Molecular Plant Advance Access published February 17, 2014

Molecular Plant RESEARCH ARTICLE

Role of Arabidopsis UV RESISTANCE LOCUS 8 in
Plant Growth Reduction under Osmotic Stress
and Low Levels of UV-B

Rossella Fasano?, Nathalie Gonzalez"<, Alessandra Tosco?, Fabrizio Dal Piaz?, Teresa Docimo¥,
Ramon Serranos, Stefania Grillof, Antonella Leone?, and Dirk Inzéb<?

a Department of Pharmacy, University of Salerno, Fisciano, Italy

b Department of Plant Systems Biology, VIB, 9052 Ghent, Belgium

¢ Department of Plant Biotechnology and Bioinformatics, Ghent University, 9052 Gent, Belgium

d Max Planck Institute for Chemical Ecology, Jena, Germany

e Instituto de Biologia Molecular y Celular de Plantas, Universidad Politecnica de Valencia CSIC, Valencia, Spain
f National Research Council of Italy, Institute of Plant Genetics, Res. Div. Portici, Portici, Italy

ABSTRACT In high-light environments, plants are exposed to different types of stresses, such as an excess of UV-B, but
also drought stress which triggers a common morphogenic adaptive response resulting in a general reduction of plant
growth. Here, we report that the Arabidopsis thaliana UV RESISTANCE LOCUS 8 (UVRS8) gene, a known regulator of the
UV-B morphogenic response, was able to complement a Saccharomyces cerevisiae osmo-sensitive mutant and its expres-
sion was induced after osmotic or salt stress in Arabidopsis plants. Under low levels of UV-B, plants overexpressing
UVRS8 are dwarfed with a reduced root development and accumulate more flavonoids compared to control plants. The
growth defects are mainly due to the inhibition of cell expansion. The growth inhibition triggered by UVR8 overexpres-
sion in plants under low levels of UV-B was exacerbated by mannitol-induced osmotic stress, but it was not significantly
affected by ionic stress. In contrast, uvr8-6 mutant plants do not differ from wild-type plants under standard conditions,
but they show an increased shoot growth under high-salt stress. Our data suggest that UVR8-mediated accumulation of
flavonoid and possibly changes in auxin homeostasis are the underlying mechanism of the observed growth phenotypes
and that UVR8 might have an important role for integrating plant growth and stress signals.
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INTRODUCTION

Due to the sessile nature of plants, their growth can be
affected by a combination of environmental stresses, such
as drought, salinity, freezing, or excess UV light that greatly
reduces yield in crop species. Amongst abiotic stresses,
extreme temperatures, high salinity, and drought are the
main environmental constraints to agricultural productivity
worldwide (Cramer et al., 2011).

High salinity and water deficit are the major causes of
osmotic stress in plants. The reaction of plants to water deficit
differs significantly at various organizational levels depend-
ing on the stress intensity and duration, as well as on the
developmental stage and the plant species (Chaves et al.,
2002; Verslues et al., 2006). Plants have evolved different

cell turgor (Xiong and Zhu, 2002). Plants also synthesize pro-
tective proteins, such as dehydrins, and antioxidant enzymes,
such as catalases and superoxide dismutases, that protect pro-
teins, membranes, and cellular components from accumulat-
ing reactive oxygen species (ROS), by reducing their levels.
An important physiological effect of mild drought on
crops is the reduction in vegetative growth (Skirycz and Inzé,
2010) and in general shoot growth is more affected than
root growth. Whereas, under water deficit, stem elongation
and leaf growth of many important crops is greatly inhibited
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strategies to counteract osmotic stress. For example, they can
close stomata to conserve water and accumulate osmolytes
(e.g. proline, glycine-betaine, and oligosaccharides), restoring
the osmotic potential of the cell by water uptake to maintain
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(Heuer and Nadler, 1995; Specht et al., 2001; Wu et al., 2008;
Farooq et al., 2009), under mild osmotic stress, roots can
continue to grow (Bartels and Sunkar, 2005; Pardo, 2010).
Enhanced root growth also was observed in transgenic plants
with a higher drought or salt-stress tolerance (Bartels and
Sunkar, 2005; Werner et al., 2010). Furthermore, drought-
tolerant rice (Oryza sativa) varieties have a deeper and more
highly branched root system than drought-sensitive varieties
(Price et al., 1997). The development of a larger root system
is considered as a drought-avoidance strategy that plants
adopt to improve the uptake of water and nutrients when
their availability in the soil is limited (Fukai and Cooper, 1995;
Liao et al., 2001; Sharp et al., 2004).

Similar differential impacts on shoot or root growth were
also seen in plants grown under other abiotic stress condi-
tions, such as exposure to heavy metals or phosphate star-
vation, that impact mainly roots, or excess UV-B radiation,
that influences shoot growth. These architectural changes in
plants facing different non-optimal external environmental
conditions, which include a general reduction of plant size,
are known as Stress Induced Morphogenic Response (SIMR;
Potters et al., 2007, 2009). By reducing their growth, plants
can conserve and redistribute resources and thus increase
their chance of survival if the stress becomes severe. At a cel-
lular level, in the leaf, plants respond to drought stress by a
rapid initial growth reduction, followed by growth adapta-
tion, leading to leaves with fewer and smaller cells (Claeys
and Inzé, 2013).

Low-fluence (280-320nm) UV-B light serves as an envi-
ronmental stimulus to direct growth and development.
This includes hypocotyl growth inhibition, reduction of leaf
expansion or root growth, formation of shorter petioles,
flavonoid accumulation, and specific gene expression (Kim
et al.,, 1998; Boccalandro et al., 2001; Casimiro et al., 2001;
Kliebenstein et al.,, 2002; Frohnmeyer and Staiger, 2003;
Suesslin and Frohnmeyer, 2003; Ulm and Nagy, 2005; Hectors
et al., 2010). The low-fluence UV-B response is also important
because it confers adaptive advantages to crops under field
conditions, where high-light intensity is often associated with
water deficit (Gitz and Liu-Gitz, 2003).

The UV-B morphogenic response is regulated by a spe-
cific pathway that involves the UV RESISTANCE LOCUS 8
(UVR8) gene (Kliebenstein et al., 2002; Brown et al., 2005;
Favory et al., 2009). UVR8 is the photoreceptor of UV-B light
(Rizzini et al., 2011; Christie et al., 2012; Wu et al., 2012) that
is required for a UV-B-stimulated compensatory increase in
epidermal leaf cell size, for normal progression of endore-
duplication in response to UV-B, for stomatal differentiation
and functions in plant acclimation, and for survival under
solar UV (Wargent et al., 2009a, 2009b; Morales et al., 2012).
At the transcriptional level, UVR8 regulates the expression
of a range of genes involved in acclimation to and protec-
tion against UV-B radiation (Jenkins, 2009). Among them
is the ELONGATED HYPOCOTYL5 (HY5), a known regulator
of photomorphogenesis in visible light (Chen et al., 2004),
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which is a key effector of the UVR8 signaling pathway (UIm
et al., 2004; Brown et al., 2005; Brown and Jenkins, 2008;
Jenkins, 2009). The E3 ubiquitin ligase CONSTITUTIVELY
PHOTOMORPHOGENIC1 (COP1) is also required for the acti-
vation of HY5 gene expression under UV-B. In contrast with
its repressor function in visible light-induced photomorpho-
genesis through the degradation of HY5 (Osterlund et al.,
2000; Saijo et al., 2003), COP1 is a positive regulator of the
UV-B response through interaction with the UVR8 photore-
ceptor (Oravecz et al., 2006; Cloix et al., 2012).

In an effort to identify plant genes involved in osmotic
stress responses, an Arabidopsis thaliana (Arabidopsis) cDNA
library was used to complement the lytic phenotype of the
osmo-sensitive yeast mutant mpk1 ppz1. The UVR8 gene was
identified to be able to complement the growth defect of
mpk1 ppz1. We also found that the expression of UVR8 is up-
regulated in Arabidopsis plants grown under salt or osmotic
stress conditions. Furthermore, the ectopic expression of
UVRS8 causes pleiotropic effects on plant growth, such as a
general reduction of plant organ size, leaves with smaller
cells, reduced root growth, and the accumulation of flavo-
noids, suggesting that, in the UVR8-overexpressing plants,
grown under low levels of UV-B light, the UV-B morphogenic
response is enhanced in comparison to the control plants. The
growth defects of the UVR8-overexpressing plants were even
more severe under osmotic and salt stress. In contrast, the
inactivation of UVR8 expression does not affect growth under
standard or mild drought stress conditions, but enhances
shoot growth under high-salt stress. We propose that UVR3
is @ new component in the osmotic stress and UV-B plant
crosstalk, with a key role in the reduction of plant vegetative
growth under suboptimal environmental conditions.

RESULTS

UVR8 Complements the Lytic Phenotype of the Osmo-
Sensitive mpk1 ppz1 Yeast Mutant

With the aim to identify genes involved in hypo-osmotic stress
signaling in plants, we used a ¢cDNA library from Arabidopsis
leaves (Minet et al., 1992) to transform a yeast mutant strain
in which the MPK1 and PPZ1 genes were disrupted. The
Mpk1/SIt2 MAP kinase is required to maintain cell integrity
and the Ppz1 phosphatase plays an important role in the
maintenance of K* and pH homeostasis. The lytic phenotype
of the mpk1 ppz1 double mutant is due to the combination
of increased internal turgor pressure in Ppz1-deficient strains
(because of K* overaccumulation) and cell wall instability in
strains lacking MPK1 (Merchan et al., 2004). Thus, its growth
requires the addition of an osmostabilizer, such as 1M sorbi-
tol (Lee et al., 1993).

To screen for Arabidopsis cDNA clones able to complement
the lytic phenotype, the transformed yeast cells were plated
on medium without sorbitol. The screen resulted in the
identification of several independent clones that rescue the
growth defect of the yeast mpk1 ppz1 double mutant. Five
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clones were redundant and all of them encoded full-length
cDNA sequences corresponding to the At5963860 gene that
encodes the UV-B photoreceptor UVR8 and regulates UV-B
protection (Kliebenstein et al., 2002; Brown et al., 2005;
Rizzini et al., 2011). The data for one representative clone are
shown in Figure 1.

The increased tolerance to hypo-osmotic stress of the dou-
ble mutant yeast strain mpk1 ppz1 induced by UVR8 over-
expression suggests a putative role of UVR8 in the plant's
response to osmotic stress, besides its well-known involve-
ment in the UV-B response.

UVRS8 Expression Is Up-Regulated under Osmotic and
Salt Stress

To investigate the involvement of UVR8 in the response
to abiotic stress, we analyzed its expression by real-time
PCR (gRT-PCR), in Arabidopsis plants subjected to differ-
ent environmental stimuli. Transfer of 2-week-old plants
to Murashige and Skoog (MS) medium supplemented with
NaCl (100mM) or PEG (-0.5MPa) for 24h induced a 2.5-fold
and 4.5-fold increase in the level of UVR8 expression, respec-
tively (Figure 2A). Also, transfer to starvation conditions (no
sucrose, darkness) for 24 h slightly enhanced the level of UVR8
expression. Exposure to UV-B light for 2 h did not significantly
enhance UVR8 expression (Figure 2A), in agreement with pre-
vious data (Tohge et al., 2011). Analysis of UVR8 expression
using the Arabidopsis eFP browser at BAR (Winter et al., 2007)
and at Genevestigator (Hruz et al., 2008) confirmed that the
expression of UVR8 is slightly enhanced in response to various
abiotic stress conditions (Supplemental Tables 1 and 2).

To further analyze the up-regulation of UVR8 expression
under salt or osmotic stress, an antibody directed against
UVR8 was used to detect UVR8 protein levels in wild-type
plants treated for 24 h with NaCl or PEG (as reported above).
As shown in Figure 2B, in response to PEG-mediated osmotic
stress, the levels of UVR8 were significantly higher, whereas
no significant increase was observed in NaCl-treated plants.

YPD+
YPD 1M Sorbitol
W303 !
mpk1 ppz1+ @
PFL61::UVR8 i

Figure 1. Complementation of mpk1 ppz1 Double Mutants by UVRS.

The indicated strains, wild-type (W303), mpk1 ppzidouble mutant,
and mpk1 ppz1 transformed with the vector containing UVR8 cDNA
(PFL61-UVRS), were grown on selective medium containing 1 M sorbitol
(SORB.), as described in the ‘Methods’ section, serially diluted in sterile
water plus 1M sorbitol, and spotted onto YPD plates or YPD plates
containing 1M sorbitol. Images were taken after 3 d of incubation
at 37°C. Similar results were obtained in three separate experiments.
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Phenotypic Analysis of UVR8-Overexpressing Plants

The observation that UVR8 confers an enhanced tolerance
to osmotic stress in yeast and it is transcriptionally respond-
ing to osmotic stress prompted us to test the effect of UVR8
overexpression in Arabidopsis. Independent transgenic lines
overexpressing the Arabidopsis UVR8 gene under the control
of the 35S CaMV promoter (355-UVR8) were generated and
T, plants containing a single insertion locus of the 35S-UVR8
transgene were selected. Phenotypes of T; plants of two
homozygous lines containing the 355-UVR8 transgene (lines
1 and 2) and expressing high levels of UVR8 (Supplemental
Figure 1A) were analyzed and compared to those of the con-
trol plants transformed with the empty vector. Since similar
phenotypic effects were observed for both transgenic lines,
only the data for one line are presented.

Under standard growth-chamber fluorescent white light
(80-90 pmol m=2s7"), containing low levels of UV-B (0.03 pmol
m~2s7"), 355-UVR8 plants, grown both in vitro and in soil, were
smaller than control plants and showed many morphologi-
cal changes (Figure 3). When grown in vitro under continu-
ous light, hypocotyl and petiole length and cotyledon area
of 355-UVRS8 seedlings were significantly reduced (Table 1).
In addition, these plants visually accumulated more antho-
cyanins at the hypocotyls (Figure 3A), as already reported by
Favory et al. (2009). The difference in stem height persisted
at maturity, as it was decreased by 30% in the 35S5-UVR8
plants compared to control plants (Table 1). The rosette
diameter only reached 60% of that of the control (Figure 3B
and Table 1).

To characterize in more detail the vegetative phenotype
of the lines overexpressing UVR8, 21-day-old plants grown
in vitro were harvested and their leaf area was measured
at individual leaf positions. All leaves analyzed were signifi-
cantly smaller than those of the control plants (Figure 3C and
3D). Detailed analysis of the first two leaves revealed that the
decreased leaf area resulted from a reduction in leaf length
and width (Figure 3F and 3H, and Supplemental Figure 2A and
2B). To understand whether the reduced leaf size observed
in 355-UVR8 plants was correlated with a reduction in cell
number and/or in cell size, the lamina adaxial epidermis of
the first two expanded leaves was analyzed. The number of
the epidermal cells was unchanged in comparison to the con-
trol, whereas the mean cell size was significantly decreased
(Figure 3H and Supplemental Figure 2C). Therefore, the
observed leaf phenotype of the 355-UVRS8 plants was mainly
the result of a reduction in cell expansion.

Plants overexpressing UVR8 showed other notable altera-
tions during development such as early flowering. Whereas
long-day-grown (16-h light/8-h dark) control plants start
flowering after the formation of approximately 13 rosette
leaves, 355-UVRS plants flowered after producing 10 rosette
leaves (Figure 3B). At maturity, 355-UVR8 plants produced
shorter siliques (Figure 3G) and the seed weight was 15%
reduced compared to the control plants (Table 1).
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Figure 2. UVRS8 Expression under Abiotic Stress.
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(A) UVR8 mRNA expression in plants grown under normal conditions or upon exposure to abiotic stress. UVR8 relative expression levels in 2-week-
old plants grown in vitro on MS medium or after transfer for 24 h to medium supplemented with NaCl (100 mM) or PEG (-0.5 MPa); after transfer to
starvation conditions (no sugar, dark); or after exposure to 5 umol m-2 s~ of UV-B light for 2 h. Relative transcript levels of UVR8 were determined
by qRT-PCR and the values were normalized to the untreated plants using 18S ribosomal RNA as an internal control. Data represent average of

three independent experiments + SD.

(B) UVRS8 protein accumulation in wild-type plants after exposure to NaCl (100mM) or PEG (-0.5MPa) for 24h. Plants were grown as reported
above and UVR8 protein levels were analyzed by Western blotting with an anti-UVR8 antibody. The analysis was performed in triplicate and UVR8
relative protein levels were determined by densitometric analysis using Image J. The values were normalized to the untreated plants using rubisco

large subunity (RBCL) and averages + SD are shown (n = 3; P < 0.05).

Together, these data indicate that the ectopic expression of
UVRS8 causes a general reduction of plant growth, mainly by
the negative regulation of cell expansion.

Characterization of 355-UVRS8 Plants under Stress
Conditions

The observed growth reduction in 355-UVRS8 plants is similar
to the growth response of plants exposed to salt and osmotic
stress. Therefore, we analyzed the response of 35S5-UVR8
plants to severe or mild salt and osmotic stress conditions.
For severe stress treatment, plants were germinated on
nylon mesh filters placed on MS medium and, after 2 weeks,
transferred to medium supplemented with 150mM NaCl or
200mM mannitol. Under these stress conditions, the growth
of the 355-UVR8 plants was visibly more reduced than that of
the control plants (Figure 4A). However, on medium supple-
mented with NaCl, the survival percentage of the 355-UVR8
plants was similar to that of the control plants (46% versus

56%; Figure 4A), whereas, on medium supplemented with
mannitol, it was significantly decreased (44% versus 68%;
Figure 4A). Interestingly, when UV-B was filtered out from the
light source, the phenotypes of the 355-UVRS8 plants grown on
200 mM mannitol were not different from those of the control
plants (Figure 4B), suggesting that the sensitivity of the 355-
UVRS8 plants grown on 200mM mannitol and under low levels
of UV-B was due to the combination of these two conditions.

We further analyzed the growth phenotype of the 355-
UVRS8 plants upon mild stress conditions. To this end, plants
were grown on MS medium supplemented with 50mM Nacl
or 25mM mannitol—a condition that is not lethal but reduces
growth (Skirycz et al., 2010). After 21 d, the leaf area was
measured at individual leaf positions and percentages of
rosette area reduction were calculated for the transgenic
and the control plants. As shown in Supplemental Figure 3A,
under low-salt or mannitol conditions, the control plants
showed a reduction of 26% and 32%, respectively. Under salt
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Figure 3. Phenotypic Characterization of 355-UVRS8 Plants.

(A) Seven-day-old seedlings overexpressing UVR8 (right) as compared to control plants (left), grown in vitro at 23°C under a 16-h light/8-h dark
photoperiod.

(B) Thirty-day-old UVR8 transgenic plants (right) grown in soil. At this time, UVR8-overexpressing plants had already produced an inflorescence.
(C) Photographs of representative leaf series of 355-UVRS8 plants. Plants were grown in vitro at 23°C under a 16-h light/8-h dark photoperiod and
leaf series (cotyledons on the left and youngest leaves on the right) photographed 21 d after sowing (DAS); bar = 10mm.

(D) Area of rosette leaves at different positions. Values are averages + SD (n = 14; * P = 0.05).

(E) Six-week-old control (left) and 355-UVRS8 (right) plants grown in soil.

(F) First leaves (leaf1-2) of 30-day-old control (left) and 355-UVR8 (right) plants grown in vitro.

(G) Siliques of 355-UVRS (right) plants are visibly shorter than those of the control (left).

(H) Leaf measurements of 21-day-old 355-UVRS8 plants grown in vitro. To analyze the cellular basis of the size differences between the control and
355-UVRS, the leaf area, the epidermal cell number, and cell area were measured. Values are averages = SD (n =5; * P = 0.05).

stress, the reduction of the 355-UVR8 plants was the same under low levels of UV-B was exacerbated by mannitol-induced
as that of the control plants (Supplemental Figures 2D and osmotic stress, but not significantly affected by ionic stress.
3A), whereas, in the presence of mannitol, it was significantly
increased (46%) (Supplemental Figure 3A). This sensitivity Ectopic Expression of UVR8 Results in an Increased
to the mannitol treatment was particularly observed in the =~ CHALCONE SYNTHASE Expression and Flavonoid
younger leaves (Supplemental Figure 2E). Accumulation

Above data indicate that the growth inhibition and mor- Consistently with previous data (Favory et al., 2009), UVRS-
phogenic response triggered by UVR8 overexpression in plants overexpressing plants displayed a higher tolerance to UV-B
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Table 1. Phenotypical Analysis of 355-UVR8 Plants.

Parameter Control 355-UVR8
Size

Height (cm)? 31.6+0.66 22.0+£0.72%**
Rosette diameter (cm)? 7.5+0.13 4.4+£0.2%%*
Cotyledon size (mm?)° 3.8+0.10 3.2+0.07%**
Hypocotyl length (mm)® 1.3+0.03 1.0£0.01***
Petiole length (mm)® 1.2+0.02 0.8+0.02***
Number

Rosette leaves® 13.0+0.27 10.1+0.21%*
Seeds weight (mg/plant) 31.2%£3.5 22.5+6.47**

The bold case indicates the age of the plants used for the measure-
ments. @ 42-day-old plants grown in soil in a growth chamber at 23°C
under a 16-h light/8-h dark photoperiod. ® 7-day-old seedlings grown
on continuous light on MS plates. < 30-day-old 355-UVRS8 plants grown
in soil. At least 25 plants were used for the analysis. Data shown are
averages + SE; *** P <0.0001; ** P < 0.001.
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(83% of survival) compared to control plants (45% of survival;
Supplemental Figure 3B). In addition, the expression level of
CHALCONE SYNTHASE (CHS), encoding the first committed
enzyme for flavonoid biosynthesis, was seven-fold increased
in the 355-UVR8 plants grown under low levels of UV-B
(Figure 5A).

To further detail the activation of the flavonoid pathway
upon UVR8 overexpression, we measured the flavonoid con-
tent from leaves of 355-UVR8 and control plants by HPLC-UV.
Comparison of HPLC profiles at 345nm showed that the accu-
mulation of several flavonols in UVR8-overexpressing plants
was higher than that in control plants (Figure 5B and 5C).
Products were identified by the characteristic UV absorb-
ance spectrum of their respective aglycones, and the nature
of the glycosides was inferred from their mass spectrum. The
main flavonol derivatives were kaempferol-3-O-[rhamnosyl
(1>2) glucoside]-7-O-rhamnoside (K1), kaempferol-3-O-glu-
coside-7-O-rhamnoside (K2) and kaempferol-3-O-rhamno-
side-7-O-rhamnoside (K3), and their structures are given in
Figure 5D. The 345-nm absorption spectrum also showed a

== Control
355-UVR8

40 -

% of survival

20 -

150 mM NaCl  200mM mannitol

200 mM mannitol

Control

35S-UVR8

Figure 4. Response of 355-UVR8 Plants to Severe Stress.

(A) Growth analysis on severe stress conditions. Plants were grown in vitro for 2 weeks on meshes placed on MS medium and transferred on MS
media supplemented with NaCl (150mM) or mannitol (200mM). Plants were photographed after 3 weeks and the percentage of survival was
recorded. The results are averages of two independent replicates (n = 70-80) + SD.

(B) Phenotypes of 355-UVRS8 or control plants grown for 14 d and 28 d on 200mM mannitol under mylar filter used to screen out the UV-B light.
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Figure 5. CHS expression and Analysis of Flavonoid Content in 355-UVR8 Plants.

(A) Accumulation of CHS mRNA in 7-day-old transgenic UVR8-overexpressing seedlings grown under low levels of UV-B. Relative transcript levels
of UVR8 were determined by gRT-PCR and normalized using ACT2 as internal control. Error bars represent standard deviations of three replicates.
(B) Levels of flavonols accumulating in leaves of 355-UVR8 plants compared to control plants. The main flavonol derivatives were kaempferol-3-
O-[rhamnosyl (1>2) glucoside]-7-O-rhamnoside (K1), kaempferol-3-O-glucoside-7-O-rhamnoside (K2) and kaempferol-3-O-rhamnoside-7-O-rham-
nosiden (K3). The values are expressed as nmol g=' dry weight. Mean values and standard deviations are given for three replicates.

(C) HPLC of soluble phenolics extracted from 355-UVRS8 plants grown in soil for 5 weeks. Profile of UVR8 transgenic extracts compared to control
plants, at 345nm. The sinapoyl derivatives were sinapoyl glucose (S1), sinapoylmalate (S2), and disinapoylglucose (S3).

(D) Structure of flavonol glycosides and sinapoyl derivatives were inferred from their mass spectral properties.
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major peak, which corresponds to sinapoylmalate (S2), but its
accumulation was unchanged in 355-UVR8 or control plants
(Figure 5C and 5D).

Therefore, under low levels of UV-B, the ectopic expres-
sion of UVR8 activates CHS transcription and flavonoid
biosynthesis.

UVR8 Overexpression Reduces Root Growth and Alters
Root Development

The negative effect of UVR8 overexpression on vegetative
growth prompted us to analyze the effects of its ectopic
expression on root development. The primary root length of
7-day-old UVR8-overexpressing seedlings was 18% reduced in
comparison to the control (Figure 6A and Table 2). To investi-
gate the cellular basis of the size decrease associated with high
levels of UVR8 protein, the meristem size in 7-day-old roots
was analyzed by counting the number of cortex cells starting
from the quiescent center to the beginning of the elonga-
tion zone. Compared to the control plants, the cell number
in 355-UVR8 plant root meristems was unchanged (Table 2),
suggesting that the inhibition of root elongation observed in
the primary root of 355-UVR8 seedlings is mainly caused by a
reduced cell expansion. A reduction of primary root length
(13%) and lateral root density (60%; number of emerged
lateral roots cm™' primary root) was also seen in 14-day-old
355-UVR8 seedlings (Figure 6B and Table 2). We also noticed
that the lateral roots of the UVR8-overexpressing plants were
mainly localized in the bottom part of the branching zone of
the root (Dubrovsky et al., 2011; Dubrovsky and Forde, 2012)
(Figure 6B). To analyze this phenotype, we divided the pri-
mary root in two equal parts (bottom and upper, Figure 6B)
and counted the number of lateral roots. We found that the
number of lateral roots of the UVR8-overexpressing plants
was smaller in the upper part in comparison to the control
(63% versus 77%), whereas, in the bottom part, it was sig-
nificantly increased (37% versus 23%; Figure 6C). To explain
the defects observed in the lateral root development of 355-
UVRS8 plants, the number of lateral root primordia (LRPs) and
developmental stages of LRP were analyzed. We found that
the number of LRPs and emerged lateral roots was 12% and
68% reduced in comparison to the control, respectively. An
increased number of LRPs in the stages V and VI was found
in the root of the UVR8-overexpressing plants (Figure 6D and
Table 2). Together, these data indicate that the reduced lat-
eral root number of the UVR8-overexpressing plants is mainly
due to defects in lateral root emergence, since the LRP initia-
tion is less affected.

The defects observed in 355-UVR8 plants during root
development suggest that auxin transport might be altered
(Casimiro et al.,, 2001; Bhalerao et al., 2002; De Smet
and Jurgens, 2007). Since the vegetative shoot of UVRS-
overexpressing plants has increased levels of flavonoid and
because flavonoids are endogenous regulators of auxin trans-
port (Taylor and Grotewold, 2005), we analyzed the accumu-
lation of flavonoids in the root of 355-UVR8 seedlings by

Fasano et al. ® Role of UVR8 in Plant Growth Reduction under Stress

using the flavonoid-specific dye diphenylboric acid 2-aminoe-
thyl ester (DPBA). The intensity of fluorescence, quantified
by Image J, was found to be 2.2-fold increased in the UVRS-
overexpressing plants in comparison to the control, indicat-
ing a higher flavonoid content (Figure 6E).

Taken together, these data suggest that the ectopic expres-
sion of UVR8 reduces and alters root growth. The root phe-
notype of the 355-UVR8 plants could be associated with
enhanced flavonoid levels.

Phenotypes of the uvr8-6 Mutant under Normal and
Stress Conditions

To further investigate the putative role of UVR8 in the regula-
tion of cell expansion and the responses to osmotic and salt
stress, we analyzed the T-DNA-tagged uvr8-6 mutant. The
T-DNA was inserted in the ninth intron of the UVR8 gene
(Favory et al., 2009) and Western blot analysis showed the
complete absence of UVR8 protein (Supplemental Figure 1B).

We first analyzed the effect of UVR8 inactivation on veg-
etative growth by measuring the cotyledon area, and peti-
ole and hypocotyl lengths. When grown in continuous white
light conditions, cotyledon area and petiole length of the
7-day-old mutant seedlings were slightly increased in com-
parison to the wild-type plants (Supplemental Table 1). The
hypocotyl length was similar to that of the control, as previ-
ously described (Favory et al., 2009) (Supplemental Table 1).

The leaf area of the uvr8-6 plants, either grown on MS
or upon mild stress conditions induced by 50mM NacCl or
25mM mannitol, was similar to that of the control plants
(Supplemental Figure 4A-4D).

We next investigated the effect of UVRS8 inactivation on
leaf growth under severe stress conditions. When the uvr8-
6 plants were grown on mesh filters laid on MS medium
for 2 weeks and then transferred to medium containing
150mM Nacl, the percentage of survival was 16% greater
than that of the control plants (44% versus 28%) and the
rosette area was 20% increased (Figure 7). Under salt-stress
conditions, the leaf areas of the uvr8-6 plants measured at
individual leaf positions were, for most of the leaves, signifi-
cantly larger than those of the control plants (Supplemental
Figure 5A). On a medium supplemented with 200mM man-
nitol, the survival of uvr8-6 plants was not different from
that of the wild-type plants (48% versus 49%; Supplemental
Figure 5B). Furthermore, to ascertain whether or not the
salt-stress response was UV-B dependent, severe salt stress
was imposed on wild-type and uvr8-6 mutant plants in the
presence or absence of UV-B light. Wild-type and uvr8-6
mutant plants were grown under low levels of UV-B or under
mylar filters (used to screen out the UV-B) for 2 weeks on
MS medium and then transferred to MS supplemented with
150mM Nacl. In the absence of UV-B and upon exposure
to 150mM NaCl, there were no differences in the pheno-
type and percentage of survival of the wild-type and uvr8-
6 plants. In the presence of UV-B, the wild-type plant was
more sensitive to NaCl treatment compared to the uvr8-6
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Figure 6. Root Phenotypes of 355-UVR8 Plants.

(A) Seven-day-old 355-UVRS8 seedlings (right; control plant on the left) grown in vitro in a growth chamber at 23°C under continuous light.

(B) Fourteen-day-old 355-UVR8 plants (right, control plants on the left) grown in vitro. The arrow head indicates the bottom part of the branching
zone of the root.

(Q) Lateral root distribution in different sections of roots (as indicated in (B)) of 14-day-old 355-UVRS plants. Data are averages + SE (n = 20).

(D) Detailed staging of the root. Data are averages (n = 8-12).

(E) DPBA-visualized flavonol accumulation in 7-day-old 355-UVR8 seedlings compared to the control and fluorescence intensity calculated by
Imagel. Data are averages + SE (n = 12-16).

mutant (Figure 7B), indicating that this negative additive continuous light and were examined for several parameters
response requires UVRS. including primary root length, number of root primordia, and

To understand the role of UVR8 on root development, lateral root density (Supplemental Table 1). In these growth
we analyzed the root phenotype of the uvr8-6 mutant. The conditions, the root growth of the uvr8-6 mutant was similar
plants were grown on medium containing 1.5% sucrose under  to that of the wild-type plants. Similar results were obtained
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Table 2. Morphological Comparison of the Root of the Control
and 355-UVR8 Plants.

Parameter Control 355-UVR8
Primary root length (mm)? 25.0+0.30 20.5+0.28*
Cortex cells (no.)? 27.2+0.50 28.2+0.90
Total primordia (no.)? 156 138
Primary root length (cm)® 7.0£0.12 6.1+£0.13**
Lateral root density (no./cm)® 2.1+£0.04 0.85+0.12**
Lateral root length (cm)® 1.95+0.05 2.12+0.05

The bold case indicates the age of the plants used for the measure-
ments. @ 7-day-old seedlings grown on continuous light on MS plates.
b 14-day-old seedlings grown on continuous light on MS plates. At
least 25 plants were used for the analysis. Data shown are averages +

SE; *** P <0.0001; ** P <0.001.
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150 mM NaCl

-UVB

Col-0 4w UVr8-6 -

a & 60 |

": - - . _50
v g

_ ‘t‘ g 40

vh ® . " =Izzu-

‘G*’ 10

o.

150 mM NacCl

Fasano et al. ® Role of UVR8 in Plant Growth Reduction under Stress

when the plants were grown under a 16-h light/8-h dark pho-
toperiod (Supplemental Figure 5C and Supplemental Table 2).

We also analyzed the flavonoid content of uvr8-6 mutant
roots by DPBA staining and the intensity of fluorescence was
similar to that of the control plants (Supplemental Figure 5D),
suggesting that the absence of UVR8 does not affect flavo-
noid accumulation in the root.

Together, these data indicate that the uvr8-6 plants showed a
normal development under either standard conditions or mild
osmotic stress conditions, whereas, under strong salt stress,
their growth was less affected than that of control plants.

Auxin Content in the 355-UVR8 or uvr8-6
Mutant Plants

The proposed role for auxin in the UV-B-mediated mor-
phogenic response (Hectors et al., 2012) together with

= Col-0
0 uvrg-6

% of rosette area to wild type
- — -
S (=2} -] (=] N &5
[=] o o o (=] o

»N
[=]

o

150 mM NaCl
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g 8 3
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(A) Response of the uvr8-6 mutant to severe stress under low levels of UV-B. Plants were grown in vitro for 2 weeks and then transferred to MS
medium supplemented with NaCl (150 mM). Plants were photographed after 3 weeks on stress conditions and the percentage of survival (on the
left) and the percentage difference of rosette size upon salt stress (on the right) were recorded. Survival rates and SD were calculated from the
results of three independent experiments (n = 80 plants/genotype).
(B) Phenotypes and response of the uvr8-6 mutant to severe stress under low levels of UV-B or under mylar filters used to screen out the UV-B
light. Plants were grown as above and were photographed after 1 week on stress conditions and the percentage of survival was scored. Data are
averages + SD (n = 90).

¥T0zZ ‘LT Afeniged uo OISO e /Bio'sfeulnopioxo-ue dwy/:dny wouy papeojumoq


http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu002/-/DC1
http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu002/-/DC1
http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu002/-/DC1
http://mplant.oxfordjournals.org/
http://mplant.oxfordjournals.org/

Fasano et al. ® Role of UVR8 in Plant Growth Reduction under Stress

the observed growth phenotypes of the 35S-UVR8 plants
prompted us to analyze the levels of endogenous auxin in
355-UVR8 or in uvr8-6 mutants. To this end, the levels of IAA
and IAA conjugates were measured in old and young leaves of
21-day-old plants or in the root of 7-day-old seedlings grown
in vitro under white light conditions. The levels of free IAA as
well as IAA conjugates were not significantly different in all
the samples analyzed (Supplemental Figures 6 and 7), but we
observed a tendency, in the content of the IAA conjugates, to
decrease in the UVR8-overexpressing plants and to increase in
the uvr8-6 mutant. These data suggest that the role of auxin
in the UV-B morphogenic response could be UVR8-mediated.

DISCUSSION

UVRS8 Is Up-Regulated by Osmotic Stress and Its Ectopic
Expression Affects Plant Growth

In a natural environment, plants have to cope with combina-
tions of various stresses. For example, water deficit imposes
osmotic stress on plants and is often associated to environ-
ments with an excess of radiation (light, UV-B). To overcome
these unfavorable conditions, plants have evolved several
adaptive responses that are in common between osmotic
stress and UV-B light (reviewed by Gitz and Liu-Gitz, 2003).
Among them, the reduction of plant growth is one of the
major causes for crop yield reductions. This response is strictly
controlled at cellular, molecular, and metabolic levels by
complex networks involving different regulatory pathways,
which are still far from being elucidated. We have found that
the UVR8 gene, a known regulator of plant morphogenesis
under UV-B (Favory et al., 2009), was able to complement
the lytic phenotype of the mpk1 ppz1 osmo-sensitive mutant
strain of Saccharomyces cerevisiae. Although we have no
further evidence on its contribution in alleviating cell wall
instability in the yeast mutant, other genes involved in the
UV-B response have been identified previously by comple-
menting the yeast osmo-sensitive calcineurin mutant, such
as the gene encoding the Arabidopsis SALT TOLERANT (STO/
BBX24) protein (Lippuner et al., 1996), which only later was
shown to be involved in the UV-B signaling in plants (Jiang
et al.,, 2009). A putative involvement of the UVR8 gene in the
plant’s response to osmotic stress was also supported by the
four-fold up-regulation of UVR8 transcript and protein level
in Arabidopsis plants upon PEG treatment and more slightly
by NaCl. These data are consistent with microarray data pub-
licly available at the Arabidopsis eFP browser at BAR (Winter
et al.,, 2007) and at Genevestigator (Hruz et al., 2008) that
showed a slight up-regulation of UVR8 upon osmotic or salt
stress. Interestingly, it has been reported that a barley variety
that performed better in open field drought tests has a higher
level of UVR8 transcripts compared to a drought-sensitive cul-
tivar (Guo et al., 2009). Finally, the expression of several genes
involved in salt stress (JR1, At1g16850, AOC3, and ANNATT)
was found to be down-regulated in the uvr8-6 mutant grown
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under solar UV, compared to the wild-type (Morales et al.,
2012). Altogether, our data and these previous published
results support a putative role of UVR8 in the plant’s response
to osmotic stress, besides its well-known involvement in the
UV-B response.

Elucidation of the interaction between osmotic stress and
UV-B stress and their effects on plant growth and develop-
ment would help in understanding the mechanism respon-
sible for plant adaptation to changing environmental
conditions in open fields. We have, therefore, generated
UVR8-overexpressing transgenic lines that, grown under low
levels of UV-B, showed shorter petioles, reduction of leaf and
rosette expansion, decreased root growth, and a higher con-
tent of flavonoids than the control plants. The morphologi-
cal and metabolic changes induced by UVR8 overexpression
were also seen in wild-type plants exposed to low levels of
UV-B (Jansen, 2002; Potters et al., 2009; Hectors et al., 2010,
2012), suggesting that Arabidopsis plants with a higher level
of the UVR8 protein have an enhanced photomorphogenic
response, as already to some extent reported by Favory et al.
(2009).

Cell Expansion Inhibition Causes Growth Defects in
UVR8-Overexpressing Plants

The UV-B-induced reduction in plant growth, and more spe-
cifically in leaf area, has been attributed either to cell divi-
sion or cell expansion or a combination of both (Jansen,
2002 and references herewith). We have demonstrated
that the observed reduction in rosette leaf size in UVRS8-
overexpressing plants, grown under low levels of UV-B
(0.03 ymol m=2 s'), was due to the inhibition of epidermal
cell expansion. These data are consistent with the reduc-
tion in leaf size of Arabidopsis plants exposed to UV-B light
that has been associated to the decreased cell expansion of
the adaxial epidermal cells (Hectors et al., 2010). It has to be
emphasized that, under low doses and/or chronic UV-B treat-
ment, both reductions and increases in cell expansion and cell
division have been reported, indicating that the effects of
UV-B on cellular growth are controversial and probably due
to differences in experimental conditions used (Hectors et al.,
2010 and references herewith). Interestingly, the defect in
cell expansion was observed also in the root systems of UVRS-
overexpressing plants. The primary root and lateral root den-
sities of 355-UVR8 plants were 13% and 60%, respectively,
reduced compared to the control plants, indicating that lat-
eral root growth was most hampered. In Arabidopsis, lateral
roots originate from pericycle cells, in a two-step process.
First, lateral root initiation starts with the division of the peri-
cycle cells and is regulated by auxin originating from the root
tip (Casimiro et al., 2001; De Smet and Jurgens, 2007). Then,
lateral root emergence is mainly driven by cell expansion and
is depending exclusively on shoot-derived auxin (Bhalerao
et al., 2002). The number of LRPs and emerged lateral roots of
the 355-UVR8 plants was 12% and 68%, respectively, reduced
in comparison to that of the control plants. Although we
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cannot exclude that these modifications in root architecture
might be due to a pleiotropic effect of shoot reduction, the
overall phenotype of the UVR8-overexpressing plants is remi-
niscent of auxin mutants (Zhao, 2010).

UVR8-Dependent Flavonoid Accumulation and
Disturbance of Auxin Homeostasis

A growing body of evidence suggests that flavonoids may act
as non-essential auxin transport inhibitors and that the UV-B-
induced accumulation of flavonoid aglycones may affect
polar auxin transport and hence plant architecture (Jansen,
2002; Peer and Murphy, 2007). In 355-UVR8 plants, the leaf
levels of kaempferol-3-O-rhamnoside-7-O-rhamnoside were
1.5 times higher in comparison to those in the control plants
and, in the root, flavonoid levels were more than 50%
increased. Mutations in genes that induce an accumulation of
flavonoids or in genes encoding enzymes or transcription fac-
tors involved in the flavonoid biosynthesis cause dwarf phe-
notypes and root growth defects due to alterations in auxin
transport or signaling (Sibout et al., 2006; Buer and Djordjevic,
2009; Grunewald et al., 2012). Thus, flavonoid accumulation,
due to transcriptional UVR8-mediated activation of CHS and,
possibly, due to other biosynthetic genes of the flavonoid
pathway, in turn affecting auxin homeostasis, might contrib-
ute to the phenotype of the UVR8-overexpressing plants.

Interestingly, it has been reported that mutations in several
genes involved in the de novo tryptophan-dependent auxin
biosynthesis pathway, such as NIT7 or NIT3, caused altered fla-
vonoid accumulation, and an altered morphogenic response
when exposed to UV-B, suggesting that UV-B-induced mor-
phological responses may be affected by crosstalk between
flavonoid accumulation and auxin homeostasis (Hectors
et al., 2012). Although direct measurement of IAA and IAA
conjugates in UVR8-overexpressing plants or uvr8-6 mutants
did not reveal significant differences (except for somewhat
higher levels of IAA conjugates in the older leaves of uvr8
mutant plants), all above observations suggest that the cross-
talk between flavonoids and auxins may also be linked to
UVR8 signaling.

UVRS8 and Plant Long-Term Response to Osmotic Stress
under Low Levels of UV-B

It has been reported that the UV-B-induced morphogenic
response confers adaptive advantages under conditions asso-
ciated with high-light environments and water stress and
that Arabidopsis plants grown under UV-B light are more
tolerant to drought stress (Gitz and Liu-Gitz, 2003; Poulson
et al., 2006). Conversely, other studies showed that combined
treatments of drought and UV-B interact, causing additive
negative effects on growth of Arabidopsis wild-type plants,
following exposure, as well as of other species (Comont et al.,
2012 and references herewith). Such contrasting responses
support a crosstalk between UV-B light and osmotic stress,
but also highlight the need for further studies of this com-
plex interaction. Our data demonstrated that effects of mild
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osmotic stress induced by a low concentration of mannitol,
combined with a low UV-B level, affected negatively and
in an additive manner the vegetative growth of 355-UVR8
plants. This additive growth inhibition was mainly observed
upon mannitol treatment, rather than NaCl-mediated ionic
stress. Restraint of shoot growth has been regarded as an
advantage to promote plant survival under adverse envi-
ronmental conditions (Achard et al., 2006). Therefore, it
might be expected that UVR8-overexpressing plants were
more tolerant to severe osmotic stress. In contrast, under
our experimental conditions, they were more sensitive, as
was shown from the reduced percentage of survival upon
200mM mannitol. The reduction in size of plant organs, fre-
quently observed upon exposure to severe osmotic stress, can
be largely attributed to the decreased cell expansion (Jaleel
et al.,, 2009). Therefore, the impaired cell expansion of the
UVR8-overexpressing plants might negatively affect their
ability to regulate osmotic pressure and water uptake that, in
turn, might be translated in an additional reduction in plant
growth.

In addition to the defect in shoot growth expansion, the
UVR8-overexpressing plants have also a reduced root sys-
tem growth and alterations in their root architecture, which
could aggravate their performance under osmotic stress. It
has been largely proved that a more extensive root system is
considered as a drought-avoidance strategy to improve the
water and nutrients uptake when their availability in the soil
is limited (Fukai and Cooper, 1995; Liao et al., 2001; Sharp
et al., 2004). However, under low levels of UV-B, a growth
phenotype reciprocal to the one observed in 355-UVR8 plants
was not detected in the uvr8-6 null mutant plants, either in
absence of stress or upon mannitol treatment. This suggests
that the hypersensitive response to osmotic stress of the 355-
UVRS8 plants is strictly UVR8-dependent.

Interestingly, the 355-UVR8 plants exposed to severe
osmotic stress and in absence of UV-B light could grow to the
same extent as control plants. It was already reported that
UV-B light is necessary for UVR8 function. Absorption of UV-B
through UVR8 induces instant monomerization of the protein
and its nuclear translocation to initiate expression of genes
concerned with UV protection, such as HY5 and CHS, with
concomitant flavonoid production (Favory et al., 2009; Rizzini
et al., 2011; O'Hara and Jenkins, 2013). Drought has also been
associated with anthocyanin accumulation in various tissues,
and flavonoid concentration was found significantly higher
in combined stress-treated plants than in those treated with
UV-B alone (Hughes et al., 2010; Comont et al., 2012). Under
low levels of UV-B, the UVR8-overexpressing plants accumu-
lated more flavonoids than control plants and the osmotic
stress, simultaneously with the UV-B exposure, could fur-
ther enhance the levels of UVR8 protein. This, in turn, could
increase the content of flavonoid at higher levels and exacer-
bate the negative response on plant growth and survival.

To better understand the role of the UVR8 gene in
response to osmotic stress, we also analyzed the response
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of the uvr8-6 mutant under normal or stress conditions.
In absence of osmotic stress and under low levels of UV-B
(0.03 ymol m=25s7"), the growth of the uvr8-6 plants was simi-
lar to that of the wild-type. In contrast, in response to high
salt (150 mM NacCl) and under low levels of UV-B, the shoot
growth of the uvr8-6 plants was less inhibited and their sur-
vival percentage was higher than that of the control plants,
whereas, under mylar filters, their phenotype and percent-
age of survival were similar. These data suggest that the
increase in leaf area observed in the uvr8-6 mutant plant
under low levels of UV-B and salt stress (150 mM NaCl) is
due to the combined conditions. This finding, together with
the severe inhibitory effect of cell expansion induced by the
ectopic expression of UVRS, indicates that UVR8 is required
for the regulation of shoot growth reduction induced by
low UV-B light and osmotic stress. Furthermore, the find-
ing that the tolerance of the Col-0 plants to severe salt
stress was significantly reduced under low levels of UV-B
(whereas, without UV-B, it was similar to that of the uvr8-6
mutant) suggests that UV-B light has a negative role in the
tolerance of wild-type plants to severe osmotic stress and
this response could be UVR8-mediated. Interestingly, it has
been reported that UV-B light induces stomatal differen-
tiation through UVR8, and that the uvr8-6 mutant, grown
under UV-B light, has a stomatal density lower than that of
the wild-type plants, whereas, in absence of UV-B, it was
similar (Wargent et al., 2009a). Thus, the reduced density of
stomata could be associated with a reduced transpiration
rate and contribute positively to sustain plant growth and
survival of the uvr8-6 plants. This also explains the reduced
sensitivity of wild-type plants to salt stress when grown
under low levels of UV-B.

The salt-tolerant phenotype of the uvr8-6 plants could be
also associated with a somewhat higher content of IAA conju-
gates found in the old leaves of the mutant plants in absence
of stress. Increased levels of IAA conjugates were also found
in drought-tolerant transgenic plants in response to water
deficit, suggesting a role of auxin homeostasis in the acclima-
tion response to this stress condition (Park, 2007; Park et al.,
2007; Zhang et al., 2009).

Taken together, these data suggest again a possible cross-
talk between UV-B light and osmotic stress response through
UVRS8, but further experiments are needed to uncover the
role of UVR8 in this complex interaction.

UVRS Is a New Putative Component in the Crosstalk
between Osmotic and UV-B Stress

In the open field, crop plants are likely to experience multi-
ple environmental stresses, which, when occurring simultane-
ously, can impact dramatically plant growth and development
and, ultimately, yield. The plant molecular responses to abi-
otic stresses involve interactions with many molecular path-
ways and elucidation of these complex crosstalks is critical for
crop improvement under limiting environmental conditions
(Atkinson and Urwin, 2012).
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The finding that UVR8 is involved in the osmotic stress
response supports previous observations of the existence of a
crosstalk between UV-B and osmotic stress (Gitz and Liu-Gitz,
2003; Poulson et al., 2006). It has been demonstrated that,
in Arabidopsis, UVR8 interacts with COP1 to regulate the
response to UV-B in a pathway that involves HY5 (Brown and
Jenkins, 2008; Favory et al., 2009). HY5 has also been shown
to have a role in the integration of light and abscisic acid
signaling in seeds and seedlings by binding to the ABI5 pro-
moter (Chen et al., 2008). Interestingly, the Arabidopsis SALT
TOLERANT STO/BBX24 protein interacts in planta with COP1
and HY5, but not with UVRS, regulating negatively the UV-B
signaling (Jiang et al., 2012). HY5 also interacts with RADICAL
INDUCED CELL DEATH1 (RCD1), another negative regulator
of UV-B response (Jiang et al., 2009), which interacts with the
plant Na*/H* antiporter SOS1 (Katiyar-Agarwal et al., 2006).
Altogether, these results uncover an extensive and complex
network of key proteins, of which UVR8 is a component, with
a crucial role in regulating plant morphological changes in
response to multiple environmental stresses.

METHODS

Arabidopsis cDNA Library Screening and
Complementation of Yeast Mutation

Yeast competent cells of S. cerevisiae (LY193 W303-1A
ppz1::TRP1 mpk1::LEU2) (Merchan et al., 2004) were trans-
formed with a ¢cDNA library from Arabidopsis leaves, cloned
in the expression plasmid pFL61 (Minet et al., 1992) by the
LiCl transformation method (Ito et al., 1983). About 10° yeast
transformants were screened for osmo-tolerance in plates
with minimal medium (SD) without sorbitol. Putative posi-
tive colonies were then rescreened on YPD plates. Plasmid
DNA was isolated from the yeast cells, characterized, and
reintroduced into the original yeast mutant strain to con-
firm the complementation. For the drop test, yeast cells
were grown on synthetic medium (SD) supplemented with
1M sorbitol overnight and counted (after brief sonication)
in the Particle Count and Size Analyzer, model Z2 (Coulter
Inc.). The same amount of cells (2 x 10° cell mI-") was spotted
on YPD plates. Complete medium contained 2% glucose,
2% peptone, and 1% yeast extract (YPD). Where indicated,
YPD was supplemented with the indicated concentrations of
sorbitol. Synthetic medium (SD) contained 2% glucose, 0.7%
yeast nitrogen base (Difco) without amino acids, 50mM MES
[2-(N-morpholino)ethanesulfonic acid] adjusted to pH 5.5
with Tris, and the amino acids and purine and pyrimidine
bases required for the strains.

Plant Material and Growth Conditions

A. thaliana ecotype Columbia (Col-0) and the T-DNA mutant
SALK_33468 (uvr8-6) were used in this study. Seeds of the
uvr8-6 mutant were generously provided by Roman Ulm
(University of Geneve, Switzerland).
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Plants were grown in vitro in half-strength MS medium
(Murashige and Skoog, 1962), supplemented with 1%
Sucrose and 0.5g L' MES under a 16-h day (110 pymol m=
s™"), using fluorescent lamps (Spectralux Plus NL-T8 36W/840,
CP LIGHTING, United Kingdom) and 8-h night regime. The
UV-B light (0.03 pmol m=2 s') emitted was measured by
the SpectroSense2+ meter (Skye Instruments Ltd, United
Kingdom) equipped with an SKU 430/552 UVB sensor.

Phenotypic Analyses

For shoot phenotyping, seedlings were grown on MS medium
under continuous light (50-70 pmol m=2 s7'). Images of the
shoots were taken under a binocular microscope (Leica) and
measurements (cotyledon area, petiole length, and hypocotyl
length) were made using the NIH Image 1.62 software.

For rosette leaf area measurements, 14 seedlings were
grown under in vitro conditions for 21 d. Individual leaves (cot-
yledons and rosette leaves) were dissected, and their area was
measured with the ImageJ software (http:/rsb.info.nih.gov/ij/,
accessed 31 January 2013). For the leaf area analysis, the first
and second leaves were harvested from 8-10 plants grown in
vitro. The leaves were cleared with 100% ethanol, mounted
in lactic acid on microscope slides, and photographed. The
leaf area was determined with the ImagelJ software (http:/
rsb.info.nih.gov/ij/, accessed 31 January 13). Abaxial epidermal
cells were analyzed as reported by Gonzalez et al. (2010).

To characterize root growth, plants were grown on verti-
cal square plates with solid half-strength MS medium. The
plates were incubated, depending on the experiments, under
continuous light or night/day conditions, as described above.
For the analysis of the root growth of the uvr8-6 mutant,
seeds were also plated on medium consisting of 1 MS salts,
pH 6.0, 0.8% (w/v) agar, 1.5% (w/v) sucrose, 1.0 pg ml-" thi-
amine, 0.5 pg ml-' pyroxidine HCl, and 0.5 pg ml-" nicotinic
acid as reported by Brown et al. (2001). Root length, lateral
root length, and the number of lateral roots were measured
from digital images of the plates using the NIH Image 1.62
software.

To count LRPs and for lateral root staging, seedlings were
treated as reported by Malamy and Benfey (1997). Roots
were mounted in 50% glycerol on glass microscope slides and
viewed with an Olympus BX51 microscope equipped with DIC
optics.

Stress Treatment

For growth analysis on mild stress conditions, seeds were
sown on MS medium or MS medium supplemented with
either 25mM mannitol or 50mM NacCl, and grown under a
16-h day/8-h night regime, in 110 ymol m=2 s~! white light and
0.03 ymol m=2 s~ UV-B. After 21 d, leaves were harvested and
measurements were made, as reported above.

To analyze plant survival after stress treatments, plants
were grown on plates containing MS (6.5% agar) medium
overlaid with a nylon mesh (Prosep) of 20 uM pore size to
prevent roots from growing into the medium. After 14 d,
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plants were transferred to MS medium or MS medium sup-
plemented with either 200mM mannitol or 150 mM NaCl by
gently lifting the nylon mesh with a forceps. After 3 weeks,
the percentage of survival was scored. We considered as dead
the plants with bleached leaves and as survived the ones with
green leaves, then the percentage of survival was calculated
by the formula: number of plants survived x 100/total num-
ber of plants.

For the UV-B sensitivity assay, 10-day-old plants grown in
vitro were transferred to soil and, after 3 d, exposed to a sup-
plemental UV-B treatment as reported by Kliebenstein et al.
(2002). White light (100 pmol s=' m~2) was supplemented with
UV-B from F40 UV-B fluorescent lamps (Philips). Plants were
exposed to 5 umol m-2s' for 24h and then returned to white
light for 5 d to determine survival.

Generation of Transgenic Arabidopsis Plants

UVR8 cDNA was amplified from an Arabidopsis cDNA library
and cloned into the binary pKYLX71 vector (Schardl et al.,
1987) by using the restriction sites Hindlll and Xbal.

The binary constructs were introduced into Agrobacterium
tumefaciens strain LBA4404 and transformed into Arabidopsis
Col-0, by the floral dipping method (Bechtold and Pelletier,
1998). Independent transformants were screened on MS
medium containing 50mg L' kanamycin. The transformed
seedlings were transferred to soil after 2-3 weeks. The
number of T-DNA insertions was estimated using the ratio
of kanamycin-resistant to kanamycin-sensitive plants in the
T, generation. Homozygous transgenic plants with a single
T-DNA insertion were selected from the T, generation and
used for phenotypic characterization.

DPBA Staining

Individual plants were submerged in an aqueous solution con-
taining 0.01% Triton X-100, 2.52mg ml~' DPBA, and placed on
a rotary shaker at low speed for 7min. The roots were then
washed in de-ionized water for 7min and mounted between
two coverslips. An epifluorescence microscope (Leica) was
used to excite the roots at 488 nm. For quantification of DPBA
fluorescence, a box was drawn from the elongation zone to
the root tip. The average intensity of the fluorescence in this
box was recorded by the ImageJ software.

Phenolic Compounds Extraction and Detection

Leaves from 355-UVR8 and control plants were harvested
and lyophilized. One hundred mg of leaves were extracted in
4:46:50 acetic acid:water:methanol, and incubated at 65°C for
30min, centrifuged at 12 000 g for 2min. Chromatographic
analyses were carried out on an 1100 series HPLC (Agilent
Technologies) coupled to an Esquire 6000 ESI-lon Trap mass
spectrometer (Bruker Daltonics) operated in alternating
ionization mode in the range m/z 60-1400. Capillary volt-
age, —4000V/4 000V; nebulizer pressure, 35 psi; drying gas,
11L min™'; gas temperature, 330°C. Elution was accomplished
using a EC 250/4.6 Nucleodur Sphinx RP column (25cm x
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4.6mm, 5 ym, Macherey-Nagel) with a gradient of 0.2% (v/v)
formic acid (solvent A) and acetonitrile (solvent B) at a flow
rate of 1ml min~" at 25°C as follows: 0%-100% (v/v) B (15 min),
100% B (3min), 100%-0% (v/v) B (6 ), 0% B (8 min 54 s). Flow
coming from the column was diverted in a ratio 4:1 before
reaching the ESI unit. Flavonols and sinapoyl derivatives were
identified as described by Besseau et al. (2007). Separation
and quantification were achieved on a Hewlett Packard HP
1100 Series HPLC system with autosampler and diode-array
detector (Agilent Technologies, Boblingen, Germany). A C-18
reversed phase column (Nucleodur Sphinx RP, 250x4.6 mm,
5 pum, Macherey-Nagel, Duren, Germany) operated at 1ml
min-' and 25°C and elution was accomplished with a gradi-
ent (solvent A 0.2% Formic acid (v:v) solvent B: acetonitrile)
of 40% B (15min), 100% B in 0.10min (2.5min hold), 100%—
10% B (3.50min). Quantitative determination was performed
on 345-nm absorbance profiles for flavonols and sinapate
esthers. Standard curves for apigenin glucoside and sinapic
acid were used for quantification of flavonol glycosides and
sinapate esthers, respectively.

RNA Extraction, cDNA Synthesis, and gRT-PCR

RNA was extracted from plants grown in vitro for 14 d and
transferred to MS medium supplemented with 100mM NaCl
or —0.5MPa PEG, or to starvation conditions (no sugar in the
dark) for 24h, or exposed to UV-B for 2h, by using the Plant
RNeasy mini kit (QIAGEN) according to the manufacturer’s
instructions. To exclude genomic DNA contamination, 1 ug of
RNA was treated with RNase free DNase | (Invitrogen). After
DNase digestion, 0.5-1 pug of total RNA was reverse-tran-
scribed with SuperScript Il reverse transcriptase (Invitrogen)
and oligo-dT primer according to the manufacturer’s instruc-
tions. gRT-PCR analysis of reverse-transcribed RNA was
performed on a Rotor-Gene (QIAGEN/Corbett Research)
thermal cycler using SYBR Green master mix (Invitrogen). For
the primer design of UVR8 (5'CCAGATTTCGGGAGGTTGG3’
and 5'TTATTGCCGACTCCTACTTGTCC3’) and CHS (5'TTGTGC
ATACATGGCACCTT3' and 5’AAGAGTTTGGGCTGCAGGAGA3’),
the software Primer Express™ (Perkin Elmer) was used. Data
were analyzed using manufacturer’s software by using the
ddct method (Livak and Schmittgen, 2001). Normalization was
doneusingthegenes 7185 (5'CCCAAGGTTCAACTACGAGC3'and
5'TAGATAAAAGGTCGACGCGG3') or ACT2 (5'AGGAGGTAC
AGTGTCTGGATCGG 3'and 5'AACGATTCCTGACCTGCC3’).

Protein Extraction, SDS-PAGE, and Western Blot
Analysis

To prepare total protein extracts under denaturing condi-
tions, plant material was ground in liquid nitrogen and
thawed in extraction buffer containing 100mM NaH,PO,,
10mM Tris, 4M urea, and 1 mM PMSF.

For the identification of UVR8 partners, proteins were
extracted under native conditions from plants grown in vitro
under 16-h day/8-h night regime in 110 pmol m=2 s white
light and 0.03 pmol m=2 s UV-B in the extraction buffer
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containing 1% NP40, PBS (Sambrook et al., 1989), 1 mM PMSF,
and the plant cell protease inhibitor cocktail (Sigma-Aldrich),
and the concentration of extracted proteins was determined
with the Bio-Rad protein assay. Thirty ug of total protein in
sample buffer, containing 100 mM Tris—-HCI, pH 6.8, 4% SDS,
0.2% bromphenol blue, 20% glycerol, and 100mM DTT, was
separated on 10% SDS—polyacrylamide gels (Laemmli, 1970)
and transferred onto nitrocellulose (Amersham) by elec-
troblotting. Proteins were analyzed by immunoblotting with
a polyclonal antibody generated against the 6HIS-UVR8 pro-
tein (1:5,000 dilution), as described below. Bound primary
antibodies were detected with donkey anti-rabbit, horse-
radish peroxidase-conjugated secondary antibodies (at 1:10
000 dilution; Amersham) and visualized using reagents for
chemiluminescent detection (ECL Plus reagent; Amersham
Biosciences).

Recombinant UVR8 Production

The cDNA encoding UVR8 was amplified by PCR using cDNA
from Arabidopsis plants. The Hindlll site and the BamHI site
were inserted at the 5’ end forward primer and the 3’ end
reverse primer, respectively, to clone the cDNA in the expres-
sion vector pQE31 (Qiagen) containing a 6 His sequence.

The expression of the resulting six His fused proteins was
induced with 0.1mM isopropyl-B-D-thiogalactopyranoside
(IPTG) in the Escherichia coli M15 strain (Qiagen). Bacterial
cells were harvested by centrifugation for 15min at 5000 g
at 4°C; cell pellets were re-suspended in sonication buffer
(50mM Tris pH 8.0, 50mM NaCl, 1TmM EDTA, 0.5mM PMSF,
0.8% TritonX-100, 0.4% sodium deoxycholate), lysed by soni-
cation, and clarified by centrifugation at 10 000 g for 15min
at 4°C. The bacterial pellet was washed with sonication buffer
and lysed again by sonication. After centrifugation, the pel-
let was re-suspended in buffer A (100mM NaH,PO,, 10mM
Tris, 8 M Urea, 5% B-mercaptoethanol) and centrifuged again
as described above. The recombinant protein was purified by
IMAC affinity chromatography on a HisTrap HP column (GE
Healthcare, Chalfont St. Giles, UK), connected to an Akta
Purifier system (GE Healthcare), and eluted with buffer C
(100 mM NaH,PO,, 10 mM Tris pH 7.4, 0.2M Nacl, 0.5M imida-
zole). Collected fractions were analyzed in a 12% SDS-PAGE.
The amino acidic sequence of the purified recombinant UVR8
protein was analyzed after trypsin digestion by NanoLC mass
spectrometry and the UVR8 peptides were identified by using
Mascot against the TAIR protein database.

The purified recombinant UVR8 His-tagged protein was
used to raise a polyclonal anti-serum in rabbit (Primm, Milan,
Italy).

IAA Quantification

For IAA quantification, samples were treated and analyzed as
reported by Hectors et al. (2012). Plant material was ground
in a Magna Lyser (5x 15 s, speed 6500rpm; Roche Molecular
Biochemicals, Mannheim, Germany). IAA and IAA conju-
gates were extracted overnight in 80% methanol. As internal
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standard, 1000 pmol [13C6-phenyl]-IAA (Cambridge Isotope
Laboratory Inc., Andover, MA) was added for recovery and
quantification by mass spectrometry.

SUPPLEMENTARY DATA

Supplementary Data are available at Molecular Plant Online.
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SUMMARY

This work is focused on the role of the UVR8 gene in the gen-
eral reduction of plant growth under osmotic stress and low
levels of UV-B light through the inhibition of cell expansion,
the UVR8-mediated accumulation of flavonoid, and possibly
changes in auxin homeostasis.

¥T0zZ ‘2T Afeniged uo OISO e /Bio'sfeulnopioxo-ue dwy/:dny wouy papeojumoq


http://mplant.oxfordjournals.org/
http://mplant.oxfordjournals.org/

SUPPLEMENTAL DATA

Supplemental Table 1. Expression values for UVRS8 gene under

abiotic stresses from Arabidopsis eFP Browser

) Sample | Control | Log2| Fold- .
Ese signal signal |Ratio|Change M &
Control Shoot After 24 141.693 141.698 0.0@| 1.0 [To the Experimentl
HoursR
Cold Shoot After 24| ;5 god 141.694 0.694 1.617 [To the Experiment
Hoursi
ic Shoot After 24
Osmotic Shoot After 24| 51 ) gai 141,609 1.147 2.2 [To the Experiment
Hours@ [f
Salt Shoot After 24 IJ] .
alt Shoot Atter 206.871 141.699 0.549 1.468 [To the Experiment
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Drought ShoOtAfer 24 | 10 134 141,609 0.37q 1.29% |To the Experiment
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Genotoxic ShOOLARer 24| 1 o1 54 141.604 0.184 1.137 [To the Experiment
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Hoursk
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Wounding Shoot After 24
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Supplemental Table 2. Expression values for UVR8 gene under
abiotic stresses from Genevestigator

Arabidopsis thaliana (2984)
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Supplemental Table 3. Morphological comparison among wild type
and uvr8-6 plants

Parameter Wild type uvr8-6
shoot

Cotyledon size (mm?)® 3.0 +0.1 3.4 + 0.07*
Hypocotyl length (mm)a 1.2 +0.04 1.2 = 0.03
Petiol length (mm)a 1.03 £ 0.04 1.15 + 0.02*
root

Primary root length (mm)2 21.0 = 0.53 21.14 + 0.42
Cortex cells (No.)a n.d. n.d.
Total Primordia (No.)2 153 (n=14) 151 (n=14)
Primary root length (mm)P 27.7%x 0.92 30.1 = 0.74
Lateral root density (No. /cm)>  0.28 == 0.01 0.26 = 0.01
Lateral root length (cm)P n.d. n.d.

The bold case indicates the age of the plants used for the measurements. a 7 days
old seedlings grown in vitro on MS plates supplemented with 1% sucrose (shoot) or
1.5% sucrose (root) in a growth chamber at 23°C under continuous light. b 10 days
old seedlings. At least 25 plants were used for the analysis. Data shown are
averages =+ SE. *P < 0.05.



Supplemental Table 4. Morphological comparison among root of
wild type and uvr8-6 plants

Parameter Control uvrs-6
Primary root length (mm)2 22.3 = 3.2 222 + 2.3
Cortex cells (No.)2 n.d. n.d.
Total Primordia (No.)2 130 128
Primary root length (cm)b 6.5+ 0.8 6.2 = 0.83
Lateral root density (No. /cm)b 2.1 = 0.37 2.0x04
Lateral root length (cm)® 2 = 0.77 18+ 04

The bold case indicates the age of the plants used for the measurements. a 7 days
old seedlings grown in vitro in a growth chamber at 23°C under a 16-h-light/8-h-
dark photoperiod. b 14 days old seedlings. At least 25 plants were used for the
analysis. Data shown are averages + SE.
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Supplemental Figure 1 Levels of UVRS8 protein in Arabidopis transgenic plants used in
this study. (A) UVR8 accumulation in two independent UVR8 overexpressing lines in
comparison to the control plants (C) transformed with empty vector. (B) UVRS levels in
the uvr8-6 mutant compared to the wild type plants (WT). Western blotting analysis was
performed with an anti-UVR8 antibody. Rubisco large subunity (RBCL) was used as
loading control by Ponceau staining of the membrane.
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Supplemental Figure 2 (A) Representative leaf 1 and 2 from Control and 35S-UVR8
plants. (B) Length and width measurement of the leaves 1 and 2. Values are averages =+
SD (n=14; * P, 0.05). (C) Adaxial epidermal cells from the upper region of the leaves 1
and 2 from Control and 35S-UVR8 plants. (D) Leaf measurements of Control and 35S-
UVR8 plants grown on MS NaCl (50 mM) or mannitol (25 mM) (E). Plants were grown
for 21 days on MS supplemented with NaCl or mannitol, then the area of individual leaves
was measured. The percentage of growth was calculated as the ratio between the area of
the leaves from plants grown on mild stress and that one from plants of the same genotype
grown on MS and compared to that one of the Control plants. Data are averages of two
independent experiments = SE (n = 14; * P, 0.05).
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Supplemental Figure 3 (A) Growth analysis on mild stress conditions. Plants were grown
for 21 days on MS supplemented with NaCl (50 mM) or mannitol (25 mM) and on MS
media used as control, then the area of individual leaves was measured. The percentage
difference of rosette size was calculated as the ratio between the rosette area of plants
grown on mild stress and on MS. Data are averages = SE (n = 14; *, P = 0.05).

(B) Twelve-day-old 35S-UVR8 or control plants were exposed to UV-B light for 24 h
(+UV-B) or grown under mylar filter used to screen out UV-B light (-UV-B). Plants were
photographed after return to white light for 5 days and the percentage of dead plants was
recorded.
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Supplemental Figure 4 (A) Phenotypes of uvr8-6 plants grown for 21 days on MS or on
MS supplemented with NaCl (50 mM) or mannitol (25 mM) respectively. (B) Area of
rosette leaves at different positions harvested from uvr8-6 plants grown for 21 days on MS.
Values are averages = SD (n = 14; * P, 0.05). (C-D) Response of uvr8-6 plants to mild
stress. Plants were grown for 21 days on MS supplemented with NaCl (50 mM) or
mannitol (25 mM) respectively, and on MS media used as control, then the area of
individual leaves was measured. The percentage of growth of uvr8-6 plants on 50 mM
NaCl or 25 mM mannitol was calculated as the ratio between the area of the leaves from
plants grown on mild stress and that one from plants of the same genotype grown on MS
and compared to that one of the control plants. Data are averages of two independent
experiments = SE (n =14; * P, 0.05)
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Supplemental Figure 5 (A) Area of rosette leaves at different positions
harvested from uvr8-6 plants grown for three weeks on 150 mM NacCl.
Values are averages = SD (n = 14; *, P = 0.05). (B) Growth analysis on
severe stress conditions. Plants were grown in vitro for 2 weeks on meshes
placed on MS medium and transferred on MS media supplemented with
mannitol (200 mM). Plants were photographed after three weeks and the
percentage of survival was recorded. The results are averages of two
independent replicates (n = 70-80) = SD. (C) Root phenotypes of uvr8-6
mutant plants 14-days old grown in vitro in a growth chamber at 23°C
under a 16-h-light/8-h-dark photoperiod. (D) DPBA-visualized flavonol
accumulation in uvr8-6 7-day-old seedlings compared to the control plants
and intensity of fluorescence calculated by Image J. Data are averages *+
SE (n=12-16)
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Supplemental Figure 6 Free IAA measurements. (A) Free IAA conjugates in leaves (on
the left; YL= young leaves) or roots (on the right) of 35S-UVR8 plants compared to the
control. (B) Free 1AA conjugates in uvr8-6 mutant plants. IAA was extracted from young
leaves (1-6) and old leaves (7-10) of plants 21 days old grown in vitro in a growth chamber
at 23°C under a 16-h-light/8-h-dark photoperiod or from roots of seedling 7 days old
grown under continuous light. Values are averages = SD (n = 3)
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Supplemental Figure 7 IAA Conjugates Measurements.

(A) IAA conjugates in leaves (on the left, YL= young leaves) or roots (on the
right) of 35S-UVR8 plants compared to the control. Values are averages = SD
(n = 3). (B) IAA conjugates in uvr8-6 mutant plants. IAA was extracted from
young leaves (1-6) and old leaves (7-10) of 21-day-old plants grown in vitro in a
growth chamber at 23° C under a 16-h light/8h dark photoperiod or from roots
of 7-day-old seedlings grown under continuous light. Values are averages = SD
(n=3;* P=0.05).
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