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Abstract

Low UV-B fluence is a signaling stimulus that regulates various physiological processes and induces photomorphogenic
responses in plants. The specific UV-B receptor UVRS is a key component in these processes. Although UVRS sequence is
conserved, few homologs have been cloned and reported to be functional. Here we show the cloning and functional analysis of
Zea mays UVR8 (ZmUVRS). ZmUVRS presents 73% of identity with AfUVRS, maintaining the key tryptophan responsible of
UV-B perception. ZmUVRS also contains the VP domain, involved in the interaction with the proteins CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) and REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1). Whereas UVRS
was expressed in non-irradiated Arabidopsis and maize leaves, after 2 h of UV-B irradiation, its expression was reduced.
The expression of chalcone synthase (CHS), involved in flavonoid biosynthesis and regulated by UVRS, was increased in
irradiated Arabidopsis and maize leaves. Arabidopsis uvrS-1 null mutant was complemented with ZmUVRS driven by the
CaMV-35S promoter and fused to eGFP. ZmUVRS8-eGFP fusion was mainly localized in nuclei of transgenic lines, irrespec-
tive of UV-B treatments. UV-B suppressed hypocotyl elongation in wild type (WT) Arabidopsis plants, whereas in uvr§-1
hypocotyl growth was observed. However, hypocotyl elongation was reduced in UV-B irradiated transgenic lines comple-
mented with ZmUVRS. Moreover, CHS and transcription factor HY5 (ELONGATED HYPOCOTYL 5) expression were
also restored in these plants. These results confirm that ZmUVRS is similar enough to AfUVRS to restore UV-B perception
and signaling in Arabidopsis mutant uvrS§-1, thus being a functional UV-B photoreceptor. That reinforce the importance of
UVRS as a functional UV-B-responsive regulator in land plants.

Keywords UVRS - UV-B - Maize - Monocotyledonous - Arabidopsis

Introduction to the water column (Rozema et al. 2002). High UV-B doses

damages DNA, proteins, lipids, cell membranes, photosyn-

Ultraviolet-B (UV-B) radiation is the region between 280
and 315 nm of the total Sun’s electromagnetic spectrum.
Ultraviolet irradiances reaching the surface of the Archean
Earth were higher than the current ones because of the
absence of a significant ozone atmosphere (Cnossen et al.
2007). UV-B is higher in terrestrial environments compared
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thetic machinery and induces the production of reactive
oxygen species (ROS). This affects plant cell integrity and
viability, leading to growth retardation and to a decrease
in crop yield and quality (Jordan 1996; Brosché and Strid
2003; Frohnmeyer and Staiger 2003). Consequently, plants
evolved mechanisms to avoid UV-B damage during the
colonization of exposed habitats (Tilbrook et al. 2013).
Ancient photosynthetic organisms like cyanobacteria and
various eukaryotic algae, use mycosporine-like amino acids
(MAAS) as protective compounds against UV-B (Llewellyn
and Airs 2010; Rastogi and Incharoensakdi 2013; Rozema
et al. 2002). Land plants co-evolved with environmental
UV-B levels, and the complexity of UV-B absorbing mol-
ecules increased accordingly from algae to higher plants
(Rozema et al. 2002). Low levels of UV-B absorbing com-
pounds in phyAphyB mutants of Arabidopsis thaliana are
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linked to inhibition of the Photosystem II activity after UV-B
irradiation (Vladimir et al. 2020). This suggests a role of
phytochromes in UV-B protection, giving more complexity
to UV-B response in higher plants. Recently, Thomas and
Puthur (2020) described that UV-B priming in rice seeds
enhances seedlings tolerance to this radiation by the increase
in UV absorbing compounds and cuticular wax content.

The protein UV RESISTANCE LOCUS (UVRS) was
identified as the specific UV-B receptor in plants (Brown
et al. 2005). UVRS signaling significantly contributes to
UV-B acclimation responses and the establishment of UV-B
tolerance. UVRS8 regulates metabolic and developmental
processes and induces physiological and photomorphogenic
responses. The usually UVR8-mediated UV-B responses are
the inhibition of hypocotyl growth and the accumulation of
flavonoids and anthocyanins. However, nowadays it is sug-
gested that additional physiological responses are modulated
by UVRS: phototropism, thermomorphogenesis, circadian
clock, auxin signaling, defense, salt stress tolerance, shade
avoidance, chloroplast development, stomatal opening, leaf
development and downward leaf curling (for a review see
Yin and Ulm 2017).

In the absence of UV-B, the UVR8 homodimer is mainly
located in the cytoplasm. In the nucleus, the E3 Ubiquitin
ligase COP1 (CONSTITUTIVELY PHOTOMORPHO-
GENIC 1) represses the activity of the transcription factor
HYS5 (ELONGATED HYPOCOTYL 5) (Favory et al. 2009).
Following UV-B irradiation, UVRS rapidly monomerizes
and interacts in the nucleus with COP1 and WRKY36. This
complex avoids the degradation of HYS, and triggers the
UV-B regulated gene expression, leading to plant acclima-
tion and stress tolerance (Heijde and Ulm 2012). One of
the HY5-regulated genes is CHS (chalcone synthase), the
enzyme that catalyzes the first step of flavonoid biosynthe-
sis (Jenkins 2014; Yonekura-Sakakibara et al. 2019). Other
HY5-upregulated genes are the Repressor of UV-B photo-
morphogenesis 1 and 2 (RUP1 and RUP2). Interaction of
UVRS with these proteins facilitates UVR8 dimerization,
and subsequent inactivation (Heijde and Ulm 2012; Ulm and
Jenkins 2015). UVRS also interacts with BES1 (BRI1-EMS-
SUPPRESSORI1) and BIM1 (BES1-INTERACTING MYC-
LIKE 1), inhibiting the brassinosteroid responsive genes,
and reducing the hypocotyl elongation (Sun and Zhu 2018).

UVRS is the first photoreceptor described that perceives
UV-B through tryptophan residues instead of a prosthetic
chromophore (O’Hara and Jenkins 2012; Ulm and Jenkins
2015).Two Arabidopsis UVRS (AtUVRS) high-resolution
crystal structures have been determined using different crys-
tallization conditions. However, they proved to be nearly
identical in tertiary and quaternary structure (Christie
et al. 2012; Wu et al. 2012; Yang et al. 2016; Zeng et al.
2015). AtUVRS contains a core domain that forms a seven-
bladed p-propeller and a flexible C-terminal region of
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approximately 60 amino acids that contains a C27 region.
Both the p-propeller domain and the C-terminal C27 domain
of UVRS are necessary and sufficient for interacting with
COPI1. Moreover, UVRS interacts also with WRKY36 by
its C-terminal (aminoacids 397 to 440) (Yang et al. 2018).
AfUVRS has 14 tryptophan residues, 7 of which are exposed
to the dimer interface. It also contains three conserved pen-
tapeptide repeats with the motif “GWRHT” in blades 5,
6, and 7. This motif generates a closely clustered triad of
tryptophans (W233, W285 and W337) which are the most
important for UV-B photoreception (Christie et al. 2012; Wu
et al. 2012; Zeng et al. 2015). Structural and mutagenesis
studies show a primary role for W285 and W233 in UV-B
perception, whereas W337 is not essential in this process
(Christie et al. 2012; Sun and Zhu 2018; Wu et al. 2012).
The motif “GWRHT” from blade 6 contains W285 and is
conserved in all UVR8 homologs analyzed (Fernandez et al.
2016; Han et al. 2019).

Zea mays also known as corn, is a cereal grain of agro-
nomic importance, and has been used as a model organism
in basic and applied research for nearly a century (Strable
and Scanlon 2009). Previous work shows that increased
UV-B radiation produces a significant reduction in dry mat-
ter accumulation and, consequently, affects yield. Moreover,
an increase in flavonoid accumulation, a decrease in chloro-
phyll content in leaves and a reduction in protein level, sugar
and starch of maize seeds have also been reported (Gao et al.
2004). This effect is reverted by salicylic acid seed priming,
which diminishes the accumulation of ROS and upregulates
antioxidants defenses in maize seedlings, reducing UV-B
toxicity and improving growth (Singh et al. 2015). In 2011,
Casati et al. described a transiently upregulation and subse-
quent downregulation of two UVR8-like genes upon UV-B
exposure in maize leaves (Casati et al. 2011a, b). However,
these genes have little homology to AfUVRS as they were
identified by homology to rice genome.

Although UVRS is conserved, and sequences for this
gene are found in all the Viridiplantae (Fernandez et al.
2016; Han et al. 2019), a few UVRS8 homologs have been
cloned and reported to be functional from green algae,
moss and dicotyledonous. Up to now, there is no evidence
of UVRS photoreceptor from monocotyledonous, with con-
firmed functionality. Here, we report the molecular cloning,
sequence and functional complementation of ZmUVRS, the
UV-B receptor of Z. mays.

Material and methods
Plants material and growth conditions

Seeds of A. thaliana Landsberg erecta (Ler) were used as
wild-type (WT). Arabidopsis Ler and uvr8-1 null mutant
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seeds (Cloix et al. 2012) were kindly provided by Dr. Gareth
Jenkins (University of Glasgow, Scotland). Seeds were sur-
face sterilized in 30% (v/v) commercial bleach for one min-
ute, rinsed with distilled sterile water and stratified for 72 h
at 4 °C in darkness. Germinated seedlings were grown on
agar plates containing half-strength Murashige and Skoog
(MS) salts or in soil/perlite/vermiculite (3:1:1, v/v) under
white light (160 umol m~2 s~!, fluorescent tubes) and long-
day regime (light/dark: 16/8 h) at 25 °C in an environment
controlled chamber.

Maize (Z. mays B73 inbreed line) seeds were kindly
provided by Dr. Sofia Eugenia Olmos (INTA Pergamino,
Argentina). Seeds were surface sterilized with 30% (v/v)
commercial bleach for 20 min and rinsed in distilled water.
Subsequently, seeds were germinated on water saturated fil-
ter paper in Petri dishes for 4-5 days and maintained at 25
°C. Germinated seedlings were grown on soil/ vermiculite
(3:1, v/v) under a long-day regime (light/dark: 16/8 h) at 25
°C in an environment controlled chamber with white light at
160 umol m~2 5!, The topmost leaf from V6 developmental
stage (when sixth leaf are visible in the leaf whorl) plants
was used for experiments.

Generation of transgenic Arabidopsis plants
expressing ZmUVR8

The full length coding sequence from ZmUVRS8 was
amplified by PCR using the maize full-length EST ZM_
BFb0066P22.r (Arizona Genomics Institute) as template,
and the specific primers ZmUVRS8-Fw and ZmUVR8ERv
(Supplementary Table 1). The amplified cDNA was cloned
into the entry pENTR/D-TOPO vector and confirmed
sequence, orientation and reading frame by DNA sequenc-
ing (Macrogen). The obtained entry clone was recombined
with the Gateway pH7FWG2 binary destination vector for
35S-driven expression in plants, with C-terminal fusion to
eGFP (35S::ZmUVR8-eGFP) (Karimi et al. 2002). This vec-
tor was introduced in the Agrobacterium strain GV3101 by
electroporation (Koncz and Schell 1986). Transformation
into uvr8-1 mutant Arabidopsis was performed by floral dip
(Clough and Bent 1998). Transformants were selected based
on its ability to survive on half-strength MS medium supple-
mented with 1% sucrose containing 15 mg L™! hygromycin.
Resistant seedlings were then transferred to soil and grown
under conditions described above.

The transgenic lines generated were shown to have the
transgene integrated at a single genetic locus through segre-
gation analysis. From six transgenic lines T1, we obtained
two homozygous independent lines (T2, #6.5 and T3, #5.1.7)
by self-crossing. These lines were used for the experiments.
The level of transgene expression in each line was examined
by qRT-PCR and immunoblot.

UV-B treatments

For experiments involving UV-B light treatments, Arabi-
dopsis seedlings were exposed 2 h to white light (100 pmol
m~2s~!, fluorescent tubes) supplemented with 3.47 pumol
m~2s~! narrowband UV-B (Philips TL 100W/01) in a con-
trolled environment chamber. This dose is similar to the
radiation measured from sunlight at noon in Mar del Plata
summer (38.0055° S, 57.5426° W).

Maize plants were exposed for 0, 2 and 4 h to white light
(100 umol m~2s~!, fluorescent tubes) supplemented with
8.81 umol m~2s~! narrowband UV-B (Philips TL 100W/01)
in a controlled environment chamber. Similar doses were
used by other authors (Rius et al. 2016; Fina et al. 2017).

The spectral irradiance was determined with an UV-B
photo-radiometer (Delta ohm HD2102.1).

Expression analysis

For gene expression quantification, plant materials were
harvested, frozen in liquid nitrogen and grounded under
RNase-free conditions. Total RNA was extracted using TRI-
zol method, and treated with DNase I (Invitrogen) at 37 °C
for 30 min, following the manufacturer*s instructions. Then,
the RNA was reverse-transcribed using the M-MLV reverse
transcriptase (Thermo) following the manufacturer’s instruc-
tions. cDNA obtained was used for quantitative RT-PCR
using Power SYBR Green PCR mix and a StepOne machine
(Applied Biosystems). Primers used are listed in Supple-
mentary Table 1. PCR conditions were: 10 min at 95 °C, 40
cycles of 15 s at 95 °C and 1 min at 60 °C. After amplifica-
tion, a melting curve analysis was performed, which resulted
in a single product specific melting curve. Negative controls
for cDNA synthesis and qRT-PCR reactions were included
in all cases. LineReg program was employed for the analysis
of gene expression (Ruijter et al. 2009). The transcript rela-
tive quantifications were determined from the ratio between
the starting concentration value of analyzed mRNA and the
reference genes actin2 for Arabidopsis samples or thiore-
doxin-like (Thr) for maize as previously reported (Casati
and Walbot 2004). The data shown are representative of at
least three independent experiments.

For protein assays, leaves were harvested into liquid
nitrogen and proteins extracted in 100 mM buffer KPO,
(pH 7.4), 1 mM EDTA and a cocktail of protease inhibitors
for plant extracts. This cocktail contains inhibitors of serine
proteases, cysteine proteases, aspartyl proteases, metallopro-
teases and aminopeptidases (Sigma P9599). The homogen-
ate was centrifuged for 10 min a 10,000 X g at 4 °C. Protein
concentration was determined by a Bradford assay. 30 pg of
total protein were loaded for ZmUVRS protein expression
and separated by 12% denaturing SDS-PAGE. Immunob-
lots were incubated with monoclonal anti-GFP (BAbCO)
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ZmUVRE

as primary antibody, gently provided by Dr. Gareth Jenkins
(University of Glasgow, Scotland). After several washes, a
secondary anti-mouse antibody conjugated to alkaline phos-
phatase and developed by NBT/BCIP staining. The mem-
branes were stained with Ponceau S to reveal the Rubisco
large subunit (rbcL.) as loading control.
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ZmUVR8-eGFP subcellular localization

Fifteen day old plants irradiated 1 h with white light or
white light supplemented with UV-B (3.47 umol m~2s™"),
were vacuum infiltrated with 5 ug mL~! of Hoechst 33342
nucleic acid stain (Invitrogen Molecular Probes) in buffer
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«Fig.1 ZmUVRS8 sequence and structural domains. a Multiple
sequence alignment of A7UVRS8 homologs. Maize UVR8 (ZmUVRS)
protein sequence and sequences of proteins that restore the loss-of-
function of the uvr8-1 null mutant were aligned with MAFFT (http://
mafft.cbrc.jp/alignment/server/) and edited with GeneDoc (Nicholas
and Nicholas 1997). Red boxes indicate “GWRHT” motifs and the
VP domain. The accession number of each sequence is given next to
the species name. Conserved residues common to all sequences are
shadowed in black and less identity is shown in gray scale. Capital
letter indicates 100% of homology whereas lowercase indicates minor
identity. The yellow box shows the “VP” domain in the C27 domain,
important for interaction with COP1 and RUP proteins. b Sche-
matic representation of structural domains of AfUVRS8 and ZmUVR8
proteins. Analysis of amino-acid sequences was performed at the
National Center for Biotechnology Information (NCBI) database.
RCC1 (pfam00415), Regulator of chromosome condensation (RCC1)
repeat. Arrows indicate significant tryptophans in UV-B percep-
tion (W233, 285 and 337). VP Valine-Proline domain. (Color figure
online)

PBS, 0.2% Triton-X 100 for 4 min and maintained in
shake at 50 rpm and darkness for 1 h. Then, samples were
washed three times with PBS. The subcellular localization
of eGFP and Hoechst 33342 was visualized by a confo-
cal laser scanning microscope (Nikon-C1siR Eclipse TiU)
under oil (Biopack) with a x40 objective. Images were
taken using the Nikon EZ-C1 3.90 software. eGFP and
Hoechst were excited using an argon laser at 488 nm and
a laser at 408 nm, respectively. eGFP emission was col-
lected between 515 and 530 nm to avoid crosstalk with
chloroplast autofluorescence. Hoechst 33342 fluorescence
was collected at 440/50 nm. The same microscope settings
for GFP and Hoechst 33342 detection were used before
and after UV-B illumination. Colocalization analysis was
performed on two independent transgenic lines. The data
shown are representative of at least three independent
experiments.

Hypocotyl length measurement

Seedlings were grown for 5 days on agar plates of half
strength MS salts containing 1% sucrose in white light or
white light supplemented with 3.47 umol m~2 s~! UV-B.
Photographs were taken after treatments and hypocotyl
lengths were measured using the ImagelJ software (http://
rsb.info.nih.gov/ij). Three independent biological replicates
were performed for all experiments using al least 10 seed-
lings for each replicate (n >30).

Bioinformatic analysis
Multiple sequence alignments were performed using

MAFFT server (http://mafft.cbrc.jp/alignment/server/) and
edited with GeneDoc (Nicholas and Nicholas 1997).

Results

An AtUVR8 homolog with a conserved structure
is found in maize

UVRS8 homolog has not been reported in monocotyle-
donous. To this end, the Arabidopsis protein sequence
(AAD43920.1) was used as query in a PSI-BLASTYp for
searching the UVR8 homolog in maize, using the NCBI
(www.ncbi.nlm.nih.gov/) and Phytozome databases (www.
phytozome.jgi.doe.gov/pz/portal.html). One sequence was
found (GRMZM2GO003565), herein named “ZmUVRS8”.
Figure la shows the comparison between ZmUVR8 and
the other functional UVR8 homologs. ZmUVRS has 443
amino acids length, a calculated molecular mass of 47.15
kDa, and 73% of identity to AfUVRS. Key tryptophan
residues responsible of UV-B perception (W233, 285 and
337) are conserved in ZmUVRS, as well as the VP domain
in the C27 region, involved in the interaction with COP1
and RUP (Fig. 1a). Figure 1b shows that ZmUVRS has the
same domain profile as AtfUVRS, including the conserved
tryptophans, the C27 domain and the seven repeated RCCl1
domains.

Blastp analysis in Table 1 shows that sequences with high
percentage of identity with the components of the Arabidop-
sis UVRS signaling pathway were found in maize: COP1
(70%), HYS (68%), HYH (48%), RUP1 (45%), RUP2 (46%),
WRKY36 (35%), BES1 (50%) and BIM1 (41%). These
results suggest a degree of conservation between the UVRS8
signaling cascade of Arabidopsis, a dicotyledonous, and
maize, a monocotyledonous species.

UVR8 and CHS expression are regulated by UV-B
in Arabidopsis and maize

UVRS expression was analyzed by RT-PCR in Arabidopsis
and maize plants irradiated with 3.47 and 8.81 pumol m™>
s~! of UV-B respectively. Figure 2 shows that after 2 h of
UV-B irradiation, UVRS expression was reduced 3-fold in
Arabidopsis and 6-fold in maize, respectively. Figure 2 also
shows that CHS expression was increased in both species
after UV-B. These results indicate a similar regulation of
UVRS8 and CHS expression under UV-B treatment both in
Arabidopsis and maize plants.

Transgenic ZmUVR8 expression in the uvr8-1 null
mutant

For insights into the in vivo role of ZmUVRSE, we cloned the

ZmUVR8 cDNA into the pH7FWG?2 plant expression vec-
tor driven by the CaMV-35S promoter and fused to eGFP
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Table 1 Identification of maize homologs to the Arabidopsis UVRS signaling pathway

Arabidopsis protein  Query ID Zea mays identification Identity (%) E-value Accession

COP1 NP_180854.1 Ubiquitin ligase protein COP1 70 0.0 AQK75277.1
HYS5 NP_001330553.1  Uncharacterized protein LOC100286123 68 9.00E-48 NP_001152483.1
HYH NP_850605.1 Uncharacterized protein LOC100286123 isoform X1 48 3.00E-27 XP_008643871.1
RUP1 NP _200038.1 WD repeat-containing protein RUP2 45 5.00E-89 PWZ22039.1
RUP2 NP_568435.2 WD repeat-containing protein RUP2 46 2.00E-91 AQK67844.1
WRKY36 NP_564976.1 Probable WRKY transcription factor 31 35 4.00E-47 XP_008655458.1
BES1 NP_973863.1 BES1/BZR1 protein 50 7.00E-69 NP_001151195.2
BIM1 NP_001190259.1 Unknown 41 3.00E-49 ACN34591.1

Proteins involved in UVRS signaling cascade from Arabidopsis were used as bait in BLASTp analysis restricting the search to Z. mays and the

non-redundant protein sequences database from NCBI

(35S::ZmUVR8-eGFP). This construct was used to trans-
form the Arabidopsis uvr8-1 null mutant. After repeated
selection on hygromycin and microscopy eGFP-screening,
two independent T2 and T3 homozygous lines (#6.5 and
#5.1.7 respectively) were obtained. ZmUVRS expression was
determined by quantitative RT-PCR using specific prim-
ers (Supplementary Fig. S1) that did not amplify AfUVRS
(results not shown). Figure 3a illustrates that both lines
expressed ZmUVR8 mRNA under standard growth condi-
tions without UV-B. Line #6.5 reached the highest level.
Immunoblot with anti-GFP antibody in Fig. 3b shows that
ZmUVRS8-eGFP was present in both transgenic lines (the
raw image is provided as the Supplementary Fig. S3). Sup-
plementary Figure S2 shows no positive GFP signal in WT
lines, ensuring the specificity of ZmUVR8-eGFP detection.
Figure 3¢ shows that ZmUVRS has no detrimental effects on
plant development, because no evident phenotypic differ-
ences were found among WT, uvr8-1, #6.5 and #5.1.7, after
30 days growing in standard conditions.

The sub-cellular localization of ZmUVR8-eGFP, was ana-
lyzed using a confocal laser scanning microscope. Hoechst
33342 staining was employed for nuclear staining. Figure 4
shows that ZmUVR8-eGFP fusion was mainly localized
in nuclei of #6.5 and #5.1.7 lines, irrespective of UV-B
treatments.

ZmUVR8 complements the Arabidopsis uvr8-1 null
mutant

The hypocotyl length inhibition was used to analyze
ZmUVRS functionality. Figure 5a, b shows no differences
among hypocotyl length of Arabidopsis WT, uvr8-1 and
transgenic line #6.5 grown under white light. Figure 5b
shows that, under UV-B irradiation, the reduction in hypoco-
tyl length was 54% in WT plants. In contrast, the reduction
in uvr8-1 mutant was only 31%. However, hypocotyl elon-
gation was reduced 50% in line #6.5, similar to WT plants.
Although line #5.1.7. showed reduction in hypocotyl length
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when white light was supplemented with UV-B, the response
in white light was similar to that obtained after UV-B treat-
ment in both WT and line #6.5.

These results indicate that ZmUVRS restores the uvr§-1
null mutant phenotype under UV-B radiation, showing that it
is a positive regulator in UV-B induced photomorphogenesis.

ZmUVR8 promotes CHS and HY5 gene expression
in uvr8-1 Arabidopsis mutant

As the behaviour of line #6.5 in the hypocotyl elongation
assay is more similar to WT than line #5.1.7, we continued
working with transgenic line #6.5.

To see if ZmUVRS is able to induce HY5 and CHS,
3-weeks-old WT, uvr8-1 and #6.5 transgenic line plants were
irradiated with white light or white light supplemented with
UV-B for 2 h. HY5 and CHS expression was determined by
quantitative RT-PCR. Figure 5 shows that, under white light
irradiation, HY5 (C) and CHS (D) have low basal expres-
sion in all plants. After UV-B irradiation, the expression
of both genes was increased in WT plants, but the uvrS§-1
mutant was impaired in this response. UV-B-irradiated #6.5
line increased HY5 and CHS expression (Fig. 5c, d). These
results, demonstrate that ZmUVRSE was able to trigger the
synthesis of UVR8-regulated UV-B absorbing compunds.

Discussion

The UV-B photoreceptor UVRS regulates several plant
responses to UV-B (Yin and Ulm 2017). UVRS sequences
from the green algae Chlamydomonas reinhardtii (Til-
brook et al. 2016), the moss Physcomitrella patens (Sori-
ano et al. 2018), the liverworth Marchantia polymorpha
(Soriano et al. 2018) and the dicotyledonous Solanum
lycopersicum (Li et al. 2018a), Musca domestica (Zhao
et al. 2016), Vitis vinifera (Liu et al. 2014), Betula platy-
phylla (Li et al. 2018b) and Populus euphratica (Mao
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et al. 2015) have been cloned, characterized, and shown to
restore the loss-of-function of the UVRS null mutant uvr§-
I (Kliebenstein et al. 2002). Two maize UV-B-responsive
genes were previously reported as UVRS8-like homologs
by comparison with rice genome (Casati et al. 2011a, b).
However, these genes have less than 34% of identity with
ArUVRS, and tryptophans 233 and 285, involved in UV-B
perception, are not conserved. After the maize sequence
was completed, we found ZmUVRS and, by phylogenetic
studies, we concluded that a unique UVRS8 sequence was
present in maize (Fernandez et al. 2016). Moreover, phy-
logenetic studies demonstrate that UVRS, SPAs and HYS
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Expression of Actin2 and thioredoxin-like (Thr) were used for Arabi-
dopsis and maize normalization respectively. Primers are listed in
Supplementary Table 1. Error bars indicate the standard deviation
over three biological replicates (n=3)

proteins are conserved from chlorophytes to angiosperms
(Fernandez et al. 2016; Han et al. 2019).

Although UVRS8 was reported as constitutive in Arabi-
dopsis, UVRS transcript decreased both in Arabidopsis and
maize leaves after UV-B radiation. Moreover, comparison
of ZmUVRS expression with other functional homologues
(Supplementary Table 2), indicates the existence of differ-
ent regulatory mechanisms for UVRS expression in different
plant species and tissues. Little is known about different reg-
ulatory mechanisms for UVRS expression. Wu et al. (2016)
proposed that UV-B enhances the production of H,0O,, thus
increasing the level of NO to further magnify the UVRS
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Fig.3 35S:ZmUVRS8-eGFP expression analysis in two Arabidopsis
homozygous lines. a Leaves from 3-weeks-old transgenic Arabidop-
sis plants were used to analyze ZmUVRS transgene transcript level by
qRT-PCR. Expression of Actin2 was used for normalization. Primers
are listed in Supplementary Table 1. Error bars indicate the standard
deviation over three biological replicates. b Denaturating immunob-

expression. It was recently reported that AfUVRS expression
may be modulated by blue light in UV-B-irradiated Arabi-
dopsis. Cryptochrome 1 (Cryl) mutant sy4 shows reduced
UVRS expression in response to UV-B, suggesting a linkage
between cryl, UVRS and UV-B (Khudyakova et al. 2019).
Besides, it has been observed that ZmUVRS expression is
increased by waterlogged in non-UV-B-irradiated maize
root (Rajhi et al. 2011). Moreover, B. platyphylla UVRS8
(BpUVRS) expression is induced by UV-B, and decreases
after 9 h of continuous irradiation (Li et al. 2018b). On the
other hand, UVRS expression is increased by UV-B in the
hypocotyls of radish sprouts (Wu et al. 2016). Variations
in UVRS expression were also reported in UV-B-treated
fruit skin and apple callus (Mao et al. 2015). On the other
hand, no differences in the expression level of UVRS after
UV-B irradiation were found in somatic and reproductive
cells from the multicellular algae Volvox carteri (Razeghi
and Kianianmomeni 2019). Differences observed in UVRS
expression in the literature could result from the different
UV-B intensities used in the experiments and tissues ana-
lyzed. AfTUVRS is a stable protein (Heilmann and Jenkins
2013) and a huge amount of UVRS8 may influence the activ-
ity of COP1 and RUP as E3 ligases (Ren et al. 2019). It may
be possible that after UVR8 was translated, gene expres-
sion could be decreased to avoid UVRS8 overaccumulation
in Arabidopsis and maize.

ZmUVR8 was constitutively located in nuclei in #6.5
and #5.1.7 lines. No obvious nuclear localization sig-
nal (NLS) is found in UVRS, and there is no consensus
about the mechanism of UVRS translocation (Yin and
Ulm 2017). Yin et al. (2016) reported that UVRS inter-
action with COP1 is necessary for UVRS translocation
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lot from Arabidopsis transgenic lines #6.5 and #5.1.7 protein extracts
(upper panel). Immunodetection was performed using anti-GFP anti-
serum. Stained Rubisco large subunit (rbcL) is shown as a loading
control (lower panel). ¢ Thirty-days-old WT, uvr8-1 mutant and #6.5
and #5.1.7 transgenic Arabidopsis lines

to nucleus, as well as for UVRS signaling in response to
UV-B. Moreover, it was demonstrated that the presence
of UVRS in the nucleus is necessary but not sufficient
for its function. Kaiserli and Jenkins (2007) fused a NLS
to GFP-UVRS and observed that the constitutive nuclear
localization of NLS-GFP-UVRS is insufficient to pro-
mote HYS expression in the absence of UV-B. Therefore,
even though ZmUVRS has nuclear localization irrespec-
tive of UV-B treatment, this radiation is necessary for
downstream signaling as previously reported for AfUVRS.

UV-B irradiation is not a mere stress signal but can
also serve as an environmental stimulus to direct growth
and development. A well-established UV-B morphogenic
effect is the reduction of hypocotyl elongation (Kim et al.
1998). The hypocotyl growth of the uvr§-I mutant seed-
lings, in stark contrast to wild-type seedlings, was not
inhibited by UV-B (Favory et al. 2009). Expression of WT
AtUVRS fused to GFP or yellow fluorescent protein (YFP)
in uvr8-1 plants, restores the WT phenotype (Favory et al.
2009; Huang et al. 2014; O’Hara and Jenkins 2012). This
response was established as a parameter of complementa-
tion by functional UVR8 homologs (Kondou et al. 2019;
Lietal. 2018a, b; Liu et al. 2014; Mao et al. 2015; Soriano
et al. 2018; Tilbrook et al. 2016; Zhao et al. 2016).

ZmUVRS restored the impaired UV-B hypocotyl growth
suppression, and the CHS and HY5 expression in uvr8-1,
working as an effective component of the UVRS pathway.
These results demonstrate that similar signaling responses
to UV-B are present in monocotyledonous and dicotyle-
donous plants. Consequently, a canonical UVRS8 pathway
could be present in monocotyledonous.
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Fig.4 Subcellular localization of eGFP-ZmUVRS. Cellular localiza-
tion of ZmUVRS8-eGFP fusions revealed by confocal laser micros-
copy. Two-weeks-old Arabidopsis plants were irradiated with 100
pmol m~2s~! of white light (C), or white light plus 3.47 umol m™%s~"!
UV-B (UV-B) for 1 h. Hoechst 33342 was vacuum infiltrated to spe-
cifically stain nuclei. eGFP and Hoechst were excited using a laser
at 488 nm and 408 nm, respectively. eGFP emission was collected

eGFP Merge

between 515 and 530 nm to avoid crosstalk with chloroplast auto-
fluorescence. Hoechst 33342 fluorescence was collected at 440/50
nm. The same microscope settings for GFP and Hoechst 33342 detec-
tion were used before and after UV-B illumination. Bar 25 pm. #6.5
and #5.1.7: transgenic Arabidopsis lines expressing ZmUVR8-eGFP.
Arrows indicate co-localization
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Fig.5 Functional complementation assay of eGFP-ZmUVRS (Kruskal-Wallis one-way ANOVA on ranks. Multiple comparisons:

expressed in Arabidopsis uvr8-1 mutant. a Phenotypes of the Arabi-
dopsis WT, uvr8-1, and #6.5 and #5.1.7 seedling lines grown under
100 pmol m~2s~! of white light, or white light plus 3.47 umol m™>
s~! of UV-B. The scale bar represents 1 mm. Photographs were taken
after treatments. b The hypocotyl lengths were measured using the
ImageJ software (http://rsb.info.nih.gov/ij). Grey bars: white light,
black bars: white light plus UV-B. Error bars indicate standard devia-
tion. Different letters show significant differences between treatments

Conclusion

Since its discovery in Arabidopsis by Brown et al. (2005),
cumulative evidence allows us to consider the UVRS as a
established pathway in the plant UV-B response. Although
the UVRS gene is found in all the Viridiplantae, only a
handful of functional UVRS8 proteins have been cloned
and characterized. Moreover, a UVR8 homolog in mono-
cotyledonous has not been reported until now. This work
presents the characteristics and functionality of ZmUVRS,
the UVRS8 gene from maize. ZmUVRSE showed a conserved
structure, and its expression was downregulated by UV-B.
uvr8-1 mutants complemented with ZmUVRS regulated
the hypocotyl elongation and the expression of CHS and
HYS5, two of the main UVRS responsive genes. In con-
clusion, this study demonstrates that Z. mays express a
functional UVRS protein. Our results reinforce the impor-
tance of this photoreceptor as an UV-B-responsive regula-
tor in land plants. Further work is necessary to describe

@ Springer

Dunn’s method, p<0.05). Three independent biological replicates
were performed, n>30. ¢ and d Three-weeks-old WT, uvr8-1 and
#6.5 transgenic line plants were exposed to white light (—), or white
light supplemented with 3.47 umol m~2 s~! of UV-B for 2 h (+). The
expression of HY5 (¢) and CHS (d) in leaves was determined by
qRT-PCR. Expression of Actin2 was used for normalization. Error
bars indicate the standard deviation of at least two biological repli-
cates

more functional UVR8 homologs, and to discover how
this pathway is regulated in response to UV-B and other
abiotic stresses.
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