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Abstract

UV-B radiation can substantially impact plant growth. To study UV-B effects, broadband UV-B tubes are commonly used.
Apart from UV-B, such tubes also emit UV-A wavelengths. This study aimed to distinguish effects of different UV-B inten-
sities on Arabidopsis thaliana wildtype and UVRSE mutant rosette morphology, from those by accompanying UV-A. UV-A
promotes leaf-blade expansion along the proximal—distal, but not the medio-lateral, axis. Consequent increases in blade
length: width ratio are associated with increased light capture. However, petiole length is not affected by UV-A exposure. This
scenario is distinct from the shade avoidance driven by low red to far-red ratios, whereby leaf blade elongation is impeded
but petiole elongation is promoted. Thus, the UV-A mediated elongation response is phenotypically distinct from classical
shade avoidance. UV-B exerts inhibitory effects on petiole length, blade length and leaf area, and these effects are mediated
by UVRS. Thus, UV-B antagonises aspects of both UV-A mediated elongation and classical shade avoidance. Indeed, this
study shows that accompanying UV-A wavelengths can mask effects of UV-B. This may lead to potential underestimates of
the magnitude of the UV-B induced morphological response using broadband UV-B tubes.
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1 Introduction

Effects of light on plants are multifaceted. Light is an essen-
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processes are described by action spectra, which may differ
considerably in terms of the specific wavelengths that drive
a particular process. Thus, depending on the quality and
quantity of light, distinct physiological and developmental
responses will be triggered. Effects of ultraviolet B radiation
(UV-B, 280-315 nm) on plants have been extensively stud-
ied [4, 5]. Two major types of UV-B driven processes can be
distinguished, those mediated through the UV-B photorecep-
tor UVRS and those that are associated with various forms
of damage and/or plant stress [6]. Environmentally-relevant
doses of UV-B radiation are not necessarily considered a
plant stressor, but acting together with other abiotic factors
can induce stress, either directly or indirectly via induced
reactive oxygen species (ROS) [6]. There is a further dis-
tinction between UV-B and UV-A (315-400 nm) driven
processes [7], although it has been argued that from a plant
biological perspective the distinction between the UV-B and
UV-A wavelength zones is not useful [8]. Indeed, the UVR8
action spectrum, although displaying a prominent monomer
formation peak at around 280 nm under in vitro conditions
nm [9], does mediate perception of wavelengths well into
the UV-A part of the spectrum, and as high as 350 nm [8].
In the UV-A part of the spectrum, further photoreceptors
are active, especially cryptochromes which are known to co-
regulate gene-expression in association with UVRS [8, 10].
Given both spectral overlap and interactive effects between
photoreceptors, it can in practice be difficult to study UV-B
radiation responses in the absence of background UV-A radi-
ation effects. This is particularly true given the widespread
use of broad band UV sources which emit both UV-B and
UV-A wavelengths, and whereby any increase in UV-B is
accompanied by an increase in UV-A [11].

A broad range of UV-B effects has been detailed in the
literature [5, 12—14]. Some of these UV effects are caused by
exposure to high doses of UV-B and are associated with oxi-
dative stress, inactivation of photosynthetic activities and/
or DNA damage, i.e. plant stress [6, 15]. In contrast, lower
UV-B doses trigger a range of regulatory responses includ-
ing protective responses such as increases in antioxidant
status, photorepair capacity and contents of UV-absorbing
pigments [16]. These regulatory responses are closely asso-
ciated with the photoreceptor UVRS [17]. One UV response
that may either be UV-B stress associated (i.e. stress-induced
morphogenic response, cf. [18] or a regulatory response
(i.e. UVRS photoreceptor mediated) is the UV-B mediated
change in plant morphology. This response typically com-
prises development of a more compact plant with shorter
stems, increased axillary branching or tillering, thicker
leaves, shorter petioles, altered root:shoot ratio and inflo-
rescence structures [19]. The functional role of these UV-B
induced morphological changes remains largely unproven.
Increased self-shading of leaves due to reduced elongation
of stems and petioles has been hypothesised to contribute to
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diminished UV exposure [12], although it remains to be seen
whether this is correct given the high percentage of scat-
tered UV-radiation within a canopy [20]. Conversely, where
UV-B induced morphological responses are stress associ-
ated (i.e. linked to ROS, NO and oxidative stress cell cycle
checkpoints) [19] the UV-B phenotype might not necessarily
have an adaptive role. Interestingly, UV-A wavelengths also
affect plant morphology, although effects are quite different
with UV-A exposure [21]. UV-A, amongst others, stimu-
lates leaf expansion [7]. Thus, the question arises whether
UV-A wavelengths can moderate, or even completely mask,
UV-B responses when plants are exposed to a mixture of
wavelengths, as is the case in natural sunlight. The answer
will ultimately depend on used UV intensities and/or doses.
Unfortunately, knowledge of dose-response curves for plant
UV-effects is scarce, and almost completely lacking in the
case of plant morphological UV responses [19]. Yet, in the
few cases where responses to multiple UV intensity levels
were determined, dose—response curves were complex. For
example, in a classic study, Brodfiihrer [22] observed that
low UV doses induced different effects on Arabidopsis mor-
phology than higher doses (also see [19]). Particularly inflo-
rescence branching displayed a bell-shaped response curve
with maximal branching at intermediate intensities. Simi-
larly, Silene noctiflora leaf number and specific leaf weight
decrease under low UV intensities but increase under higher
levels [23]. However, other studies have not confirmed such
a bell-shaped dose-response [24].

The aim of the current study is to differentiate effects
of different UV-B intensities on the rosette morphology of
Arabidopsis thaliana wildtype and UVRS8 mutant plants,
from those caused by accompanying UV-A. It is hypothe-
sized that UV-A radiation emitted by commonly used broad-
band UV-B tubes will counter UV-B induced effects, and
therefore lead to an underestimate of actual UV-B effects.

2 Materials and methods
2.1 Plant material

Arabidopsis thaliana wild type (Col-0 WT) and uvr8-6
[25] genotypes were utilised in this study. Uvr8-6 seeds
were kindly donated by Professor Ulm of the University of
Geneva, Switzerland. Seeds were plated on moistened filter
paper in petri dishes and stored at 4 °C for 72 h. Strati-
fied seeds were then sown directly onto moist jiffy plugs
(Deker Horticulture, Co. Meath, Ireland), and placed in
plastic containers. Containers were covered with cling film
and placed under cool white Photosynthetically Active
Radiation (PAR) (MASTER TL5 HE 28W/840 SLV/40)
light in a controlled plant growth room. PAR intensity
was 60-80 umol m~2 s~! and plants were subject to a 14-h
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light/10-h dark photoperiod. To avoid excessive plant elon-
gation, the red light intensity was at least 5-times greater
than the far-red intensity. Temperature and relative humid-
ity were set to 22 °C and 60% respectively. Once germina-
tion had occurred and seedlings were established (5 days),
the cling film was removed. Excess plantlets were removed
using tweezers, to leave a total of one plant per jiffy plug.
Plants continued to grow for a total of 15 days until the 1.04
Boyes growth stage [26] and were watered twice weekly.

2.2 UV exposure conditions

Following the growth period, plants were transferred to
a self-contained UV growth chamber in which the PAR
intensity was set at 80-90 umol m~2 s~! (MASTER TL5
HE 28W/840 SLV/40) and the photoperiod was16-h light/8-
h dark. To avoid any impact of the small change in PAR
intensity, plants were acclimated for one day under the new
growth conditions, and prior to UV exposure. On the next
day in the UV chamber, plants were primed with UV for
30 min. Thereafter, plants were exposed to UV for 2 h at
noon, for a total of 7 days. UV radiation was emitted by
two broadband UV-B tubes (TL40W/12 Philips, Germany),
which emit UV-B, as well as UV-C, UV-A, and some PAR
radiation. To block UV-C radiation, TL tubes were loosely
wrapped in a single layer of cellulose acetate (CA) (95 pm
thickness; Kunststoff-Folien-Vertrieb GmbH, Hamburg,
Germany). To remove > 95% UV-B wavelengths from the
spectrum, a UV-B blocking filter (Mylar — 125 pm thickness,
Tocana Ltd., Ballymount, Ireland). Mylar (or polyester)
filters effectively block UV-B radiation, as well as shorter
UV-A wavelengths. Thus, the UV treatments are categorised
as either UV-A/B enriched, comprising PAR, UV-B as well
as accompanying UV-A radiation emitted by the UV-B tube,
or as UV-A enriched, comprising PAR and UV-A. Both CA
and Mylar filters were placed above the plants. For the “0

UV treatment, plants filters were also used in the absence of
any UV. The used UV filters had minimal (<2%) impact on
the PAR intensity and the spectral distribution experienced
by the plants. Cellulose acetate filters were replaced after
20 h of UV exposure, when transmission properties started
to change.

Due to capacity issues, plants were divided into two
groups, plants exposed to either UV-A enriched or UV-A/B
enriched radiation. Both groups included “0 UV” controls
for each genotype/treatment combination, such that each
group of UV-A enriched or UV-A/B enriched treatments
has its own “internal” control. Minor differences between
“0 UV” controls relate to biological variability in used plant
material.

The UV intensity was adjusted using a dimmable bal-
last (Sylvania-Biosystems, Wageningen, The Netherlands).
Experiments comprised exposure to four UV intensities
described as zero, low, moderate, and high UV (Table 1).
Absolute irradiance was measured using an optical fiber
diode-array spectroradiometer equipped with a cosine cor-
rector (Flame-S, Ocean Optics, Duiven, The Netherland), for
every intensity and filter combination using the manufactur-
ers software, Oceanview (version 1.6.7). UV intensity was
expressed in uW cm™2, as well as umol m~2 s~!. The bio-
logical effective dose was calculated according to Flint and
Caldwell [27] (Table 1). Each experiment was independently
repeated a total of three times for each treatment, genotype,
and intensity combination.

2.3 Morphological analysis

Destructive morphological assays were performed on the
7th day of UV treatment, promptly after the cessation of
the UV radiation. Firstly, the direction of the growth spiral
was identified, and leaves were numbered, beginning with

Table 1 UV conditions including irradiance (uW/cm?), biological dose (kJ/m?), and ratios under UV-A/UV-B enriched treatments

UV-Birradi- UV-Birradi- UV-B biologi- UV-Airradi- UV-Birradi- UV-A biologi- Ratio of Ratio of
ance (UW/ ance (umol/ cal dose (kJ/ ance (UW/ ance (umol/ cal dose (kJ/ UV-B: UV-A UV-B:UV-A
cm?) m? s) m?) cm?) m?s) m?) irradiance biological dose
UV-A enriched
Low BDL N/A 11.695 0.32 0.037 N/A N/A
Moderate BDL N/A 45.209 1.27 0.142 N/A N/A
High BDL N/A 156.94 4.33 0.489 N/A N/A
UV-A/B enriched
Low 11.408 0.30 0.552 19.941 0.55 0.067 0.572 8.239
Moderate 43.443 1.17 1.976 75.102 2.07 0.257 0.578 7.689
High 154.36 4.06 6.779 268.34 7.40 0.901 0.575 7.524

Biologically effective doses were calculated according to Flint and Caldwell [27]. Values shown for low, moderate, and high irradiances. BDL

was used to indicate where intensity was below the detection
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the oldest first true leaf and increasing with developmental
order. Cotyledons were not considered in this process.
Three plants per treatment and genotype were then dis-
sected as part of each replicate. Only leaves which had peti-
oles>2 mm in length were sampled, while small, newly
emerging and leaves and leaf primordia were excluded
from the analysis. Consequently, a total of eight leaves
were included in analyses. Petiole length, leaf blade length,
leaf width and leaf area were quantified from photos using
ImagelJ 1.53c software [28]. For statistical analysis, leaves
were grouped in three categories (developmental phases)
according to their ontogeny (Table 2). For morphological
analysis three plants were dissected per experiment (n=9).

2.4 Chlorophyll a fluorometry

Photosynthetic efficiencies were measured using a pulse
amplitude modulated imaging chlorophyll fluorometer
(WALZ, Effeltrich, Germany). Plants were dark adapted
for 20 min before measurement of ground (F0O) and maxi-
mal (Fm) fluorescence, which in turn facilitated calcula-
tion of the maximum quantum yield of photosystem II
(PSII) (Fv/Fm). Thereafter a background actinic light of
80 pmol m~2 s~! was applied for five minutes to reach a
steady-state. A saturating pulse of photosynthetically active
light was applied to measure both Fm’ and Ft. The effective
quantum yield (YII) was calculated according to Murchie
and Lawson [29]. Three plants (n = 3) were measured at the
end of each seven-day UV exposure, and each experiment
was independently repeated three times (n=9). For analysis
of UV effects, effects on leaves 1-3, leaves 4—6 and leaves
7-9 were pooled to give three developmental classes.

Table 2 Description of rosette developmental stages

2.5 Assessment of antioxidant capacity

Antioxidant capacities were measured using the both
Folin—Ciocilteu and Ferric-Reducing Antioxidant Power
assays (FRAP). FRAP is particularly responsive to changes
in flavanol content while Folin—Ciocélteu is more sensitive
to phenolic acids [30]. Thus, together, these assays pro-
vide a comprehensive insight into UV induced antioxidant
capacities.

The pooled leaves of individual rosettes, comprising
50-60 mg of fresh tissue, were placed in 2 mL tubes and
ground in liquid nitrogen. Samples were extracted using 600
pL of 70% ethanol, vortexed briefly and placed in an iced
sonicator for 20 min. Samples were subsequently centrifuged
for 10 min at 12,000 rpm and the supernatant was collected.
The pellet was resuspended in a further 400 pL of 70% etha-
nol, vortexed, sonicated on ice, centrifuged for 10 min at
12,000 rpm and the supernatant was collected. Both super-
natants were combined to give a final volume of 1 mL. For
antioxidant assays, all true leaves of three individual plants
were analysed (n=9).

2.5.1 Folin-Ciocalteu reactivity

The method is based on Singleton and Rossi [31] with
modifications as detailed by Csepregi et al. [30]. An aliquot
of 100 pL of plant extract was mixed with Folin—Ciocal-
teu Reagent (FCR) (diluted with distilled water 1:10) and
left at room temperature for five minutes. Subsequently,
500 uL NaCO; 6% (w/v) was added, and samples were

Rosette developmental phase (RD) Description of growth stage Leaf number
RD1 Leaves fully formed and outgrown prior to UV exposure 1,2,3
RD 2 Juvenile leaves (not fully expanded) as well as leaf primordia visible prior 4,5, 6
to UV exposure
RD3 Leaves not yet visible at the start of the UV exposure experiment, but that 7, 8

expanded during UV exposure

r2 09 ¢

‘'

RD1 RD2

Depiction of leaves as observed following 7 days of UV-treatment

—

RD3
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incubated in darkness for 90 min. Absorbance was recorded
at 765 nm using a spectrophotometer (Thermo Scientific™
GENESYS™ 50 UV-Vis Spectrophotometer). Gallic acid
was used to build a calibration curve and FCR values of
plant samples were reported in gallic acid equivalents.

2.5.2 Ferric-reducing antioxidant power

The Ferric Reducing Antioxidant Power (FRAP) is meas-
ured based on the iron-reducing ability of the antioxidants in
the sample [32]. Iron(III) is reduced to Iron(II) by metabo-
lites with antioxidant properties, and this is accompanied
by the development of a blue colour. The assay followed a
modified version of Csepregi et al. [16]. Firstly, FRAP rea-
gent was prepared by combining 12.5 mL of acetate buffer
(300 mM, pH 3.6), 1.25 mL 2,4,6-tripyridin-2-yl-1,3,5-
triazine (TPTZ) (10 mM TPTZ in 40 mM HCI (37%)) and
1.25 mL of FeCl; (20 mM in distilled water). Thereafter,
950 pL of FRAP reagent was mixed with 50 pL plant extract
and incubated at room temperature, for 30 min. Samples
were very gently vortexed every 10 min during this period.
Absorbance was measured at 592 nm using a spectropho-
tometer. Ascorbic acid was used to build a calibration curve
and FRAP values of plant samples were expressed as ascor-
bic acid equivalents.

2.6 Statistical analysis

Statistical analyses were performed using R software (R Core
Team 2021; R 4.1.2). Normality and variance assumptions
were tested using Shapiro—Wilk tests (p > 0.05) and Levene’s
tests (p >0.05), respectively. Linear regression was used to
analyze normally distributed and homoscedastic residuals.
Logistic regression in the form of generalised linear mod-
els (GLM: car) was used if assumptions of normality and/or
equal variance of residuals were not met. A stepwise deple-
tion approach was used to remove non-significant terms,
while overall model significance was determined using like-
lihood ratio tests in all cases (Imtest). As intensity-driven
trends for a specific genotype (Col-0 WT vs uvr8-6) exposed
to a specific type of UV-radiation treatment (UV-A enriched
or UV-A/B enriched) can be masked in GLM, due to the
known biological response for the genetically engineered
mutant, a further one-way ANOVA, or corresponding non-
parametric Kruskal-Wallis H test, was used to explore sig-
nificant effects of intensities within each separate genotype
or treatment group, in those cases where GLM had shown a
statistically significant effect of intensity. Each group con-
sisted of four intensity levels. Assumptions were tested as
specified with ANOVA or Kruskal-Wallis H tests performed
using IBM® SPSS® Statistics Version 28.0 software.

3 Results

Arabidopsis thaliana wild-type (Col-0) and a UVRS photo-
ceptor mutant (uvr8-6) were grown for 7 days under a broad
band UV-source using either Mylar (UV-A enriched treat-
ment) or cellulose acetate filters (UV-A/B enriched treat-
ment). A total of four UV intensities were used namely:
zero UV (PAR only), low UV, moderate UV, and high UV
(Table 1). Morphological parameters, chlorophyll a fluores-
cence, and antioxidant capacity were measured on the final
day of UV exposure.

3.1 Morphological responses to different UV
treatments

3.1.1 Leaf blade length

Blade length of Col-0 and uvr8-6 plants is substantially
affected by different UV treatments (UV-A/B and UV-A
enriched radiation) and varying intensity levels (Fig. 1).
Responses vary depending on the developmental stage. Older
leaves (RD1) show no statistically significant responses to
UV exposure and UV intensity and blade length does not
vary with genotype (GLM: X2= 13.212, df=15; p>0.05).
However, blade length responds significantly to treatment
in developmental phase 2 (GLM: X2 =33.073, df=3;
p <0.001), intensity was the key effects driver (p <0.0001),
while genotype and UV treatment had no effect (both
p>0.05) with no interactive effects detected (all p> 0.05).
For developmental phase 2, one-way ANOVA shows a sig-
nificant increase in WT blade length with increasing inten-
sity in the UV-A enriched treatment (p <0.0001; Fig. 1).
There is no significant change in blade length with intensity
in the UV-A/B enriched treatment. In contrast, blade length
of the uvr8-6 mutant increased significantly as a function of
intensity across both UV-A and UV-A/B enriched treatments
(p<0.05 and p<0.01, respectively).

In developmental phase 3, blade length also responds
significantly to treatment (GLM: X2 =36.427, df =3;
p<0.001). Only intensity was a significant driver of dif-
ferences in RD3 blade length (p <0.0001), all other factors
and potential interactive effects were not statistically appar-
ent (all p>0.05). One-way ANOVA shows a significant
increase in WT blade length in the UV-A enriched treat-
ment (p <0.01), but no significant change in the UV-A/B
enriched treatment, with increasing intensity. In contrast,
uvr8-6 blade length increased significantly as a function of
intensity across both UV-A and UV-A/B treatments (p=0.05
and p=0.01, respectively).
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Fig.1 Leaf blade length (cm) in Col-O0 WT (A) and uvr8-6 (B),
across the three rosette developmental phases (RD1, RD2, RD3)
and two treatments (UV-A/B and UV-A enriched). Bars (with stand-
ard error) represent mean blade length. Bars represent different UV
intensities: white bar=“0 UV”, striped bar=“Low UV”, black
bar="“Moderate UV”, dotted bar=*“High UV”. Blade length was
significantly affected by increasing UV-A intensity for Col-0 across

3.1.2 Leaf blade width

Blade width of Col-0 and uvr8-6 plants was moderately
affected by UV treatment (UV-A/B and UV-A enriched and
varying intensities) and genotype (Fig. 2). Overall, it was
found that leaves of uvr§-6 are wider than those of Col-0
across all stages of development, treatments, and intensities.
Blade width responds significantly to treatment in develop-
mental phase 2 (GLM: y*=331.42, df=15; p=<0.0001),
with genotype (p <0.0001), intensity (p <0.001) and UV
treatment (p <0.01) all having a significant effect on blade
width. Further significant interactive effects were detected
between intensity and UV treatments (p < 0.05), as well as
among genotype, intensity and UV treatment (p < 0.01). For
developmental phase 2, one-way ANOVA shows a signifi-
cant decrease in blade width with increasing intensity in the
UV-A/B treatment, both in the WT and uvr8-6 (p <0.001
and p <0.01, respectively). No significant changes in blade
width were noted for UV-A enriched treatment.

Blade width responds significantly to treatment in devel-
opmental phase 3 (GLM: X2 =49.676, df=4; p=<0.0001).
Overall, in phase 3 genotype (p <0.0001) and level of inten-
sity (p=0.05) play a significant role in the width of leaves,
while UV treatment and all potential interactions had no sta-
tistically apparent effects (all p> 0.05). However, ANOVA
did not reveal any specific intensity dependent changes
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RD2 (ANOVA, p<0.001) and RD3 (ANOVA, p=0.003) and uvr8-6
across RD2 (K Wallis, p=0.012) and RD3 (K Wallis, p=0.038). UV-
A/B had a significant effect on blade length for uvr8-6 plants in both
RDI1 (K Wallis, p=0.009) and RD2 (ANOVA, p=0.002). Asterisks
indicate a significant difference between 0 UV and low, moderate and
high intensities with p<0.05 (¥), p<0.01 (**), or p<0.001 (¥%*%)

across the UV-A/B and UV-A enriched treatments of WT
Arabidopsis, and the uvr§-6 mutant.

3.1.3 Leaf blade area

UV or genotype mediated changes in blade length and
width can potentially affect the total blade area. The leaf
area of older leaves (RD1) shows no statistically signifi-
cant response to UV exposure and UV intensity and leaf
area does not vary with genotype either (Fig. 3). Statisti-
cally significant effects on leaf area were noted for phases
2 (GLM: x*=44.733, df=15; p=<0.0001) and 3 (GLM:
X2 =29.382, df =3; p=<0.0001). In phase 2, leaf area was
primarily affected by intensity (p <0.001) however, an inter-
active effect among genotype, intensity and UV treatment
also plays a role (p <0.01). One-way ANOVA shows a sig-
nificant increase in RD2 blade area with increasing intensity
in the UV-A treatment in both WT and uvr8-6 (p=0.007 and
p=0.003, respectively). A non-significant decrease in leaf
area with increasing intensity is noted for the WT exposed
to the UV-A/B treatment, as is a non-significant increase
in leaf are for uvr8-6. In developmental phase 3, the UV-A
enriched treatment induces significant increases in leaf area
across both genotypes (p=0.006 and p=0.015, respectively
for WT and uvr8-6), while the UV-A/B enriched treatment
triggered an increase in leaf area in uvr8-6 only (p =0.009).
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Fig.2 Leaf blade width (cm) in Col-0 WT (A) and uvr8-6 (B),
across the three rosette developmental phases (RD1, RD2, RD3)
and two treatments (UV-A/B or UV-A enriched). Bar charts (with
standard error) represent mean blade width. Bars represent different
UV intensities: white bar="0 UV”, striped bar="“Low UV”, black
bar=“Moderate UV”, dotted bar=“High UV”. A, B Blade width

was significantly affected under the UV-A/B enriched treatment
only in RD2 for both Col-0 (ANOVA, p<0.001) and uvr8-6 (Welch
ANOVA, p=0.005). Asterisks indicate a significant difference
between 0 UV and low, moderate and high intensities with p<0.05
(*), p<0.01 (¥*), or p<0.001 (***)
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Fig.3 Leaf area (cm?) in Col-0 (A) and uvr8-6 (B), across the three
rosette developmental phases (RD1, RD2, RD3) and two treatments
(UV-A/B or UV-A enriched). Bar charts (with standard error) rep-
resent mean leaf area. Bars represent different UV intensities: white
bar="0 UV”, striped bar="“Low UV”, black bar=*“Moderate UV”,
dotted bar="High UV”. A Leaf area was affected under UV-A for
Col-0 across RD2 (ANOVA, p=0.007) and RD3 (Welch ANOVA,

p=0.006). B In uvr8-6 plants, leaf area was significantly affected by
UV-A in RD2 and RD3 (K Wallis, p=0.003; p=0.015) while UV-
A/B treatment was significant for RD3 (Welch ANOVA, p=0.009).
Asterisks indicate a significant difference between 0 UV and low,
moderate and high intensities with p<0.05 (*), p<0.01 (**), or
p<0.001 (***)
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3.1.4 Petiole length

The petiole response was dependent on intensity and UV
treatment, and the presence of functional UVRS photore-
ceptor (Fig. 4). Unlike leaf blade parameters, petioles of all
developmental stages respond to UV treatment: developmen-
tal phase 1 (GLM: XZ =214.77, df=9; p=<0.001), phase
2 (GLM: X2=232.63, df=15; p=<0.001) and phase 3
(GLM: X2 =27.107, df=8; p=<0.001). In phase 2, petiole
length was primarily affected by UV treatment (p <0.001)
and genotype (p <0.001), while interactive effects of inten-
sity and genotype (p < 0.05), genotype and UV-treatment
(p<0.001) and UV-treatment and intensity (p <0.05) also
play a role. One-way ANOVA shows non-significant effects
of the UV-A treatment on WT petiole length, but signifi-
cant decreases in S1 and S2 petiole length with increasing
intensity in the UV A/B enriched treatment in WT Arabi-
dopsis (p=0.003 and p=0.007, respectively). In contrast,
no changes in petiole length were observed in RD1, RD2
and RD3 of either UV-A or UV-A/B treated uvr§-6 plants.

3.2 Chlorophyll a fluorometry

The maximum quantum yield of photosystem II (PSII),
Fv/Fm, was consistently high, varying between 0.79 and
0.81 for Col-0 WT and across all treatments (Fig. 5). For
developmental phases 1 and 2, Fv/Fm values are sig-
nificantly dependent on UV treatment, intensity, and the

presence of functional UVRS8 photoreceptor (phase 1
(GLM: X2=2O7.55, df=15; p<0.0001), phase 2 (GLM:
X2 =107.74, df =15; p<0.0001). However, effects are par-
ticularly small and most likely biologically not relevant,
except for the statistical (ANOVA) decline in Fv/Fm val-
ues in the uvr8 genotype exposed to the highest intensity of
the UV-A/B enriched treatment, and across developmental
phases 1 and 2 (p<0.001 and p <0.05, respectively).

The effective quantum yield of PSII under steady state
conditions increased with increasing intensity across both
UV-A and UV-A/B enriched treatments (Fig. 6). In this
study, values of Y(II) were found to be relatively high
and were associated with values of Y(NPQ) and Y(NO)
of around 0.18 to 0.23 and 0.25 to 0.32, respectively. For
developmental phases 1 and 2, Y(II) values are significantly
dependent on intensity, genotype and interactive effects of
genotype and intensity, intensity and treatment, intensity,
genotype and UV-treatment (phase 1 (GLM: X2= 89.409,
df=15; p<0.0001), phase 2 (GLM: X2= 88.266, df=15;
p<0.0001). One-way ANOVA shows a significant increase
in RD2 Y(II) with increasing intensity in the UV-A treat-
ment in both WT and uvr8-6 (p <0.001 and p < 0.05 respec-
tively). Similarly, a significant increase in Y (II) with increas-
ing intensity is noted for WT phase 2 leaves exposed to the
UV-A/B enriched treatment (p <0.001 for both developmen-
tal phases 1 and 2). In contrast, a significant decrease in
Y(II) is observed for uvr8-6 phase SD1 leaves exposed to the
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Fig.4 Petiole length (cm) in Col-O0 WT (A) and uvr8-6 (B), across
the three rosette developmental phases (RD1, RD2, RD3) and two
treatments (UV-A/B or UV-A enriched). Bar charts (with standard
error) represent petiole averages. Bars represent different UV intensi-
ties: white bar="0 UV”, striped bar=“Low UV”, black bar="‘“Mod-
erate UV”, dotted bar=“High UV”. A UV-B significantly affected
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petioles of Col-0 in RD1 and RD2 (ANOVA, p=0.003; K Wallis,
p=0.007). B Under UV-A petioles of uvr8-6 were significantly dif-
ferent in RD2 and RD3 (K Wallis, p=0.024; K Wallis, p=0.016).
Asterisks indicate a significant difference between 0 UV and low,
moderate and high intensities with p<0.05 (¥*), p<0.01 (**), or
p<0.001 (¥*%*)
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Fig.5 The maximum quantum yield of PSII, Fv/Fm in Col-0 (A) and
uvr8-6 (B) across the three rosette developmental phases (RD1, RD2,
RD3) and two treatments (UV-A/B and UV-A enriched). Bars repre-
sent different UV intensities: white bar=“0 UV”, striped bar=“Low
UV”, black bar=“Moderate UV”, dotted bar="“High UV”. A Across
all developmental phases, UV-A had a significant effect on Fv/Fm
values in Col-0 (K Wallis, p<0.001; ANOVA, p<0.001; Welch
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Fig.6 The effective quantum of PSII, Y(II), in Col-0 (A) and uvr§-
6 (B) across the three rosette developmental phases (RD1, RD2,
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ANOVA, p=0.01) as did UV-A/B (Welch ANOVA, p=0.014;
Welch, p<0.001; K Wallis, p=0.03) respectively. B In uvr8-6 plants,
effects were seen in RD1 and RD2 only for both UV-A (K Wal-
lis, p=0.019; ANOVA, p<0.001) and UV-A/B (Welch ANOVA,
p<0.001; ANOVA, p=0.02). Asterisks indicate a significant dif-
ference between 0 UV and low, moderate and high intensities with
p<0.05 (*), p<0.01 (**), or p<0.001 (***)
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did UV-A/B (Welch ANOVA, p<0.001 for RD1 and RD2; K Wal-
lis, p<0.001 in RD3). B In uvr8-6 plants, UV-A significantly effected
Y(II) across all phases (K Wallis, p=0.006; K Wallis, p=0.021;
K Wallis, p=0.030) while UV-A/B effected RD1 only (K Wallis,
p<0.001). Asterisks indicate a significant difference between 0 UV
and low, moderate and high intensities with p<0.05 (*), p<0.01
(**), or p<0.001 (¥%%*)
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UV-A/B treatment (p <0.001), as well as a non-significant
decrease in SD2 leaves.

3.3 Total antioxidant capacity

The Folin-Ciocélteu assay shows antioxidant activities vary-
ing between 3 and 4 gallic acid equivalents (uUM/mg) for
Col-0 WT and uvr8-6 across all treatments (Fig. 7). Activi-
ties appear variable, and overall, the GLM model does not
reveal a significant effect across genotypes, intensity and
treatment (GLM: X2= 1.0599, df =6; p<0.98), although
removal of non-significant terms indicated a significant
effect of intensity and of the interaction between intensity
and genotype. One-way ANOVA shows significant increases
in antioxidant capacity in UV-A/B treated WT (p=0.004),
possibly associated with accumulation of flavonoids. This
increase in antioxidant capacity is not distinguishable in
uvr8-6 plants exposed to UV-A/B enriched light.
Antioxidant capacity measured using the Ferric ion
Reducing Antioxidant Power (FRAP) assay varied sig-
nificantly (GLM: X2=49.666, df=6; p<0.0001), depend-
ing on genotype (p <0.01), intensity (p <0.0001), as well
as an interaction between genotype and UV-treatment
(p<0.0001: Fig. 7). One-way ANOVA shows small, but
significant, decreases in ascorbic acid equivalents in uvr8-6

plants exposed to UV-A/B or UV-A enriched treatments
(p= <0.01 and p= <0.01, respectively).

4 Discussion

This study presents to the dose specific response of Arabidopsis
thaliana wildtype and a UVRS8 impaired mutant to increasing
UV radiation. Commonly used UV-B tubes, such as the Philips
TL12 and the Q-panel UV-B, also emit a substantial amount
of UV-A radiation [11]. In the current study, it was investi-
gated whether small amounts of accompanying UV-A will
affect UV-B induced “dwarfing” effects on leaf morphology.
For this study, leaves were grouped in developmental phases
1 (oldest leaves, fully formed prior to UV exposure), phase
2 (leaves visible prior to UV exposure, but expanding during
UV exposure) and phase 3 (not visible prior to UV exposure).
Effects of UV-A/B and UV-A enriched conditions on leaf blade
expansion and leaf blade area could be observed across phases
2 and 3, but not 1. This most likely reflects the cessation of cell
division and elongation in these older leaves [33]. In contrast,
UV-effects on petiole elongation where still notable for leaves
in phase 1, and this most likely relates to the basipetal direction
of leaf maturation whereby regions near the tip of the leaf cease
expanding first and those near the base last [33].
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Fig.7 Concentration of total antioxidants for Col-0 WT (A) and
uvr8-6 (B), measured by the Folin Ciocalteu assay and ferric ion
reducing antioxidant power (FRAP) assay for Col-0 WT(C) and uvr§-
6 (D). Bar charts (with standard error) represent mean compound
concentration in pooled leaves of whole rosettes across four intensi-
ties and two treatments (UV-A/B and UV-A enriched). Bars represent
different UV intensities: white bar="0 UV”, striped bar=“Low UV”,
black bar=*“Moderate UV”, dotted bar="“High UV”. A UV-A/B sig-
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nificantly affects concentrations in Col-0 (K Wallis, p=0.004) and
in uvr8-6 plants (B) (K Wallis, p=0.04). B UV-A had a significant
effect on concentrations in uvr8-6 (ANOVA, p=0.03). C UV-A and
UV-A/B treatments had a statistically significant effect on antioxidant
capacity of uvr8-6 (ANOVA, p=0.005) and (ANOVA, p=0.006)
respectively. Asterisks indicate a significant difference between 0
UV and low, moderate and high intensities with p<0.05 (*), p<0.01
(**), or p<0.001 (¥*%*)
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4.1 Effects of UV-A on rosette development

Leaf area is an important determinant of photon capture, and
hence photosynthesis, but also of gas-exchange and hence
transpiration. Consequently, the development of leaf area is
tightly controlled and this involves regulation of cell divi-
sion, differentiation and expansion in response to various
environmental factors (cf [34]). A well-known example of
the environmental control of leaf area is the development
of relatively small sun leaves in sun exposed positions on
trees, compared to larger leaves inside the shady interior of
the crown [35]. However, dose-responses appear somewhat
more complex as in low light environments increases in PAR
can result in increased leaf area [36]. The light spectrum is
another important determinant of leaf expansion. Growth
under blue light is known to result in increased leaf expan-
sion [37]. Stimulatory effects of UV-A radiation on leaf elon-
gation have also been reported [7, 38, 39], although these
effects are not present in all species under all conditions
[21]. These blue and UV-A induced effects on leaf expan-
sion are thought to be mediated by phototropins [40] and
cryptochromes [41]. Interestingly, the current study shows
that UV-A mediated elongation is a rather specific process
that affects some aspects of leaf expansion, but not others.
For example, UV-A exposure leads to an increase in blade
length but not blade width. Thus, UV-A mediates expan-
sion along the proximal—-distal axis of the blade, but not the
medio-lateral axis. The resulting increase in blade length:
width ratio has been predicted [42] to contribute to increased
light capture per unit leaf area due to a reduced aggrega-
tion of leaf area around the stem. It could be surmised that
petiole elongation would further increase light capture,
however petiole length is not affected by UV-A exposure.
This scenario is distinct from the classical shade avoidance
response whereby leaf blade elongation is impeded, but peti-
ole elongation is promoted, resulting in an increased petiole
to leaf blade length ratio [43, 44]. Thus, the UV-A mediated
elongation response is phenotypically distinct from the red/
far-red mediated elongation response.

4.2 Effects of UV-A plus UV-B on rosette
development

Inhibitory effects of UV-B radiation on plant elongation
responses have been reported by multiple authors, and this
phenomenon is sometimes referred to as UV-B mediated
dwarfing [19]. Although there is a broad consensus that
exposure to UV-B can drive a relative compact plant archi-
tecture, phenotypes reported in the literature vary, and this
may relate to (UV) exposure conditions and/or genotype.
Indeed, the mechanism underlying the more compact archi-
tecture has been linked to a variety of possible mechanisms,
including the activity of the UV-B photoreceptor UVRS,

plant stress (i.e., stress-induced morphogenic responses) and
UV-B induced metabolic reprofiling [19]. The current study
shows that the UV-B nullifies the UV-A mediated increases
in blade length and leaf area, while having a strong inhibi-
tory effect on petiole length. It is likely that the inhibitory
UV-B effect on petioles is particularly pronounced as there
is no antagonistic (i.e., stimulating) UV-A effect on petioles.
Inhibitory effects of UV-B radiation on petiole elongation
can be observed in the WT but not uvr8-6. Thus, it is con-
cluded that the effects on petiole length are mediated by
the UV-B photoreceptor UVRS. Similarly, the inhibitory
effects of UV-B on blade length and leaf area are UVRS
dependent. It has been argued that UV-B antagonises the
classical shade avoidance response [45]. In such a shade-
avoidance response leaf blade elongation is impeded, but
petiole elongation is promoted [43]. This study shows that
UV-B radiation, contrary to a low red to far-red (R to FR)
light ratio, impedes petiole elongation, but similarly to a low
R to FR ratio impedes leaf blade elongation. Thus, UV-B
partly antagonises shade avoidance, and partly strengthens
shade avoidance. Distinct UV-B effects on different aspects
of leaf morphology are consistent with the existence of
“separate and overlapping pathways” for shade avoidance,
whereby elongation of different organs is controlled through
distinct interactions between largely conserved signalling
networks [46].

Intriguingly, a small but significant UV-B mediated
decrease in leaf blade width is noted in developmental
phase 2 of both WT and uvr8-6 plants. This may represent
an UVR8 independent effect. Previously, Wargent et al. [47]
noted that epidermal cell division in response to UV-B is
largely independent of UVRS. Other studies have reported
UVRS independent changes in gene-expression under very
low UV intensities [48]. The putative UVRS independent
changes presented in this paper are accompanied by small
declines in both Fv/Fm and Y(II) in uvr§-6 plants exposed
to the highest UV-B intensity. The slightly stronger decrease
in Fv/Fm, compared to Y(II), most likely reflects the high
UV sensitivity of photosystem II, relative to other, more rate
limiting, aspects of the photosynthetic machinery [49]. The
decrease in photosynthetic efficiency in uvr8-6 is matched
by a relative lack of upregulation of antioxidant defences
(both gallic acid and ascorbic acid equivalents) in uvr§-6
plants under the same UV conditions. These data imply a
lack of UV-mediated accumulation of both flavanols and
phenolic acids in uvr8-6 and are consistent with a role of
the UV-B photoreceptor in controlling biosynthesis of these
compounds [17]. In contrast, antioxidant defences are upreg-
ulated in Col-0 plants exposed to the highest UV-A/B inten-
sity, thus these plants display an acclimatory response that
is absent in uvr8-6 plants. The lack of this acclimative eus-
tress response in uvr8-6 plants, together with the observed
decrease in Y(II) implies that plants are subject to distress
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[6], and that the observed UVRS independent morphological
effects are stress-associated.

4.3 Rosette morphology and the UV-B:UV-A ratio

The current study shows the distinct, and in some cases
antagonistic effects, of UV-A and UV-B radiation on leaf
morphology. Many commonly used broad band UV-B
sources emit UV-B as well as UV-A and UV-C radiation
[11]. The deleterious effects of UV-C have been exten-
sively reported, and most studies employ long-pass cel-
lulose acetate filters to remove such wavelengths form
the exposure spectrum. However, many UV studies fail to
remove UV-A wavelengths emitted by UV-B tubes. The
current study shows that substantial impact of the accom-
panying UV-A wavelengths on morphological responses.
As a result, it can be surmised that effects of UV-B are
in some cases partly masked by effects of accompanying
UV-A (e.g. leaf blade elongation). This leads to a potential
underestimate of the magnitude of the UV-B response.
The concurrent activation of UV-B and UV-A signalling
pathways may also result in a failure to distinguish distinct
UV-A and UV-B signalling elements in molecular stud-
ies. Conversely, with the discovery of crosstalk between
UV-A and UV-B signalling cascades [8, 10], it cannot
be excluded that the simultaneous exposure to UV-B
and accompanying UV-A leads to completely new UV
responses, and unexpected impacts on leaf morphology.
The rapidly advancing development of wavelength-specific
UV-LEDs, with a narrow output spectrum, will enable
both accurate “UV-B only” studies, as well as light mix-
ing experiments whereby specific UV-B and UV-A wave-
lengths are mixed.

The current study has shown the ameliorating effects
accompanying UV-A wavelengths, emitted by broad band
UV-B sources, on UV-B responses. In this study a rela-
tively low intensity of UV-A radiation was found to mod-
ify several leaf morphological parameters. In contrast, the
natural solar UV spectrum reaching the Earth’s surface is
comprised for about 95% of the UV-A photons [11]. Thus,
the question arises whether any effect of UV-B of leaf
morphology can be discerned under UV-A enriched solar
conditions, or rather whether such morphological effects
will be masked in full spectrum experiments. A recent
meta-analysis reveals UV-induced decreases in leaf area
across multiple fields, glasshouse, and growth chamber
experiments [50]. Therefore, perhaps the question is not
whether UV-B effects can be discerned under UV-A rich
sunlight, but rather, how it is possible that effects driven
by low intensities of UV-B effects are still discernible
under these conditions.
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4.4 A functional role for UV-mediated changes
in leaf morphology

Here, UV-B induced changes are reported in the context of
distinct UV-A responses and compared to the shade avoid-
ance response driven by low red to far-red ratios. In the latter
case, the extension of petioles will directly decrease self-
shading in rosettes around the stem, and this response has
been modelled to enhance photosynthetic light capture [42]
(Fig. 8). The measured UV-A driven increase in blade length:
width ratio will similarly contribute to increased PAR cap-
ture per unit leaf area, with light capture further enhanced
by an increase in leaf area (Fig. 8). Thus, UV-A mediated
morphological responses can complement other mechanisms
that increase light capture, such as potential increases in
chlorophyll and carotenoid content. The response driven by
UV-A (and presumably blue wavelengths) reinforces the low
red to far-red response but will to some extent be distinct
due to the increased importance of scattered light at shorter
wavelengths [20]. In contrast, the measured UV-B mediated
decrease in petiole elongation, together with a decrease in
leaf area, will result in a decrease in both PAR and UV-B
capture (Fig. 8). Yet, a key question remains whether this
UV-B mediated change in leaf morphology serves to limit
UV-B exposure as suggested in the past [12, 19]. At present
any evidence for an avoidance strategy remains speculative
and unsatisfactory, particularly given that UV-B damage to
plants and crops is rare [6]. Therefore, the possibility that
UV-induced acclimatory responses have a function other
than UV-B protection, need to be considered. Recently, it
has been noted that many of the morphological acclimation
responses observed in UV-B exposed plants are similar to
those contributing to drought resistance [50]. The compact
UV-B phenotype with a reduced leaf area observed in this
study is consistent with such a function.

Low R:FR ’ UV-B

Fig.8 Schematic (cartoon-like) overview of distinct effects light on
leaf morphology. Low R:FR represents classical shade avoidance
under low red to far-red light mixtures and comprises strong petiole
elongation [43, 44]. Data in this paper (Figs. 1, 2, 3, 4, 5) show that
UV-A exposure drives an increase in leaf length, while UV-B expo-
sure triggers shortening of petioles, blade length and blade width
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