaf curling, cell death, and smaller uvr8-7 plants 
when exposed to 27 d of simulated sunlight containing UV-B. 
However, under our conditions, using step increases and de-
creases in irradiance, we did not detect any significant difference 
between the rosette area of Ler and uvr8-2 across all treatments 
(Fig. 2A, B). We also did not observe any visible leaf curling or 
necrotic lesions in uvr8-2 plants under UV-B or UV-A (Fig. 2A).

A possible explanation for the different results from those 
of Favory et  al. (2009), even though both experiments were 
conducted in the same sun simulator, could be the duration 
of the experiment until observations were made (in our case 
17 d, Favory et al. 27 d). However, a more likely reason could 
be the difference between the daily protocols used for UV-B 
and PAR irradiation. Favory et al. (2009) used 14 h of PAR 
(40  mol m−2 d−1) and 12  h of UV-B (151  mmol m−2 d−1), 
whereas we used 10 h of PAR (22 mol m−2 d−1, except under 
blue attenuation where it was 15  mol m−2 d−1) and 8  h of 
UV-B (82 mmol m−2 d−1). The daily totals used in both ex-
periments were very different but the maximum irradiances 
were similar (PAR: 800 µmol m−2 s−1, UV-B: 3.5 µmol m−2 
s−1 in Favory et al.’s experiment and PAR: 900 µmol m−2 s−1, 
UV-B: 3.4  µmol m−2 s−1 in our experiment), as a result of 
stepwise increase and decrease in irradiance and shorter day 
length in our experiment. In particular, the stepwise increase 
and decrease in UV-B ensured that a longer time is available 
for plants to trigger CRY-dependent protective responses and 
photoreactivation of DNA damage. Our data also highlight the 
importance of CRY signaling in the maintenance of normal 
growth in the presence of UV-Alw.

The most interesting observation was that the plants lacking 
both functional CRYs and UVR8 did not survive under ei-
ther natural or simulated sunlight containing UV-B (Figs 2, 3). 
This consistent evidence from both sun simulator and outdoor 
experiments indicates a key role of CRYs in plant growth and 
survival under UV-B, which can explain the survival of uvr8-2 
plants in our experiments. With this work, we demonstrate a 
role of CRYs in growth and survival under UV-B and UV-A, 
and a role of UVR8 in growth and survival under UV-A, 
which have not been previously reported.

Interaction between CRYs and UVR8 under UV-A 
and UV-B

Most of the changes in transcript abundance dependent on 
CRYs and UVR8 were observed after 6 h of treatments (Fig. 
4). This was expected since several marker genes used in our 
experiment (CHS, F3′H, HY5, RUP2, and SPS1) are known 
to be regulated early in response to light (Morales et al., 2013).

Fuglevand et  al. (1996) and Liu et  al. (2018) showed that 
CRY1 mediated the induction of CHS in response to blue 
light in Arabidopsis and tomato, respectively, whereas Gruber 
et al. (2010) showed RUP2 induction in response to blue light. 
Furthermore, CRYs are well known to induce HY5 in response 
to blue light. Our results showed that CRYs mediated the in-
duction of CHS, HY5, and RUP2 in response to 6 h of blue 
light, which agreed with these previous findings (Fig. 4A, E, F).

In our experiment, UVR8 mediated the induction of 
RUP2 in response to 6 h of UV-B in agreement with Gruber 
et al. (2010). However, the expected and previously reported 
UVR8-mediated induction of CHS, F3′H, and SPS1 in re-
sponse to UV-B (Ulm et al., 2004; Morales et al., 2013) were 
not observed in our experiment (Fig. 4A, D, G). Interestingly, 
the absence of CRYs enabled the induction of these genes 
under 6 h of UV-B, which suggests an antagonistic interaction 
between CRY and UVR8 signaling. We propose that this an-
tagonistic interaction is the result of competition between the 
two photoreceptors for COP1 binding. The interaction could 
be due to a higher affinity between COP1 and CRYs than 
between COP1 and UVR8 in simulated sunlight. Evidence 
exists that the interaction of UVR8 with COP1 under ex-
tended UV-B exposure might depend on removal of COP1 
from CRY signaling pathways (Favory et al., 2009). This does 
not preclude preferential binding of COP1 to CRYs during 
short-term exposure as in our 6 h treatment.

The involvement of both CRYs and UVR8 in the perception 
of UV-A has been previously proposed (Wade et al., 2001; Morales 
et al., 2013; Brelsford et al., 2018). Here, we show that both CRYs 
and UVR8 are simultaneously required for transcript accumula-
tion of CHI under UV-A (Fig. 4B). This indicates an interaction 
between UVR8 and CRY signaling in the UV-A region.

In addition, contrary to what might be expected from a 
mutant lacking CRYs, cry1cry2 showed induction of CHS, 
ELIP2, RUP2, and SPS1 in response to UV-A, especially in 
UV-Asw (Fig 4A, C, F, G). This increased expression is medi-
ated by UVR8, given the missing response in cry1cry2uvr8-2. 
This demonstrates a novel role of UVR8 in the regulation of 
transcript abundance under UV-A when functional CRYs are 
absent. Moreover, Ler lacked these responses. Hence, we con-
clude that CRYs were suppressing the UVR8-mediated gene 
expression under UV-Asw in Ler.

UVR8 mediated the accumulation of flavonoids 
under UV-B

We observed a UVR8-mediated increase in the concentration 
of kaempferols after 17 d of UV-B exposure (Fig. 5A, B, D, 
E). This was in overall agreement with earlier studies on the 
role of UVR8 in the induction of phenylpropanoid metab-
olism and flavonoid accumulation (Kliebenstein et  al., 2002; 
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Favory et al., 2009; Gruber et al., 2010; Morales et al., 2013). 
UVR8 may have also mediated the increased concentration of 
quercetins after 17 d of UV-B exposure, but this could not be 
confirmed due to high variation in cry1cry2 (Fig. 6A–D).

The concentration of both total kaempferols and quercetins 
and their individual derivatives responded to treatments. 
These results partially agree with experiments done in sun-
light with birch seedlings (Morales et  al., 2010), Arabidopsis 
plants (Morales et al., 2013), and pea plants (Siipola et al., 2015) 
where it was shown that only the concentration of individual 
derivatives, and not the total, responded to the treatments. The 
increased accumulation of total kaempferols in response to 17 
d of UV-B mediated by UVR8 is explained by the individual 
responses of three out of four kaempferol derivatives (Fig. 5A, 
B, D, E). Three quercetin derivatives also responded similarly 
to the total quercetins (Fig. 6A–D). In addition, 6 h of UV-B 
increased the concentration of K-3-glc-7-rha, Q-3-diglc-7-
rha, and Q-3-rha-7-rha only in cry1cry2, dependent on UVR8, 
which agrees with the induction of CHS in response to 6 h 
of UV-B in the same photoreceptor mutant (Figs 5D, 6C, 6D, 
4A). This links the antagonistic interaction between the two 
photoreceptors in the regulation of transcript abundance to 
secondary metabolite accumulation.

The HCAs were mostly constitutively present in Ler and 
all the photoreceptor mutants, irrespective of treatment and 
time (except for cry1cry2uvr8-2 where samples were missing 
for treatments with lethal effect on plants) (Fig. 7A–E). The 
same was true for SM, which was present in the highest con-
centration among all HCAs (Fig. 7D). SM is known to provide 
UV-B screening (Li et al., 1993; Baker et al., 2016). However, 
we could not detect any change in the concentration of SM in 
response to UV-B in any genotype. This suggests that SM pro-
vides protection against UV in sunlight, independent of per-
ception of blue and UV-B by CRYs and UVR8.

The TT4 mutation was not detrimental for plants 
growing in simulated sunlight

The rosette area of tt4 was not affected by any treatments after 
17 d (Fig. 2A, B). Furthermore, visually we did not observe 
any damage, discoloration, or necrotic lesions in any tt4 plants 
despite the lack of most of the flavonoid compounds (Fig. 2A). 
This agrees with Li et al. (1993) where daily UV-B exposure (8 
kJ day−1) did not have any drastic effect on the size and morph-
ology of tt4 plants. They explained the lack of UV-B sensitivity 
in the tt4 mutant as due to the higher accumulation of sinapate 
esters (30–50% more) in response to UV-B, when compared 
with Ler. However, in our experiment, HFG and HFM could 
also play a role in UV-B protection, in addition to SM in tt4. 
Furthermore, the protective role of these compounds may ex-
tend from UV-B to blue regions of simulated sunlight.

Conclusions

Both CRYs and UVR8 independently enabled growth and 
survival of plants under solar levels of UV, while their joint ab-
sence was lethal under UV-B. UVR8 mediated the increase in 

the concentration of flavonoids under UV-B. For gene expres-
sion, CRYs played a major role under blue light and UVR8 
under UV-B radiation while both CRYs and UVR8 jointly 
mediated responses to UV-A. We provide evidence for an an-
tagonistic interaction between CRYs and UVR8, which could 
be possibly mediated by COP1. However, further experiments 
are required for the elucidation of the mechanisms of inter-
action between CRYs and UVR8.
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