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ARTICLE INFO ABSTRACT

Keywords: Ultraviolet-B radiation (UV-B) is the most-energetic region of the solar spectrum received by plants and its
Ultraviolet radiation absorption by leaves requires specialised adaptations. Natural light is essentially dynamic, yet the effects of
Photoreceptor

fluctuating UV-B radiation on plant ecophysiology remain poorly understood. We investigated how two grape-

ngtzzoltem I vine (Vitis vinifera) cultivars, Tempranillo (red) and Viura (white), respond to fluctuating and steady UV-B
Starchy treatments in a controlled environment, and explored the underlying processes mediating acclimation using
Acclimation photoreceptor mutants of Arabidopsis thaliana. Plants were grown in a greenhouse under the same daily dose of

Grapevine fluctuating or steady UV-B radiation, paired with their respective attenuated UV-B controls. Leaf chlorophyll
epidermal flavonols and photosynthetic capacity were monitored in both cultivars as well as photoassimilates in
Arabidopsis. Acclimation was cultivar-specific: whereby flavonol accumulation in response to UV-B was greater in
Viura (a 28 % increase), although in Tempranillo within-treatment flavonol accumulation was associated with
less inhibition of operating efficiency of photosystem II (¢psyy). In Arabidopsis, responses to both fluctuating and
steady UV-B regimes were primarily mediated by the photoreceptor UV RESISTANCE LOCUS 8, with crypto-
chromes also contributing to flavonol regulation and playing a greater role in photoassimilate accumulation
under steady UV-B. Knowledge of these processes across cultivars and conditions can assist in grapevine selec-
tion, to guide photoreceptor-centric approaches on the basis of differences in UV-B-radiation acclimation ca-
pacity, and to support vineyard management under naturally variable UV-B conditions. These aspects are
increasingly important under current global climate change scenarios for such a widespread crop as grapevine.

1. Introduction conditions. Those studies that consider the effects of fluctuating
photosynthetically active radiation (PAR, 400-700 nm), typically sug-

Fluctuating light is ubiquitous over crops and forest canopies in gest that it is less efficiently used than steady PAR, because both the
natural environments (Durand and Robson, 2023), hence, plants must frequency and duration of fluctuations impact photosynthetic capacity
be adapted to use and respond to natural fluctuations in irradiance. (Durand et al., 2024; Vialet-Chabrand et al., 2017). Of those spectral
Despite this, most experiments are done under steady irradiance regions that fluctuate during the day, solar UV-B radiation (290-315
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nm) holds the highest energy photons reaching the biosphere. However,
the effects of fluctuating UV-B radiation on plant ecophysiology are not
routinely considered. This gap is critical under climate change, as factors
like cloud cover and aerosols overwhelmingly influence surface UV
irradiance (Barnes et al., 2023) and projections of increased UV radia-
tion compared with pre-depletion levels in tropical and mid-latitude
regions through 2100 (Bernhard et al.,, 2023; Lamy et al., 2019).
Moreover, even a slight change in the amount of incident UV-B radiation
at low irradiances can lead to the modulation of gene expression,
metabolite accumulation and physiological adjustments (Heijde and
Ulm, 2012; Robson et al., 2015). Because of this capacity to perceive and
respond to UV-B radiation, examining the effects of fluctuating UV-B on
acclimation processes may give us insight into how plants adjust their
metabolism and performance to a changing environment.

Grapevine (Vitis vinifera L.) is a light-demanding dicot plant, which is
an important berry crop around the world. Our previous study on the
most common grapevine cultivar, Cabernet Sauvignon, revealed that
while grapevines effectively acclimate to both steady and fluctuating
UV-B radiation, their photosynthetic acclimation response to fluctuating
UV-B radiation is weaker compared to steady UV-B (Su-Zhou et al.,
2024). Still, this research did not examine the effects of fluctuating UV-B
exposure over a longer period that would better reflect natural condi-
tions. Longer studies are absent from the broader literature (Su-Zhou
et al., 2024), although we know that young grapevine leaves are typi-
cally more UV-B-sensitive than older leaves. For example, a treatment of
8.04 kJ m 2 d! biologically weighted UV-B radiation reduced the
photochemical yield and increased photoprotective pigment accumu-
lation more strongly in 1-to-3-week-old leaves compared to 4-to-6-wee-
k-old leaves (Majer and Hideg, 2012). A better understanding of how
grapevine leaves acclimate to fluctuating UV-B radiation over their
lifespan is needed to reconcile the outcomes of previous studies, and
consider the long-term effects of UV-B radiation. Besides, since the ef-
fects of UV-B radiation on photosynthesis and metabolites are highly
dependent on the cultivar studied (Nunez-Olivera et al., 2006; Matus
et al., 2017), we would expect to find cultivar-specific acclimation to
fluctuating UV-B radiation, which may guide the strategies for the se-
lection of cultivars better adapted to increasingly variable conditions
under climate change.

Specific photoreceptors in plants have been identified to respond to
specific regions of sunlight from UV-B to far-red (Galvao and Fank-
hauser, 2015). The main photoreceptors are UV RESISTANCE LOCUS 8
(UVRS, for UV-B/UV-A regions); cryptochromes (CRYs, blue/UV-A);
phototropins (PHOTs, blue/UV-A); and phytochromes (PHYs,
red/far-red) (Banerjee and Batschauer, 2005; Briggs and Huala, 1999;
Rizzini et al., 2011; Quail, 2002). The absorption spectra of several of
these photoreceptors overlap, allowing them to create a coordinated
response when plants are exposed to the complex natural light envi-
ronment (Paik and Hugq, 2019). For example, three principal classes of
photoreceptor are involved in responses to UV radiation (UVR8, CRYs
and PHOTs). UVR8 mediates the photoprotection response, PHOTSs
regulate light capture, the movement of chloroplasts and stomata, while
CRYs regulate plant growth and photomorphogenesis (Guo et al., 1998;
Mao et al., 2005; Podolec et al., 2021; Xin et al., 2022). Yet, the extent is
still unclear to which these photoreceptors are involved in the differ-
ential response of photosynthesis and photoprotection to UV-B photons
supplied as fluctuating vs steady radiation. Likewise, how much each
photoreceptor may contribute to the overall response is still unknown.
Given the high functional conservation of photoreceptor pathways be-
tween Arabidopsis and grapevine (Carbonell-Bejerano et al., 2014; Liu
et al., 2024), studying this model system could provide a foundation for
future functional studies in grapevine. Additionally, multiple signalling
networks contribute to photosynthetic regulation, including reactive
oxygen species (ROS) signalling, thiol-redox signalling, 3-phosphoa-
denosine 5-phosphate (PAP), methylerythritol cyclodiphosphate
(MEcPP), and tetrapyrroles, phosphorylation cascades such as
mitogen-activated protein kinases (MAPK; Baier and Dietz, 2005; Chan
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et al., 2016; Hernandez-Verdeja and Strand, 2018). Among these, sugar
signalling plays an important role in feedback loops that respond to
environmental factors such as light (Henry et al., 2020; Lastdrager et al.,
2014). However, the role of photoreceptors in regulating photo-
assimilate pools under fluctuating UV-B radiation remains unexplored.

In our previous study only a single cultivar, Cabernet Sauvignon, was
chosen and the focus was on acclimation to UV-B radiation after leaf
maturation. In contrast, here we investigated how two distinct grape-
vine cultivars of Mediterranean origin, Tempranillo (a red grape) and
Viura (a white grape, also known as Macabeo), acclimate to fluctuating
and steady UV-B radiation over their lifespan. These cultivars are
cultivated across 219,379 ha and 38,625 ha of vineyards, respectively,
which represents 4.9 % (third place) and 0.9 % (20th place) of the total
grapevine area globally (Anderson and Nelgen, 2020). To associate
analogous responses to fluctuating UV-B radiation in grapevine and
Arabidopsis thaliana to specific photoreceptors, we also compared
photoreceptor-knockout mutants of Arabidopsis under the same experi-
mental conditions. Plants were grown under UV-B radiation treatments
applied as either fluctuating or steady radiation with equivalent daily
UV-B doses and their UV-B attenuated controls, and the consequences
for pigment accumulation, photosynthesis and photoassimilates were
assessed. The aim of this study is to investigate: (1) whether the differ-
ential responses to fluctuating and steady UV-B radiation vary among
the selected grapevine cultivars; (2) are photoreceptors involved in the
differential response of photoprotection, photosynthesis and photo-
assimilate to UV-B photons supplied as fluctuating vs steady radiation;
(3) what are the conserved photoreceptor-mediated mechanisms un-
derlying plant differential response to fluctuating and steady UV-B ra-
diation, as revealed by comparing the responses of grapevine with those
of photoreceptor-knockout mutants in Arabidopsis?

2. Materials and methods
2.1. Plant material and light treatments

One-year-old grapevine cuttings (Vitis vinifera L. cvs Tempranillo and
Viura) grafted to 110R rootstocks (Viveros Provedo, Logrono, Spain)
were planted in a 7:2:2 mix of peat:sand:vermiculite in 10 L pots. The
specific soil mixture used consisted of F6 peat (Kekkila, Helsinki,
Finland), blowing sand 0.5-1.2 mm (Weber, Helsinki, Finland), and
Agra-vermiculite 0-2 mm (Pull Rhenen, TX Rhenen, Netherlands). The
grapevines were grown in a greenhouse compartment from 06/10/2022
to 13/12/2022.

The following genotypes of Arabidopsis thaliana in a background of
Landsberg erecta (Ler) were used in this study: photl, uvr8, crylcry2,
uvr8crylcry2 and the wild type (WT). Their seeds, produced simulta-
neously under standard conditions, were stratified in water during 24 h
at 4 °C in darkness. After that, seeds were sown in a soil mixture: 1:1 mix
of B2 peat (Kekkila, Helsinki, Finland) and Agra-vermiculite 0-2 mm
(Pull Rhenen, TX Rhenen, Netherlands). The growth conditions were
12h/12h light/dark photoperiod under photosynthetically active radi-
ation (PAR; 220 pmol m~2 s71), 23 °C/19 °C day/night and constant
relative humidity at 60 %. When the first pair of leaves was visible, the
seedlings were transplanted to one plant per 6 x 6 cm plots and
continued growing under the same conditions.

Twenty days after transplanting, Arabidopsis plants were transferred
to the same greenhouse and grown from 02/01/2023 to 09/01/2023.
The design and implementation of the UV-B treatments and experi-
mental conditions were as described previously in Su-Zhou et al. (2024).
Briefly, four UV-B treatments were administered + 3 h from midday
(09:00 to 15:00) local time: (1: FUV) fluctuating UV-B radiation treat-
ment (1.96 £ 0.05 pmol photons m 2 s~! equivalent of 0.76 + 0.02 W
m~2s™1) followed an on/off 15 min/15 min cycle repeated during each
daily 6 h period of UV-B irradiation, and (2: cFUV) its no UV-B radiation
control treatment; (3: SUV) steady UV-B radiation treatment (0.98 +
0.06 pmol photons m~2 s~! equivalent of 0.38 + 0.02 W m 2 s™1), and
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(4: ¢SUV) its no UV-B radiation control treatment. The 15 min on/off
cycle falls within the documented range of natural sun/shade patterns
and is ecologically relevant (Smith and Berry, 2013). The total un-
weighted daily UV-B treatments under FUV and SUV were respectively
21.17 + 0.54 and 21.17 + 1.30 mmol m 2 day~! photon irradiance.
This is equivalent to biologically effective doses of UV-B radiation of
410 + 0.11 and 4.10 + 0.22 kJ m~2 day~! weighted according to
Caldwell’s Generalized Plant Action Spectrum normalized at 300 nm as
formulated by Green et al. (1974).

Three plants were grown under each of four light treatments in two
replicate compartments (i.e., 3 plants x 4 treatments x 2 replicate
blocks, giving a total of 24 plants for each grapevine cultivar and like-
wise for each Arabidopsis genotype). The spectral irradiance was recor-
ded (Fig. S1 and Table S1) with a calibrated array spectroradiometer
(Maya, 2000 Pro, Ocean Optics Inc., Dunedin, FL) using a protocol
devised for this purpose and detailed in Robson and Aphalo (2019). The
greenhouse air temperature was maintained at 25 °C/16 °C day/night
and relative humidity at 45 %/75 % day/night.

Plants were grown under LED lamps (AP67 and AP3, GreenLux Oy,
Helsinki, Finland; https://www.valoya.com/) giving steady PAR (270
pmol m~2 s71) from 05:00 to 21:00 for grapevines and from 06:00 to
18:00 for Arabidopsis (local time). The photoperiods of 16 h for grape-
vine and 12 h for Arabidopsis were selected based on their respective
photoperiodic requirements (Rai et al., 2020; Wang et al., 2014).

2.2. Measurements of photosynthetic parameters

The operating efficiency of photosystem II (¢psy) was measured by
mini-PAM (Walz GmbH, Effeltrich, Germany) under the light treatments
at which the plants were grown, and repeated three times at 08:30
(morning), 12:00 (midday) and 15:30 (afternoon) on each measurement
day. For grapevine, the measurements were performed on a mature
healthy leaf of each plant (on the fourth to sixth leaf from the base to the
apex) five times over 25 days, at five-day intervals, when the eighth
distal leaf (counting from the base to the apex) of every plant from each
grapevine cultivar was mature. This happened on November 3rd for
Tempranillo and on November 23rd for Viura (21 and 51 days, respec-
tively, after the UV-B treatments commenced). For Arabidopsis, the
measurements were performed on a mature healthy leaf from each plant
on the 1st (i.e., the day after transferring plants to the greenhouse), 4th,
and 7th day after the UV-B radiation treatment commenced.

The same leaf of grapevine as for ¢pg; measurement was used to
measure maximum quantum yield of PSII (Fy/Fp,), net photosynthetic
rate (Pp) and stomatal conductance (g;). Fy/Fy, was measured by mini-
PAM after 30 min of dark adaption before the daily UV-B radiation
began on every measurement day. The P, and g; were measured by a
total photosynthesis system LI6400XT infra-red gas analyser (LI-COR
Biosciences, Lincoln, NE, USA) with a transparent top window made of
cellulose diacetate film to measure under each light treatment. The
settings for LI6400XT were as follows: flow at 500 pmol s~%, block
temperature at 22 °C, leaf fan on fast, and reference CO; at 400 pmol
mol !, The measurement of P, and g, for both grapevine cultivars was
carried out between 09:30 to 11:00 a.m. on the fifth measurement day.

2.3. Measurements of leaf pigments

Optical indices of epidermal flavonols and chlorophyll content were
measured by Dualex Scientific + (FORCE-A, Paris, France; Cerovic et al.,
2012) on the same leaf used to obtain ¢pgy;. Measurements were repeated
three times at 08:30 (morning), 12:00 (midday) and 15:30 (afternoon)
on each measurement day for both grapevines and Arabidopsis.

2.4. Analysis of photoassimilates

Glucose, fructose, sucrose, and starch were analyzed from Arabi-
dopsis leaves harvested after the measurements of ¢pg; and pigments on
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the third measurement day (at 15:30 the end of the daily UV-B treatment
period). The same leaf chosen for ¢pg;; measurements was harvested,
frozen immediately in liquid nitrogen and then freeze-dried. Sugars and
starch were extracted and measured as described in Stitt et al. (1989).
The supernatants of ethanolic extracts were used to analyze glucose,
fructose and sucrose using a Megazyme Sucrose, D-Fructose and
D-Glucose kit (Megazyme, County Wicklow, Ireland). The insoluble
pellets were used to analyze starch (Stitt et al., 1989). Soluble sugars
(glucose, fructose and sucrose) were quantified and expressed on a dry
weight basis (ymol g~ DW). Starch content was converted to glucose
equivalents and expressed pmol glucose equivalents per gram dry
weight [pmol (Glu) g~ DW].

2.5. Data analysis

Statistical analyses were conducted in R version 4.1.3 (R Core Team,
2022). Linear mixed-effects models were used with the packages lme4
(Bates et al., 2015) and ImerTest (Kuznetsova et al., 2017). The two
replicate compartments were considered as a random-effect factor. A
Type Il ANOVA was used to investigate the specific effects on measured
parameters of treatments, Arabidopsis genotype or grapevine cultivar,
the time course (as measurement day), and their interactions. For pig-
ments and ¢pgyy, the effects of time of day and its interactions with other
factors were also investigated. The residuals of all linear mixed-effects
models were visually inspected for normality using Q-Q plots
(Fig. S2). Since the untransformed flavonol data in both grapevine and
Arabidopsis did not meet the normality criteria, a square-root trans-
formation was applied which improved the fit to normality. We were
interested in the difference between steady and fluctuating UV-B treat-
ments, and between UV-B treatments and controls, thus the adjusted
P-values (adj. P) were calculated for the following contrasts: FUV-SUV,
FUV-cFUV, SUV-cSUV, and cFUV-cSUV.

Relationships between metabolite contents and photosynthetic pa-
rameters were examined using linear regression models. In grapevine
leaves, the daily averages of flavonol and chlorophyll content, F,/F, and
¢psit of each replicate block were used for linear regression analysis.
Analysis of photoassimilates of Arabidopsis was performed in the leaves
sampled at the end of the daily UV-B treatment on the final measurement
day. This was compared against the last records of ¢pg;; taken on the
same day, and the average of each replicate block was calculated. Dif-
ferences were considered statistically significant when P < 0.05. Hier-
archical clustering analysis was conducted in Arabidopsis to investigate
the regulation of flavonol and chlorophyll accumulation and ¢pgy
mediated by photoreceptors, using the response ratios comparing UV-B
treatments to their respective controls.

3. Results

3.1. Comparative response of leaf pigments and photosynthesis to
fluctuating and steady UV-B radiation in Tempranillo and Viura

grapevines

Flavonol accumulation in grapevine leaves was affected by UV-B
treatment (F = 432.8, P < 0.001) and cultivar (F = 42.90, P < 0.001),
and their interactive effect was significant (F = 4.24, P = 0.006), but
without significant diurnal changes (F = 1.42, P = 0.241; Table S2A).
Considering the effect of fluctuating vs steady conditions and their
interaction with other factors, there was significantly higher flavonol
accumulation under SUV than FUV, especially in Viura (Fig. 1). Under
SUV, the relative effect of UV treatment vs its control in Tempranillo was
115.7 % higher (adj. P < 0.001) and in Viura 158.8 % higher (adj. P <
0.001), whereas under FUV the increase due to UV-B radiation was
121.9 % (adj. P < 0.001) more in Tempranillo and 92.98 % more (adj. P
< 0.001) in Viura (Table S2B).

Likewise, leaf chlorophyll content differed with cultivar (F = 15.07,
P < 0.001) and treatment (F = 7.16, P < 0.001), and their interactive
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Fig. 1. Epidermal flavonol and chlorophyll contents on a per leaf area basis in grapevine leaves grown under fluctuating and steady UV-B treatments and controls.
The y-axis scales are optical indices from Dualex Scientific + (arbitrary units). Measurements were taken under fluctuating UV-B radiation (FUV, dark purple) and its
attenuated UV-B controls (cFUV, light purple), steady UV-B radiation (SUV, dark green) and its attenuated UV-B controls (cSUV, light green). Data are the daily mean
+ SE across replicate blocks (n = 18 per panel). Shaded ribbons indicate the 95 % confidence intervals around the fitted line. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

effect was also significant (F = 11.05, P < 0.001; Table S3A). In Tem-
pranillo, FUV drove an increase in chlorophyll content, but SUV had no
significant effect, as respectively compared to cFUV (adj. P = 0.027) and
cSUV (adj. P = 0.662; Fig. 1). On the other hand, in Viura, the chloro-
phyll content in FUV was 7.8 % lower than in cFUV (adj. P = 0.011), but
in SUV chlorophyll content was 17.9 % higher than in cSUV (adj. P <
0.001), respectively (Table S3B). Overall, the effects of fluctuating and
steady UV on epidermal flavonol content were similar for both cultivars,
but the effects on chlorophyll were genotype specific.

There was a very small overall effect of UV-B radiation on the two
indicators of PSII function (Fig. 2; Tables S4 and S5A). Especially for F,/
Fp,, there was no significant effect of the treatment (F = 0.740, P =
0.529; Table S4). And for ¢pgy;, results differed between the two culti-
vars: in Tempranillo, no significant overall reduction in ¢pg;; was present
in the UV-B treatment compared with the controls in both treatments
SUV (adj. P = 0.721) and FUV (adj. P = 0.837); whereas in Viura, SUV
and FUV caused near-significant lower ¢pg;; compared to their respective
controls; cSUV (adj. P = 0.053) and cFUV (adj. P = 0.053; Table S5B). To
be more specific, in Viura, there was a small decline in ¢pgy; from the
second measurement day in both SUV and FUV compared to their con-
trols, meaning that by the fifth day, ¢psy was lower in SUV than their
controls by 4.53 % (0.76 + 0.01 vs 0.80 + 0.01) and in FUV by 5.8 %
(0.76 + 0.01 vs 0.80 £ 0.01; Fig. 2). In Tempranillo, chlorophyll content
was positively correlated with F,/F,, under FUV and cFUV (Fig. S3a).

There were also positive correlations between chlorophyll content and
¢ps under FUV, cFUV, and c¢SUV, but not under SUV (Fig. S3b). In
Tempranillo, significant positive correlations between flavonol content
and ¢ps;; were found only under the two control treatments, and flavonol
content was not related to Fy/Fp, (Fig. S3c and d). In contrast, neither
chlorophyll nor flavonol content were related to Fy/Fy, or ¢pgyy in Viura
(Fig. S3).

For photosynthetic rate (Py), recorded on the last measurement day
for each cultivar, there were no significant effects of UV-B treatment (F
= 2.39, P = 0.071), cultivar (F = 3.79, P = 0.053) and their interaction
(F =1.79, P = 0.150; Fig. 3a and Table S6A). On the contrary, UV-B
treatment (F = 16.05, P < 0.001) and cultivar (F = 47.80, P < 0.001)
both significantly affected stomatal conductance (g;), and there was a
strong interactive effect on gs between UV-B treatment and cultivar (F =
7.14, P < 0.001; Fig. 3b; Table S6A). In Viura, g was 142 % higher under
SUV (adj. P < 0.001) and 105 % higher under FUV (adj. P < 0.001)
compared to their respective controls (Fig. 3b; Table S6B). In addition, gg
was higher under steady than under fluctuating UV-B radiation in Viura.
However, no such differences were found in Tempranillo (Table S6B).
Overall, the results indicated that exposure to UV-B enhanced stomatal
conductance, but suppressed ¢psy, and that the effect was genotype-
specific, i.e., there were g differences in Viura, but not in Tempranillo.
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3.2. Photoreceptor-mediated differences in response of leaf pigments and
photosynthesis to fluctuating and steady UV-B radiation

Arabidopsis genotypes differed in their epidermal flavonol accumu-
lation (F = 46.08, P < 0.001; Fig. 4; Table S7A). Under control treat-
ments cFUV and cSUV, flavonol accumulation was lower in crylcry2 and
uvr8crylcry2 than in WT (cFUV: adj. P < 0.001, adj. P < 0.001; cSUV:
adj. P < 0.001, adj. P < 0.001) and uvr8 (cFUV: adj. P < 0.001, adj. P <
0.001; cSUV: adj. P < 0.001, adj. P < 0.001), and there was no signifi-
cant difference between WT and uvr8 (cFUV: adj. P = 0.868, cSUV: adj.
P = 0.341; Table S7B). Considering the effect of UV-B treatment (F =
8.55, P < 0.001), mean flavonol accumulation was respectively higher
by 91 %, 112 % and 119 % in SUV compared to cSUV in WT, phot1 and
crylcry2 (Table S7C). The flavonol content was also significantly higher
under FUV than cFUV in the same genotypes, it was increased by 57 %
and 61 % in WT and photl, and by 91 % in crylcry2. Moreover,
epidermal flavonol content was always higher under SUV than FUV in
those genotypes. Otherwise, SUV or FUV induced differences in uvr8 and
uvr8crylcry2 were less marked relative to their respective no UV-B
controls.

The genotypes also differed in their chlorophyll content (F = 198.4,
P < 0.001) and the interactive effect of UV-B treatment and genotype
was also significant (F = 3.06, P < 0.001; Fig. 4; Table S8A). Chlorophyll
content increased in FUV and SUV for WT and crylcry2 compared to
their respective controls. In contrast, the chlorophyll content was 11.9 %
lower under SUV compared to cSUV on average in uvr8 (adj. P < 0.001),
but there was no significant difference between FUV and cFUV (adj. P =
0.404; Table S8B). The chlorophyll content decreased strongly under
both FUV and SUV in uvr8crylcry2 as compared to their respective
controls (cFUV: adj. P < 0.001; cSUV: adj. P < 0.001).
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The genotype (F = 44.17, P < 0.001), treatment (F = 5.59, P =
0.001) and their interaction (F = 5.01, P < 0.001) had significant effects
on the ¢pgy (Fig. 5 and Table S9A). Although the FUV and SUV had no
significant effect on ¢pgy; in WT (adj. P = 0.661 and adj. P = 0.750), phot1
(adj. P =0.750 and adj. P = 0.055) and crylcry2 (adj. P=0.750 and P =
0.750) compared to their respective controls, for uvr8, ¢gps;; was lower by
5.7 % in SUV compared to cSUV (adj. P = 0.001; Table S9B). Likewise,
compared to each of the control treatments, the FUV and SUV negatively
affected ¢pgyy in uvr8crylcry2 (adj. P < 0.001 and adj. P < 0.001).

Generally, the response of flavonol accumulation differed from that
of chlorophyll accumulation and ¢pg); between FUV and SUV among the
different photoreceptor mutants. To gain a better understanding of the
suite of effects mediated by different photoreceptors, response ratios
between UV-B radiation treatments and their respective controls were
calculated for flavonol and chlorophyll contents, together with @pgyr.
These data were then used to create a hierarchical clustering analysis.
There were three main clusters of the results for epidermal flavonol
response ratios (Fig. 6a). The response ratios of epidermal flavonols in
WT and phot1 under SUV were higher than FUV indicating strong UV-B
effects under SUV (two clusters). In crylcry2, the response ratios under
FUV and SUV were similarly strong, and could be grouped in the same
cluster as WT and phot1 under SUV. In the third cluster, there were no
increases in flavonol accumulation caused by FUV or SUV in the mutants
lacking UVR8 (uvr8 and uvr8crylcry2).

Likewise, there were three main clusters of results of the chlorophyll
response ratio to UV treatments (Fig. 6b). Chlorophyll content was not
significantly decreased by FUV or SUV in WT, phot1 and crylcry2, nor by
FUV in uvr8; these response ratios were in a cluster together. However,
the response ratio of chlorophyll was lower in uvr8 under SUV, forming a
distinct cluster. This effect was more pronounced in uvr8cry1lcry2, where
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Fig. 4. Epidermal flavonol and chlorophyll contents on a per leaf area basis in Arabidopsis leaves grown under fluctuating and steady UV-B radiation. The y-axis
scales are optical indices from Dualex Scientific + (arbitrary units). Measurements were taken under fluctuating UV-B radiation (FUV, dark purple) and its attenuated
UV-B controls (cFUV, light purple), steady UV-B radiation (SUV, dark green) and its attenuated UV-B controls (cSUV, light green). Data are the daily mean + SE
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the ratios were much lower under both FUV and SUV. The results of
relative ¢pgy (Fig. 6¢) followed a similar pattern by treatment and ge-
notype to those for chlorophyll content. Among all genotypes, uvr8-
crylcry2 exhibited the greatest reductions in ¢psyy under both FUV and
SUV. In uvr8, relative ¢ps;; was lower under SUV than under FUV, and it
was also lower than that of the other genotypes under both UV-B
treatments.

3.3. Photoreceptor-mediated response of photoassimilates to fluctuating
and steady UV-B radiation

Both the UV-B treatment (F = 10.76, P < 0.001) and genotype (F =
6.21, P < 0.001) affected the starch content significantly in Arabidopsis
plants, and their interactive effect was also significant (F = 2.69, P =

0.004; Fig. 7a; Table S10A). Although starch content under both SUV
and FUV compared to their respective control was not significantly
different in WT (adj. P = 0.919 and 0.869) nor phot1 (adj. P = 0.739 and
0.657), SUV caused significantly less starch accumulation in uvr8 (adj. P
=0.005) and cryIcry2 (adj. P = 0.033) as compared to cSUV. In SUV and
FUV, there was also significantly reduced the starch content in uvr8-
crylcry2 respectively compared to cSUV (adj. P = 0.018) and cFUV (adj.
P < 0.001; Table S10B). Under control treatments, cFUV and cSUV,
starch content was lower in WT compared to uvr8 (by 20.16 % and
28.08 %), crylcry2 (by 18.22 % and 30.08 %) and uvr8crylcry2 (by
20.17 % and 21.76 %), while the glucose and fructose contents were
higher in WT compared to crylcry2 under cFUV (by 14.65 % and 62.36
%) and cSUV (28.85 % and 58.94 %; Fig. 7b and c; Table S11A and B;
Table S12A and B). In contrast, glucose decreased significantly in FUV
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and SUV as compared to their respective controls in photl (adj. P <
0.001 and adj. P < 0.001), uvr8 (adj. P = 0.001 and adj. P = 0.002) and
uvr8crylcry2 (adj. P < 0.001 and adj. P < 0.001). Likewise, fructose
decreased in WT and uvr8crylcry2 under UV-B. On the contrary, in-
creases in sucrose were recorded under UV-B radiation compared to no
UV-B control in all genotypes (Fig. 7d). Although there was no signifi-
cant difference between the sucrose content under FUV and SUV in WT
(adj. P =0.966), uvr8 (adj. P = 0.466) and uvr8crylcry2 (adj. P = 0.101),
the increase was smaller in SUV than in FUV for phot1 (adj. P = 0.002)
and crylcry2 (adj. P = 0.010; Table S13A and B).

Concerning the correlation between photosynthesis and photo-
assimilates, @psy; was positively correlated with starch accumulation in
uvr8 (r = 0.76; P = 0.030). Although the relationship was not statisti-
cally significant in uvr8crylcry2 (r = 0.46; P = 0.251), a similarly pos-
itive slope was observed (Fig. S4a). Otherwise, there were no significant
relationships between ¢pgy and glucose, fructose, or total sugar content
in any of the genotypes of Arabidopsis (Figs. S4b,c,d). However, in
uvr8crylcry2, there were non-significant positive trends between ¢pgy
and glucose (r = 0.635; P = 0.091) and fructose contents (r = 0.670; P =
0.069), and a negative trend between ¢pgy; and sucrose content (r =
—0.681; P = 0.063).

4. Discussion

4.1. Viura responds to both fluctuating and steady UV-B radiation more
strongly than Tempranillo

Flavonol accumulation in the leaf epidermis of both Tempranillo and
Viura was increased by our UV-B radiation treatments (Fig. 1). This
finding is consistent with previous studies of grapevines under UV-B
radiation (Berli et al., 2013; Del-Castillo-Alonso et al., 2016a). More-
over, the response of flavonols to UV-B radiation differed between the
two cultivars of grapevine: the increase in flavonol accumulation caused
by steady UV-B radiation was greater in Viura than in Tempranillo

(Fig. 1). This finding is in agreement with a past comparison of the two
cultivars growing outdoors under solar radiation, which found that
near-ambient UV-B radiation induced greater flavonol accumulation in
Viura than in Tempranillo (Nunez-Olivera et al., 2006).

Notably, we also found that epidermal flavonol content was greater
under steady UV-B compared to fluctuating UV-B in both these cultivars.
This finding represented a more sensitive response than that found in
mature leaves of Cabernet Sauvignon in our previous study, in which no
difference in flavonol content between fluctuating and steady UV-B ra-
diation was detected (Su-Zhou et al., 2024). This distinction may be a
cultivar-specific response, as our results suggest, but may also be partly
explained by the age of the grapevine leaves at the start of the UV-B
radiation treatments. Grapevines were grown under UV-B radiation
from dormant cuttings throughout bud development and flushing,
meaning that grapevine leaves in the present study were younger when
first exposed to the UV-B radiation treatments than those in our previous
study. We would thus expect that they would be more responsive to
UV-Bradiation (Majer and Hideg, 2012). In addition, the duration of this
experiment was also longer, which may have allowed more opportunity
for flavonol accumulation to diverge between the fluctuating and steady
UV-B radiation treatments.

Over the course of the experiment, a 5-6 % decline in ¢pgy was
caused by UV-B treatments for Viura but not Tempranillo. This effect
size is consistent with effects of solar UV radiation reported in the
literature (Jansen et al., 2010). This suggests that ¢pgy; is slightly more
sensitive to UV-B radiation in Viura than in Tempranillo (Fig. 2).
Although dynamic measurements through the whole experiment period
could offer more detailed information, we only selected the final mea-
surement day of each grapevine cultivar for gas exchange measurement,
because it reflected the cumulative effects of the treatments. Both Viura
and Tempranillo could maintain similar rates of P, and g with and
without UV-B radiation, implying that they are able to acclimate effec-
tively to the UV-B doses administered in our treatments (Fig. 2), which
were similar to those found under natural conditions where grapevines
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are cultivated (Del-Castillo-Alonso et al., 2016b). Given that the UV-B
sensitivity of crops may be related to their geographical provenance
(Del-Castillo-Alonso et al., 2016a; Rozema et al., 1997), this capacity is
consistent with the Mediterranean origin of both cultivars (Anderson
and Nelgen, 2020). In addition to screening UV radiation, flavonols
quench reactive oxygen species (ROS) produced by high energy photons
of UV-B, and as such may help plants to maintain photosynthetic effi-
ciency under oxidative stress conditions (Agati et al., 2012). For
example, a positive relationship between F,/F, values and flavonoid
content has been reported in Hordeum vulgare (Klem et al., 2015). We
found no evidence of such this general relationship in either Tempranillo
or Viura. However, the flavonol content in Tempranillo was positively
correlated with ¢ps;; under the control treatments but not under the
UV-B treatments (Fig. S3c and d), both cultivars attained high F,/Fp
values under both steady and fluctuating UV-B conditions. This suggests
that the photochemical efficiency is robustly protected by a suite of
mechanisms, and that the increase in protective capacity that flavonols
contributed forms part of an integrated acclimation response under
UV-B radiation. Direct measurement of ROS scavenging could validate
this assumption. Overall, despite the differences found between the two
cultivars, their levels of epidermal UV-absorbing compounds would be
expected to confer adequate protection for acclimation to the UV-B ra-
diation conditions imposed in our study. This information may be of use
to viticulture practices under changing UV-B conditions associated with
climate change. However, while the observed cultivar-specific responses
could inform selection in breeding programs, the genetic heritability of
these traits requires further validation.

4.2. Differential flavonol accumulation under fluctuating and steady UV-
B radiation is primarily mediated by UVR8 with a minor role for
cryptochromes

The metabolic responses of grapevines to UV-B radiation treatments
closely matched those of Arabidopsis thaliana Ler wild-type (WT), with
steady UV-B driving greater epidermal flavonol accumulation than
fluctuating UV-B in both species (Figs. 1 and 4). To provide potentially
mechanistic support for the grapevine results, we examined loss-of-
function mutants of Arabidopsis, which allowed us to assess how spe-
cific photoreceptors perceive UV-B radiation and mediate the observed
responses. Among photoreceptors, UVR8 mediates the acclimation
response to UV-B radiation, including flavonoid accumulation, in a dose-
dependent response (Jenkins, 2009; Rizzini et al., 2011; Vanhaelewyn
et al., 2019). This has also been found under natural conditions,
although the responses did not depend on the UV-B doses received by
the plants (Neugart et al., 2024). Consistent with previous findings, our
study showed that the absence of functional UVR8 negated any
UV-B-induced increase in flavonol accumulation in uvr8 and uvr8cryl-
cry2 under both UV-B treatments (Fig. 4). Higher epidermal flavonol
content under fluctuating UV-B compared to steady UV-B was recorded
in WT (possessing functional UVR8) but not in uvr8 or uvr8crylcry2
(Fig. 4). This result indicates that, in addition to its dependence on UV-B
dose (Jenkins, 2009; Rizzini et al., 2011), the extent of UV-B-dependent
regulation of flavonoids via UVR8 also differs according to whether
UV-B radiation is fluctuating or steady.

Considering blue-light photoreceptors, epidermal flavonol contents
in uvr8crylcry2 and crylcry2 were lower than in WT in controls lacking
UV-B radiation (Fig. 4). The LED growth-light spectrum used in our
experiment contained blue light, which is perceived by CRYs mediating
a flavonoid accumulation response (Brelsford et al., 2019). Previous
studies have found particularly weak flavonol accumulation response of
uvr8crylcry2 under UV-B radiation (Brelsford et al., 2019; Rai et al.,
2021), suggesting that CRYs contribute to flavonol accumulation under
UV-B radiation through crosstalk with UVR8 even though the CRY ac-
tion spectrum does not extend to the UV-B region (Rai et al., 2021).
Thus, in plants lacking only CRYs (cryIcry2), UV-B exposure consistently
increased flavonol accumulation under both fluctuating and steady
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UV-B treatments (Fig. 4). This is consistent with the action spectrum of
cryptochromes in stimulating flavonol accumulation under blue light
and UV-A radiation, but not UV-B radiation (Brelsford et al., 2019; Rai
et al., 2021).

To better identify whether the role of the studied photoreceptors was
different under fluctuating and steady UV-B radiation, we inspected the
responses of mutants for differences from the WT under these two UV-B
treatments. The flavonol accumulation response in crylcry2 was more
similar to the WT under steady UV-B than under fluctuating UV-B ra-
diation (Fig. 6a). This suggests that CRY-dependent changes in flavonol
accumulation are sensitive to fluctuations in UV-B radiation. Photo-
morphogenic response of UV-B acclimation via UVR8 is regulated by the
monomerization of homodimeric UVR8 into an activated state under
UV-B radiation, after which the negative feedback regulators
REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1) and RUP2
facilitate UVR8 ground-state reversion by re-dimerization (Podolec
et al., 2021). Accordingly, the absence of either CRY1 or CRY2 sup-
presses the gene expression of RUP1 and RUP2 (Tissot and Ulm, 2020).
Thus, in our study during the fluctuating UV-B radiation treatment, the
period with no UV-B between UV-B doses may provide recovery op-
portunities allowing for the re-dimerization of the active UVR8 mono-
mer. This would potentially explain the lower flavonol accumulation
under fluctuating UV-B than steady UV-B (Fig. 8). Alternatively, in
plants lacking CRYs the reversion of active UVR8 to the ground state
may be suppressed, this would potentially lead to prolonged stimulation
of flavonol accumulation as if under steady UV-B radiation. Although
few studies have investigated the effects of fluctuating UV-B on flavonol
biosynthesis in grapevines, a cultivar-dependent effect of UV-B radiation
on flavonol accumulation has been reported (Nunez-Olivera et al.,
2006). Our study suggests that grapevine cultivars respond with varying
sensitivity to fluctuating vs steady UV-B radiation.

UVRS8-dependent regulation of photosynthetic capacity and photo-
assimilate accumulation is stronger under steady UV-B radiation than
under fluctuating UV-B radiation.

The UV-B-induced patterns of chlorophyll accumulation and ¢psy
mediated by the photoreceptors examined here in Arabidopsis differed
from those of flavonol accumulation (Figs. 4 and 5). There is little
experimental evidence that chlorophyll accumulation or ¢ps;; depend on
UVR8 under UV-B radiation, although generally inadequate photo-
protection or antioxidant defence can lead to chlorophyll degradation
(Podolec et al., 2021; Brelsford et al., 2019; Hermanowicz et al., 2019).
In plants lacking UVR8, we did find a decline in chlorophyll content
(11.9 %) and ¢psyy (5.7 %) under steady but not under fluctuating UV-B
radiation (Figs. 4 and 5). This result suggests that the acclimation to
steady UV-B radiation conferred by functional UVR8 can allow a higher
chlorophyll content to be maintained. Other mechanisms of photo-
protection, such as non-photochemical quenching, partially compensate
for the lack of functional UVR8 under moderate UV-B radiation
(Leonardelli et al., 2024; Morales et al., 2025), and these may operate
during the recovery period in fluctuating UV-B. This would provide
plants lacking functional UVRS8 the opportunity to alleviate the oxida-
tive stress imposed during the period of UV-B radiation, thus main-
taining similar photosynthetic capacities.

We tested whether blue-UV-A photoreceptors CRYs and PHOTSs play
any role in acclimation to fluctuating UV-B radiation through crosstalk
with UVRS. Functional cryptochromes are also important in the accli-
mation of plants to UV-B radiation under solar radiation, wherein plants
typically receive increased UV-A radiation and blue light together with
UV-B radiation. Our results corroborated findings that even in the
absence of UVR8, CRYs can serve to promote UV-B acclimation (Rai
et al., 2019). However, the joint absence of UVR8 and CRYs is lethal in
Arabidopsis under UV-B radiation (Rai et al., 2019; Morales et al., 2025),
as was evident in the reduced chlorophyll content and ¢pg in our UV-B
treatments in uvr8crylcry2 (Figs. 4 and 5). Although phototropins can
improve photosynthetic efficiency (Xin et al., 2022) and through chlo-
roplast movements they affect the amount of solar radiation absorbed by
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Fig. 8. Schematic suggesting the potential interplay of UVR8 and cryptochromes (CRYs) under steady vs fluctuating UV-B radiation treatments. Long-term effects of
UV-B radiation (steady UV-B or during the UV-B-on periods of fluctuating UV-B), homodimeric UVR8 monomerizes into its active form triggering photomorphogenic
responses. Negative feedback regulators REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1) and RUP2 subsequently promote UVRS re-dimerization, returning
it to the ground state (Podolec et al., 2021). The absence of CRYs suppresses the expression of RUP1 and RUP2, thereby impeding UVRS reversion (Tissot and Ulm,
2020). Under fluctuating UV-B radiation, the UV-B-off periods may allow recovery through re-dimerization of UVRS, leading to lower flavonol accumulation in leaves
compared with steady UV-B exposure. In contrast, under steady UV-B or in CRY-deficient plants during UV-B-absent periods, limited UVR8 reversion may result in

prolonged activation and continuous flavonol accumulation.

the leaf according to its spectral composition (Hermanowicz et al.,
2019), functional PHOT1 is reported to only increase ¢pg;; under blue
light but not UV-A radiation (Brelsford et al., 2019). Similarly, we did
not find evidence of such an effect under either steady or fluctuating
UV-B radiation in our experiment.

There is evidence that starch degradation is supported by CRYs in
Solanum lycopersicum (Dong et al., 2021). Consistent with this finding,
we found higher starch content in those mutants lacking CRYs (cryIcry2
and uvr8crylcry2) compared to WT under no UV-B (control conditions).
While previous studies have reported that UV-B radiation can reduce
starch accumulation (Fagerberg and Bornman, 1997; Fagerberg, 2007),
our UV-B treatments did not significantly decrease starch in either WT or
photl mutants (Fig. 7a). However, in the mutants uvr8 and cryIcry2, less
starch accumulated under steady UV-B than fluctuating UV-B. This
result is consistent with findings in grapevine (Vitis vinifera cv Cabernet
Sauvignon), where the effect of UV-B radiation in reducing starch con-
centrations was smaller under fluctuating UV-B compared to steady
UV-B (Su-Zhou et al., 2024). These similarities between the response of
Arabidopsis and grapevine suggest that even without functional UVR8
and CRYs, starch degradation may occur normally under steady UV-B,
but less so under fluctuating UV-B. Building on these findings of
photoreceptor roles under UV-B radiation in Arabidopsis, future studies
should specifically examine whether UVR8 and CRYs of grapevine
exhibit the differential regulation patterns under steady vs fluctuating
UV-B radiation as observed in Arabidopsis, establishing a mechanistic
hypothesis that connects photoreceptor signalling to carbohydrate
metabolism, as this knowledge could inform strategies for enhancing UV
resilience in grapevine cultivars.

Moreover, in the uvr8crylcry2 mutant, the starch concentration was
lower (together with ¢pg) under both steady and fluctuating UV-B
treatments (Fig. S4). Hence the absence of both functional UVR8 and
CYRs, not only reduced photosynthetic capacity, but also the storage of

10

carbohydrates under both steady and fluctuating UV-B radiation.
Additionally, sucrose, the primary transport carbohydrate, increased
across all genotypes under UV-B exposure (Fig. 7). This contrasting
response between starch and sucrose suggests that UV-B radiation may
alter the balance between storage and transport carbohydrates, poten-
tially influencing source-sink relationships. These findings align with a
previous study by Vidovic et al. (2015), which reported that UV-B ra-
diation promotes carbon allocation from source to sink tissues. Although
it has been established that carbon partitioning is influenced by light
(Heuvelink et al., 2025), implying a potential role of photoreceptors in
its regulation, the specific functions of relevant photoreceptors remain
unclear. The observed reduction in starch accumulation, coupled with
increased sucrose levels, may reflect enhanced export of photo-
assimilates from source to sink (Fig. 7). Both UVR8 and CRYs may play
more prominent roles under steady UV-B conditions than under fluctu-
ating regimes.

5. Conclusion

Comparing the response of two grapevine cultivars to fluctuating and
steady UV-B radiation, we found that Viura (a white grape cultivar) had
a stronger response involving higher epidermal flavonol accumulation
and depression of ¢psy compared with Tempranillo (a red grape
cultivar). There were no large differences in the response to fluctuating
and steady UV-B radiation of the same median dose, but slightly greater
accumulation of epidermal flavonol sunscreen occurred under steady
UV-B treatments, while slightly less inhibition of photosynthetic yield
was maintained under fluctuating UV-B treatments. This response in
grapevine was consistent with that found in Arabidopsis, which was
employed to identify the underlying processes behind these patterns of
responses. We found that UVRS, and to a lesser extent cryptochromes,
mediated reductions of a similar magnitude in flavonol accumulation
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under fluctuating and steady UV-B radiation. The regulatory role of
cryptochromes in photoassimilate accumulation appeared stronger
under steady UV-B than under fluctuating UV-B radiation, since the
reduction of starch accumulation in crylcry2 was greater under steady
UV-B. Understanding the role of UVR8 and CRYs in responses to solar
UV-B radiation, which fluctuates natural in plant canopies, can guide the
selection and cultivation of grapevine cultivars with a predictable
response to variable UV-B conditions. This knowledge is particularly
relevant in the context of climate change and changes in aerosol pollu-
tion affecting UV radiation exposure, as well as serving to guide viti-
cultural practice such as selective defoliation.
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