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Abstract

This study determines the functional role of the plant ultraviolet‐B radiation (UV‐B)

photoreceptor, UV RESISTANCE LOCUS 8 (UVR8) under natural conditions using a

large‐scale ‘synchronized‐genetic‐perturbation‐field‐experiment’. Laboratory experi-

ments have demonstrated a role for UVR8 in UV‐B responses but do not reflect the

complexity of outdoor conditions where ‘genotype × environment’ interactions can

mask laboratory‐observed responses. Arabidopsis thaliana knockout mutant, uvr8‐7,

and the corresponding Wassilewskija wild type, were sown outdoors on the same

date at 21 locations across Europe, ranging from 39°N to 67°N latitude. Growth and

climatic data were monitored until bolting. At the onset of bolting, rosette size, dry

weight, and phenolics and glucosinolates were quantified. The uvr8‐7 mutant

developed a larger rosette and contained less kaempferol glycosides, quercetin

glycosides and hydroxycinnamic acid derivatives than the wild type across all
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locations, demonstrating a role for UVR8 under field conditions. UV effects on

rosette size and kaempferol glycoside content were UVR8 dependent, but

independent of latitude. In contrast, differences between wild type and uvr8‐7 in

total quercetin glycosides, and the quercetin‐to‐kaempferol ratio decreased with

increasing latitude, that is, a more variable UV response. Thus, the large‐scale

synchronized approach applied demonstrates a location‐dependent functional role

of UVR8 under natural conditions.

K E YWORD S

flavonoid, glucosinolate, metabolite, plant morphology

1 | INTRODUCTION

The effects of light on plants are multifaceted, with light being both

an important source of information and energy, as well as a potential

stressor. Plants perceive the information content of light by sensing

its spectral composition, intensity, photoperiod and direction. This

information is used to steer growth and development (Chen et al.,

2004; Chory, 2010; de Wit et al., 2016; Kami et al., 2010), including

the biochemical make‐up of the plant (Peters et al., 2018; Yang et al.,

2018). There is ample evidence that ultraviolet‐B radiation (UV‐B;

280–315 nm) is, along with UV‐A (315–400 nm), visible and far‐red

light, an important regulator of plant growth and secondary

metabolite profiles. UV‐B promotes UV protection and influences

metabolism, development and plant defense (Demkura & Ballaré,

2012; Jenkins, 2009). Using classical indoor experiments, the UV‐B

photoreceptor, UV RESISTANCE LOCUS 8 (UVR8), has been

identified and was found to mediate changes in gene expression,

growth and development, morphology and stomatal function at low

fluence rates of UV‐B (Brown & Jenkins, 2008; Brown et al., 2005; Di

Wu et al., 2012; Favory et al., 2009; Kliebenstein et al., 2002; Rizzini

et al., 2011). Furthermore, UV‐B induces accumulation of a set of

metabolites protecting the sensitive macromolecules from the

detrimental effects of UV, including flavonoids, terpenoids, alkaloids,

glucosinolates, polyamines and tocopherols (Agati & Tattini, 2010;

Hectors et al., 2007, 2014; Ibdah et al., 2002; Kusano et al., 2011;

Schreiner et al., 2012; Stracke et al., 2010). It was also demonstrated

that UVR8 mediates the accumulation of these metabolites by

regulating key genes involved in their synthesis (Brown et al., 2005;

Favory et al., 2009; Morales et al., 2013).

UVR8 is highly conserved, being present throughout the plant

kingdom, as well as in green algae (Fernández et al., 2016), suggesting

a critical, albeit largely unknown, function for plant life in the

terrestrial environment (Findlay & Jenkins, 2016). Experiments

performed in controlled chambers, greenhouses and/or sun simula-

tors that used artificial UV sources revealed that uvr8mutants display

a changed phenotype compared with their wild‐type counterparts

when exposed to UV‐B radiation (Arongaus et al., 2018; Bernula

et al., 2017; Besteiro et al., 2011; Brown et al., 2005; Demkura &

Ballaré, 2012; Favory et al., 2009; Wargent et al., 2009). However,

our knowledge of the functional role of UVR8 under natural solar

conditions is rudimentary and is obtained from only a few studies that

monitored growth and development of uvr8 mutants outdoors for

relative short periods (Coffey et al., 2017; Stockenhuber et al., 2024).

It can be questioned whether there will be a discernable phenotype

for uvr8 mutants in the natural environment, given that the function

of UVR8 is modulated by interactions with other photoreceptor

signalling pathways, including the phytochrome and cryptochrome

pathways (Huang et al., 2013; Mazza & Ballaré, 2015; Podolec & Ulm,

2018; Rai et al., 2019, 2020; Tissot & Ulm, 2020). For example,

outdoor studies revealed the complex function of UVR8 in UV‐A‐ and

UV‐B‐driven signalling pathways (Morales et al., 2013), and the

synergistic interaction of the cryptochrome‐ and UVR8‐mediated

molecular pathways in regulating acclimation to environmental stress

conditions (Stockenhuber et al., 2024). At present, it is not known to

what extent interactions with other environmental factors under

outdoor conditions will mask UVR8 function. Most indoor studies

have deduced the regulatory function of UVR8 under artificial

conditions, often optimized for growth, and with a few hours a day of

relatively high UV‐B fluence rates in relation to low visible light. In

contrast, the natural radiation environment is highly complex and

characterized by rapid, and often unpredictable, changes in UV‐B

(Barnes et al., 2015, 2016; Moriconi et al., 2018). Furthermore, these

changes in UV‐B can be accompanied by equally rapid changes in

other environmental parameters, including UV‐A and total radiation,

temperature and relative humidity. The effects of exposure to these

environmental changes may mask any UVR8‐mediated effect, or

cause complex interactive effects, which may be synergistic, additive

or antagonistic (Jansen et al., 2019). Indeed, recent studies have

found that effects of UVR8 were limited to enhancement of

accumulation of UV‐absorbing pigments under wintery outdoor

conditions where plants were exposed to natural UV‐B irradiation

(Coffey et al., 2017) or an increase of plant fitness and survival rate

(Stockenhuber et al., 2024). Such a restricted role for UVR8 appears

to contradict the evolutionary conservation of UVR8. Therefore, the

overarching aim of this study was to analyse the functional role of

UVR8 under a comprehensive range of complex, dynamic, natural

environments that represent a natural gradient of UV irradiances. To

this end, two genotypes that only differ in their functionality of UVR8
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were cultivated outdoors at 21 locations throughout Europe. In this

synchronized, genetic field perturbation experiment, we determined

the importance of the UV‐B receptor for growth, biomass production

and accumulation of the UV‐protecting pigments, flavonoids and

glucosinolates. Collectively, our data reveal how UVR8 contributes to

plant acclimation under ambient, natural environmental conditions.

2 | MATERIALS AND METHODS

2.1 | Geographic and meteorological conditions

A total of 21 European locations were selected along a latitudinal and

longitudinal gradient (Figure 1 and Supporting Information S1:

Table S1). These locations were ordered numerically from 1 to 21

along a latitudinal gradient from north Rovaniemi (Finland, 66.50°N)

to south Xàtiva/Valencia (Spain, 38.99°N); a linear distance of over

3000 km. The longitudinal gradient was from Cork (Ireland, 8.49°W)

to Joensuu (Finland, 29.77°E). This represents a substantial part of

the natural distribution area of Arabidopsis thaliana in Europe.

Geographic data (latitude and longitude) were combined with

meteorological data. As temperature and light conditions are highly

variable under outdoor conditions, we calculated the average

temperature (AvTemp) from daily averages and defined maximal

and minimal temperatures (daily maximum temperature [dMaxTemp],

daily minimum temperature [dMinTemp]), and total radiation in

MJm−2 day−1 (Rad) over the period from sowing till harvest. Total

radiation includes the UV‐B, UV‐A and PAR spectral regions. These

data were collected from the closest weather station to the plants’

cultivation site (Supporting Information S1: Table S1).

2.2 | Plant materials and genotypes

The original nonsense uvr8‐7 mutant in Arabidopsis accession Wassi-

lewskija (Ws) (Favory et al., 2009) was backcrossed with Ws to remove

the proHY5:LUC reporter. The F2 was selected for the absence of the

hygromycin resistance associated with the reporter construct using both

growth assays and polymerase chain reaction (PCR). The presence of F2

seedlings homozygous for the uvr8‐7 point mutation was determined by

PCR and sequencing. For genotyping, DNA was extracted with the

cetyltrimethylammoniumbromid method (Hauser et al., 1998) and used

for a Web‐based allele‐specific PCR (Wangkumhang et al., 2007) assay

with the following conditions: the PCR reaction contained 1µL of DNA,

5 pmol of each primer (uvr8‐7_5g63860mutF/uvr8‐7_5g63860R for the

mutant and uvr8‐7_5g63860wtF/uvr8‐7_5g63860R for the wild‐type

allele), 200µM dNTPs and the 2× Accustart II PCR ToughMix (Quantabio)

in a total reaction volume of 10µL. The PCR conditions were an initial

denaturation step of 3min at 94°C and 35 cycles with 94°C/10 s,

63°C/15 s, 72°C/1min, followed by the last extension phase at 72°C for

3min. The amplicons were separated on 2% agarose gels. For sequencing,

the PCR used the primers uvr8‐7_5g63860R/5g63860uvr8‐7F_T7

(Supporting Information S1: Table S2).

Seeds of both wild type and uvr8‐7 plants were collected from

plants grown under the same conditions, at the same time, in the

same laboratory. Also, seeds were harvested at the same time. After

harvest, all seeds were after‐ripened for 1 month at room

temperature and the seed stocks were subsequently distributed to

all the participating laboratories.

2.3 | Set‐up of the synchronized genetic field
perturbation experiment

At each of the 21 locations, ~400 seeds of each genotype were directly

sown in trays containing prewetted soil, on the same day (7 April 2014) at

all locations. Identical soil was used at all locations (Einheitserde

ED63 T Profi substrate with natural clay (loam) and peat, pH 5.5–6.5,

90–270mg/L nitrogen, 120–360mg/L phosphorus, 120–360mg/L

potassium, obtained from Patzer GmbH and Co. KG). Similarly, identical

trays (18× 13.3 ×6.2 cm) were used at all locations. The trays contained

~1.2 L soil and had holes at 1.5 cm from the bottom for drainage. The

surface of the trays was covered with cotton mesh (Muslin). At each

location and for each genotype, four individual trays (replicates) were

sown, with each tray containing 100 seeds. The trays were placed on

brown cardboard (~10 cm extra cardboard around each of the trays)

outdoors on tables, walls, terraces or roofs, to minimize access by

herbivores. The places of the trays were chosen as to maximize the sky

view factor to minimize unpredictable microclimatic effects. The trays

were checked daily and watered when necessary. The eight trays were

positioned in four groups of two, each group comprised both genotypes.

Germination time, that is, first appearance of seedlings with visible

cotyledons was recorded. When more than 50% of the seedlings of

both genotypes had two true leaves the Muslin mesh was removed

simultaneously from all trays. Seedlings were thinned at the four‐leaf

stage so that seedlings were about 2.0–2.5 cm apart and evenly

distributed in the trays. Thinning was repeated if the rosettes started to

overlap each other. Photographs of the trays were taken at the same time

of the day, every week as well as at thinning and harvest (Figure 2).

Photographs were used to follow the development of the rosettes as part

of the quality control of the experiment. When at least three plants per

tray started to bolt, that is, inflorescence buds were visible, the following

actions were taken: (1) the rosettes were harvested at local noon (highest

Sun position); (2) the number of days from sowing to harvest was

recorded; (3) the number of plants per tray was noted; (4) fresh weight

was determined and (5) the rosettes were frozen in liquid nitrogen.

Rosettes from the same tray were pooled, lyophilized and sent to one

common laboratory (Leibniz Institute) for metabolite analysis.

2.4 | Growth measurements

Growth measurements were all done in the same laboratory (Dept. of

Applied Genetics & Cell Biology, University of Natural Resources &

Life Sciences), using photographs taken by the different teams on

each site. Photographs were taken perpendicular above each tray at

THE SIGNIFICANCE OF UVR8 UNDER NATURAL CONDITIONS | 3
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the time of thinning and at the onset of bolting. ImageJ software

(Schneider et al., 2012) was employed to measure the radius of each

rosette as the distance from the apical meristem to the tip of the

three longest leaves and the average was calculated. All teams used

the same trays and each image showed the full tray and a ruler as a

scale for facilitating rosette size measurements. Dry weight (DW) per

tray was determined using lyophilized material, and the overall

weight was divided by the number of plants harvested per tray, to

obtain the DW per plant. On average, 26 plants per tray were

harvested thus the data presented correspond to about 105 plants

per genotype and location and in total 4400 plants.

2.5 | Analysis of phenolic compounds

All phenolic compounds were analysed according to Neugart et al.

(2015) with the following modifications. Lyophilized Arabidopsis leaf

tissue (3–10mg) was extracted with 600 µL of 60% aqueous

F IGURE 1 Geographic location of the 21 European sampling locations used in this study. Red dots mark the sampling locations, numbered
from north to south, Rovaniemi (1), Joensuu (2), Ås/Oslo (3), Örebro (4), Copenhagen (5), Grossbeeren (6), Cork (7), Ghent (8), Vienna (9), Munich
(10), Szeged (11), Geneva (12), Ljubljana (13), Bordeaux (14), Florence (15), Pisa (16), Pamplona (17), Logroño (18), Girona (19), Madrid (20) and
Xàtiva/Valencia (21). The map was created using mapchart.net. See Supporting Information S1: Table S1 for latitude and longitude data.
[Color figure can be viewed at wileyonlinelibrary.com]
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methanol in a thermoshaker for 40min at 20°C. The extract was

centrifuged at 41 000g for 10min at the same temperature and the

supernatant was collected in a reaction tube. This process was

repeated twice with 300 µL of 60% aqueous methanol for 20 and

10min, respectively; the three supernatants per sample were

combined. The extract was evaporated under vacuum until it was

dry and was then suspended in 200 µL of 10% aqueous methanol.

The extract was centrifuged at 9259g for 5min at 20°C through a

Corning® Costar® Spin‐X® plastic centrifuge tube filter (Sigma

Aldrich Chemical Co.) for the high‐performance liquid chromatogra-

phy (HPLC) analysis. Each extraction was carried out in duplicate.

Phenolic composition (hydroxycinnamic acid derivatives and flavonol

glycosides) and contents were determined using a series 1100 HPLC

(Agilent Technologies) equipped with a degaser, binary pump,

autosampler, column oven, and photodiode array detector. An

Ascentis® Express F5 column (150mm× 4.6mm, 5 µm, Supelco)

was used to separate the compounds at a temperature of 25°C.

Eluent A was 0.5% acetic acid and eluent B was 100% acetonitrile.

The gradient used for Eluent B was 5%–12% (0–3min), 12%–25%

(3–46min), 25%–90% (46–49.5min), 90% isocratic (49.5–52min),

90%–5% (52–52.7 min), and 5% isocratic (52.7–59min). The deter-

mination was conducted at a flow rate of 0.3 mLmin−1 and a

wavelength of, respectively, 320 and 370 nm for hydroxycinnamic

acid derivates (HCA), and nonacylated flavonol glycosides. The HCA

derivatives and all major flavonol glycosides were identified as

deprotonated molecular ions and characteristic mass fragment ions

according to Schmidt et al. (2010) and Saito et al. (2013) by

HPLC–diode‐array detection/electrospray ionization multistage mass

spectrometry (HPLC‐DAD‐ESI‐MSn) using an Agilent series 1100 ion

trap mass spectrometer in negative ionization mode. Nitrogen was

used as the dry gas (10 Lmin−1, 325°C) and the nebulizer gas (40 psi)

with a capillary voltage of −3500 V. Helium was used as the collision

gas in the ion trap. The mass optimization for the ion optics of the

mass spectrometer for quercetin was performed at m/z 301 or

arbitrarily at m/z 1000. The MSn experiments were performed in auto

up to HPLC‐DAD‐ESI‐MS3 in a scan from m/z 200–2000. Standards

(chlorogenic acid, quercetin 3‐glucoside and kaempferol 3‐glucoside;

Roth) were used for external calibration curves.

2.6 | Glucosinolate analysis

Contents of all major glucosinolates in Arabidopsis rosettes were

determined in the same laboratory as phenolic compounds, using a

modified method according to DIN EN ISO 9167‐1 (Wiesner et al.,

2013). A sample of 5 mg of powdered plant material plus 100 µL of

0.1 mM 2‐propenyl glucosinolate (BCR‐367R, Community Bureau of

Reference, Brussels) as the internal standard was extracted with

750 µL of 70% (v/v) methanol at 70°C. The preparation was boiled

for 10min and then centrifuged (2250g) for 5 min at room

temperature. The supernatant was decanted and the residue was

re‐extracted twice with 500 µL of hot 70% methanol each time. The

pooled extracts were loaded onto a mini column containing 500 µL of

DEAD‐Sephadex A‐25 that had been conditioned with 2M acetic

acid and washed with 6M imidazole formate. After loading, the

column was washed with 0.02M sodium acetate buffer. Finally,

75 µL of an aryl sulfatase solution (Sigma‐Aldrich) was added and the

preparation was incubated overnight. Desulfo‐glucosinolates were

eluted with water and analysed by HPLC using a Merck HPLC system

(Merck‐Hitachi) with a Spherisorb ODS2 column (Bischoff; particle

size 5 µm, 250mm× 4mm). HPLC conditions were as follows:

Solvent A, MilliQ water; Solvent B, 20% v/v acetonitrile in MilliQ

water; Solvent C, 100% acetonitrile. The 60min run consisted of 1%

(v/v) B (2 min), 1%–20% (v/v) B (34min), a 6min hold at 20% (v/v) B,

20% B to 100% (v/v) C (2 min), a 5 min hold at 100% (v/v) C,

100% (v/v) C to 1% (v/v) B (2 min) and finally a 10min hold at

1% (v/v) B. Separation and quantification were conducted at a

flow rate of 0.7 mLmin−1 and a wavelength of 229 nm. Desulfo‐

glucosinolates were identified based on comparison of retention

times and UV absorption spectra with those of known standards.

Additionally, desulfo‐glucosinolates were previously identified in

Brassica species by HPLC‐ESI–MS2 using Agilent 1100 series (Agilent

Technologies) in positive ionization mode (Krumbein et al., 2005;

F IGURE 2 A representative photo of trays from one location
(Logroño) at harvest showing the two Arabidopsis genotypes used
(top, uvr8‐7 mutant; bottom, Wassilewskija [Ws] wild type).
[Color figure can be viewed at wileyonlinelibrary.com]
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Zimmermann et al., 2007). Glucosinolate content was calculated

using 2‐propenyl glucosinolate as an internal standard and the

response factor of each compound relative to 2‐propenyl glucosino-

late (Brown et al., 2003).

2.7 | Statistical analyses

Exploratory data analysis found that the data did not meet all

assumptions of normality (Shapiro–Wilk test) and homoscedasticity

(Levene test), thus non‐parametric tests (Kruskal–Wallis or

Mann–Whitney) were used to test the effect of genotype. Spearman

correlation coefficients (r) were used to examine the relationships

between all the geographic, meteorological and physiological

variables. Genotypes and locations were each described using

different principal components analyses (PCAs). In the first PCA,

the geographic, meteorological, and physiological variables were

plotted. Among the physiological variables, growth (rosette size, DW),

periods from sowing to germination and flowering, and content of

each of the four metabolite families (glucosinolates, flavonol

glycosides, anthocyanins and HCA derivatives) were used. For this

purpose, metabolite families instead of individual compounds were

selected because most compounds belonging to each family were

significantly correlated. In the second PCA, only physiological

variables were plotted, specifically growth variables and individual

metabolite compounds. Thus, the influence of latitude and its

correlated meteorological (temperatures, radiation) and developmen-

tal (periods from sowing to germination and harvest) variables was

excluded. Statistical procedures were performed with either PAST

(Hammer et al., 2001) or SPSS 24.0 for Windows (SPSS Inc.).

3 | RESULTS

3.1 | Geographical and meteorological variables

The 21 locations chosen are spread throughout Europe (Figure 1) and

presented a broad range of meteorological conditions (Supporting

Information S1: Table S1). The AvTemp during the cultivation period

varied from 4.77°C to 18.43°C at the northern and southern

extremes of the gradient, respectively (Locations 1 and 21). Total

radiation (Rad) measured varied from 13.31 to 23.95MJm−2 day−1

between northern and southern locations. Overall, AvTemp, dMax-

Temp, dMinTemp and Rad were significantly (at least p < 0.05) and

negatively correlated with latitude (Figure 3). The distance and

elevation difference between sampling locations and corresponding

weather stations is relatively low (Supporting Information S1:

Table S1), yet it is recognized that these differences may result in a

slight mismatch between reported weather conditions and conditions

experienced by the plants. However, against a backdrop of large

latitudinal trends in temperatures and radiation we consider this

discrepancy to be relatively minor (Supporting Information S1:

Table S1). Furthermore, the impacts of possible microclimatic effects

were reduced by growing wild type and uvr8‐7 plants next to one

another, and by standardizing all other materials for plant growth

(see Section 2).

3.2 | Development and growth parameters

The period from sowing to germination for both genotypes varied

between 4 and 32 days at Locations 21 and 2, respectively (Figure 1),

while the period from sowing to flowering (harvest) varied between

23 and 57 days at Locations 21 and 1, respectively (Supporting

Information S1: Table S3). Interestingly, the uvr8‐7 mutant had

developed slightly larger rosettes than the wild type at the times of

thinning and harvest (Figures 2 and 4, and Supporting Information S1:

Table S3). The rosette DW at harvest showed a similar trend.

3.3 | Metabolite composition of the examined
plant genotypes

A total of 21 abundant secondary metabolites were analysed in the

wild type and uvr8‐7 above ground biomass: nine glucosinolates (five

aliphatic and four indolic), four kaempferol glycosides, four quercetin

glycosides, one anthocyanin, and three HCA derivatives (Supporting

Information S1: Table S4). Chemical analysis of phenolic compounds

by HPLC‐MSn revealed the presence of the HCA derivative sinapoyl‐

glucoside as well as quercetin and kaempferol di‐ and triglycosides

containing one rhamnose sugar moiety and quercetin and kaempferol

di‐ and triglycosides with two rhamnose sugar moieties.

In plant material from all locations, and from both genotypes, the

measured amounts of total glucosinolates were nearly eightfold

greater than the total amount of phenolic compounds. Aliphatic

glucosinolates were more abundant than indolic glucosinolates (84%

vs. 16%, respectively, of total glucosinolates) (Figure 5 and Support-

ing Information S1: Table S4). Among phenolic compounds, kaemp-

ferol glycosides (representing 63% of total flavonoids) were more

abundant than quercetin glycosides (37%) and the only anthocyanin

found (<1%) (Figure 5). Finally, HCA derivatives were less abundant

than total flavonoids (Figure 5). The content of diglycosides was

generally higher than the content of triglycosides in both wild type

and uvr8‐7 plants.

The contents of total HCA derivatives as well as kaempferol and

quercetin glycosides containing one rhamnose moiety were consis-

tently higher in the wild type compared to uvr8‐7 plants. Similarly,

contents of quercetin glycosides with two rhamnose moieties were

higher in the wild type; however, this does not apply to the kaempferol

dirhamnose contents, which are the same in both genotypes (Figure 5).

Analysis of the contents of several representative individual quercetin

glycosides revealed relatively low contents of individual glycosylated

quercetins in the uvr8‐7 mutant, compared to the wild type (Figure 6).

The quercetin to kaempferol ratio was higher in the wild type than in

the uvr8‐7 mutant, reflecting the relatively high level of quercetin

glycosides in wild type compared to the uvr8‐7 mutant.

6 | NEUGART ET AL.
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F IGURE 3 Selected correlations between the geographical,
meteorological and physiological variables for two genotypes, uvr8‐7
mutant and the corresponding Wassilewskija (Ws) wild type.
Significant (p < 0.01 and 0.01 < p < 0.05) correlations are shown:
Positive (red and orange, respectively) and negative (dark and light
blue, respectively). AvTemp, average temperature (°C); d_Germ,
number of days from sowing to germination; d_Harv, number of days
from sowing to harvest (flowering); dMaxTemp, daily maximum
temperature (°C); dMinTemp, daily minimum temperature (°C);
Glucobrassicin, 3‐Indolylmethylglucosinolate; K3diglc7Rha,
kaempferol 3‐diglucoside 7‐rhamnoside; K3Rut7Glc, kaempferol
3‐rutinoside 7‐glucoside; Lat, latitude (°N); Long, longitude (°E);
Neoglucobrassicin, 1‐methoxy‐3‐indolylmethylglucosinolate; OHfer,
hydroxy‐feruloyl‐glucoside; Q3diglc7Rha, quercetin 3‐diglucoside
7‐rhamnoside; Rad, total radiation (MJm−2 day−1). [Color figure can
be viewed at wileyonlinelibrary.com]

F IGURE 4 Boxplots of (a) dry weight (DW) per plant at harvest and rosette size at (b) thinning (four‐leaf stage) and (c) harvest, in the two
Arabidopsis genotypes used (Wassilewskija [Ws] wild type and the mutant uvr8‐7). Box, upper and lower quartiles; line, median; whiskers,
10% and 90% percentiles. The p value for Mann–Whitney test is shown to compare groups.

Contents of indole glucosinolates were also higher in the wild

type, mainly due to depressed 3‐hydroxypropyl glucosinolate and

3‐indolylmethylglucosinolate contents in the uvr8‐7 mutant. There

were no differences in the overall aliphatic glucosinolate content

between the two genotypes (Figure 5).

3.4 | Effect of latitude and associated
meteorological variables

Regarding both genotypes examined, latitude was positively corre-

lated with the length of the periods from sowing to germination and

from sowing to harvest (p < 0.01) (Figure 3). Thus, with higher latitude

(and correspondingly lower temperature and radiation), the time

periods required for germination and flowering were longer.

However, latitude and its meteorological covariables average,

maximal and minimal temperature and total radiation were not

correlated with plant growth variables (rosette size, DW) or with the

overall contents of glucosinolates, flavonoid glycosides and HCA

derivatives in any genotype (Supporting Information S1: Table S5).

However, although no correlations were observed over the period

from germination to harvest, it can't be excluded that short‐term

weather variations modify plant growth variables at specific

locations.

In the wild type, several individual compounds (hydroxyferuloyl-

glucoside, quercetin 3‐diglucoside 7‐rhamnoside, and kaempferol

3‐rutinoside 7‐glucoside) were significantly positively correlated with

temperature (either average, maximum and/or minimum) and/or

radiation, whereas neoglucobrassicin, a glucosinolate, was negatively

correlated with radiation (Figure 3). In particular, quercetin

3‐diglucoside 7‐rhamnoside was negatively correlated with latitude

and positively with AvTemp, dMaxTemp, dMinTemp and Rad.

However, no consistent correlation between meteorological variables

and metabolites was found in uvr8‐7 (Figure 3 and Supporting

Information S1: Table S5).

To study in more detail the effect of latitude on the differences

between both genotypes, the differential accumulation of secondary

metabolites across both genotypes was analysed as a function of

latitude (Figure 7). There was a negative correlation between latitude

and content of total flavonoids and total quercetin glycosides in wild

type versus uvr8‐7. Thus, at higher latitudes the difference in total

flavonoids and total quercetin glycosides between wild type and uvr8‐7

THE SIGNIFICANCE OF UVR8 UNDER NATURAL CONDITIONS | 7
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were relatively small. Similarly, the total quercetin to total kaempferol

ratio was also latitude dependent, with differences between the two

genotypes being relatively large at lower latitudes, and small at higher

latitudes. However, there was no correlation between latitude and

differential contents of total kaempferol glycosides, total HCA

derivatives, and total glucosinolates between the two genotypes. Thus,

in more southerly locations (with higher temperatures and radiation)

wild‐type plants accumulated (1) relatively more total flavonoids and

total quercetin glycosides, and (2) had a higher quercetin to kaempferol

ratio compared to uvr8‐7 plants.

3.5 | Detailed analysis of patterns in the
multiparameter data set

Relationships between variables for each of the two genotypes grown at

the 21 locations were assessed through two different PCAs. In the first

PCA (Figure 8), all the geographic, meteorological and physiological

variables were considered. The accumulated variance explained by the

first two axes was 56% (34% for axis I and 22% for axis II). In the biplot

constructed using these two axes, the locations broadly segregated along

Axis I related to latitude and its associated meteorological and

developmental variables. Latitude and the periods from sowing to both

germination and flowering were significant loading factors for the

negative part of Axis I, whereas AvTemp was the most significant loading

factor for the positive part of Axis I. Thus, the northerly and colder

locations, where plant development was slower, were found towards the

negative part of the axis, whereas the more southerly and warmer

locations, where plants developed faster, clustered toward the positive

part. The only metabolite group acting as a loading factor for axis I was

HCA derivatives, indicating a trend for higher HCA contents in plants at

southern locations, with lower latitudes and higher AvTemp values

(although HCA content was not correlated with latitude or AvTemp, see

Figure 7 and Supporting Information S1: Table S5). The two genotypes

were hardly differentiated by the first axis, and thus near vertical lines

joined the two genotypes at each location.

Regarding Axis II (Figure 8), flavonol glycosides (and the anthocyanin)

were the most significant loading factors for its positive part, whereas the

three growth variables (the rosette size at both thinning and harvest,

together with the DW per plant at harvest) were significant factors for

the negative part. Hence, axis II clearly separated the two genotypes for

each location, based on the smaller size and higher flavonol glycosides

contents of wild‐type plants in comparison with uvr8‐7 plants.

In the second PCA (Supporting Information S1: Figure S1), we only

used growth variables and the contents of individual metabolites, to test if

the ordination of locations and genotypes would remain the same as in

the first PCA, once the influences of latitude and its associated

meteorological (temperatures and radiation) and developmental variables

(periods from sowing to germination and harvest) were excluded. The

cumulative variance explained by the first two axes was very similar to

that found in the first PCA (35% for Axis I and 22% for Axis II, for a total

of 57%). In the plot generated using these two axes, the ordination of the

locations was much more blurred than in the first PCA (Figure 8),

although the differentiation of the two genotypes remained clear. Most

phenolic compounds (quercetin glycosides, kaempferol glycosides, the

quercetin and kaempferol ratio, the anthocyanin and some HCA

derivatives) were the most significant loading factors for the

positive part of Axis I, whereas one HCA derivative (sinapic acid) and

the rosette size at harvest were the most significant loading factors for

the negative part. Thus, wild type and uvr8‐7 plants were mostly situated

towards the positive and negative parts of Axis I, respectively, due to the

higher contents of phenolic compounds in wild type than in uvr8‐7

(Figure 5). Regarding Axis II, glucosinolates were significant loading factors

for its positive part, whereas there was no clear loading factor for its

negative part. Neither locations nor genotypes were clearly separated

along Axis II.

4 | DISCUSSION

4.1 | Unique field study across a wide latitude
gradient

Here, a nonsense mutant of the UV‐B photoreceptor UVR8 (uvr8‐7)

and its corresponding wild‐type accession were used to test the

functional importance of UVR8 under field conditions across a

latitudinal gradient of 27° (around 3000 km of linear distance). This

gradient is even longer (almost double) than previous gradients used

to study effects of UV radiation on grapevine (Castagna et al., 2017;

Del‐Castillo‐Alonso et al., 2016) and covers almost the entire area of

Europe where natural Arabidopsis populations have been found (Beck

et al., 2008; Fournier‐Level et al., 2011; Hancock et al., 2011; Lee

et al., 2017; Alonso‐Blanco et al., 2016). This latitudinal gradient

encompasses substantial natural variation in meteorological parame-

ters, including temperature, and solar radiation (Supporting Informa-

tion S1: Table S1). Thus, the experimental setup facilitates the study

of UVR8 function in relation to diverse environmental parameters.

The role of UVR8 has rarely been tested under field conditions

(Coffey et al., 2017; Findlay & Jenkins, 2016; Stockenhuber et al.,

2024) and never across such a wide climatic‐latitudinal gradient. This

study reveals clear genotypic effects across diverse environments,

Thus, the different behaviour of the two genotypes across different

environments demonstrated a crucial role of UVR8 in controlling

both phenotypic variables (plant size) and secondary plant metabolite

composition, notwithstanding that the function of UVR8 is modu-

lated by interactions with other photoreceptor signalling pathways

(Huang et al., 2013; Mazza & Ballaré, 2015; Morales et al., 2013;

Podolec & Ulm, 2018; Rai et al., 2020). Yet, this study also shows how

the functional role of UVR8 is context dependent, with differential

effects on metabolites being latitude dependent.

4.2 | Genotype‐dependent rosette morphology

The longer time periods from sowing to germination and from

sowing to flowering are concordant with the slower development

8 | NEUGART ET AL.
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F IGURE 5 (See caption on next page).

THE SIGNIFICANCE OF UVR8 UNDER NATURAL CONDITIONS | 9
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for the uvr8‐7 mutant and the wild‐type plants at higher latitudes,

corresponding to lower temperature and radiation (Figure 3).

However, the results revealed that the uvr8‐7 mutant was not only

able to grow under natural, solar conditions, despite lack the UVR8

photoreceptor, but it also produced larger rosettes than the wild

type (Figure 4 and Supporting Information S1: Table S3). This

occurred irrespective of latitude, temperature, and radiation

conditions, as shown by (1) the lack of correlations between

geographic‐environmental variables and plant biomass and mor-

phology (Figure 3 and Supporting Information S1: Table S5); and (2)

the similar distances between both genotypes in the PCA

performed (Figure 8), irrespective of latitude and associated

climatic variables.

A ‘dwarfing’ effect of an activated functional UV‐B regulatory

pathway on morphology is commonly reported in laboratory studies

(Robson et al., 2015). Here, it is revealed that such a response is also

found in complex, outdoor environments, such as in the present

study (i.e. the wild type is here smaller under ambient UV‐B exposure

than uvr8‐7). This outcome is particularly interesting since many

other environmental factors, such as light quality (Sommer et al.,

2023), high salinity (Navarro et al., 2007), low temperature (Rodríguez

et al., 2015) and drought (Rodríguez‐Calzada et al., 2019), are all

F IGURE 5 Boxplots of the different classes of plant secondary metabolites analysed at harvest in the two Arabidopsis genotypes used
(Wassilewskija [Ws] wild type and the mutant uvr8‐7): (a) total quercetin glycosides, (b) total kaempferol glycosides, (c) quercetin to kaempferol
ratio, (d) total hydroxycinnamic acid (HCA) derivatives, (e) total indolic glucosinolates and (f) total aliphatic glucosinolates. Box, upper and lower
quartiles; line, median; whiskers, 10% and 90% percentiles. The p value for Mann–Whitney test is shown to compare groups.

F IGURE 6 Correlations between metabolite contents of the two Arabidopsis genotypes (Wassilewskija [Ws] wild type and mutant uvr8‐7).
(a) Q3Rut7Rha, quercetin 3‐rutinoside 7‐rhamnoside; (b) Q3diglc7Rha, quercetin 3‐diglucoside 7‐rhamnoside; (c) Q3Rha7Rha, quercetin
3‐rhamnoside 7‐rhamnoside; (d) Q3Rha7Glu, quercetin 3‐rhamnoside 7‐glucoside. For each compound, an x–y plot is shown using mean
contents measured in wild type and uvr8‐7 plants as x and y coordinates, respectively. Different dots correspond to different locations, and their
position relative to the x = y dashed line indicates whether mean contents differed between the two genotypes (dot on the line) or were higher in
wild type than in uvr8‐7 plants (dot under the dashed line). Linear fits of the wild type–uvr8‐7 data pairs are shown as a solid line, with their
respective slopes and confidence intervals of the model fit, and p values (n = 21).

10 | NEUGART ET AL.
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known to alter plant morphology in a similar fashion but despite this

did not mask this UV response. Thus, the data in this study reveal the

relative importance of UV‐B radiation and its perception in inducing

morphological changes across a wide range of environments. In this

context, the ‘dwarfing’ effect could be interpreted as an indirect

trade‐off ‘cost’, in the form of altered growth parameters associated

with activity of the UVR8‐dependent regulatory pathway. Con-

versely, it could be argued that ‘dwarfing’ directly contributes to

protection from UV‐radiation stress, or even has a more‐indirect role

in protecting against other environmental factors such as drought

(Jansen et al., 2022).

UV radiation increases with decreasing latitude (Aphalo et al.,

2012). However, the data in this study do not show a parallel, latitude

dependent increase in morphological ‘dwarfing’ of the plants. Thus,

‘dwarfing’ is dependent on UVR8 but not on latitude. It is argued that

the overall effect of UV radiation on plant morphology is qualitative

rather than quantitative, depending on the UVR8 photoreceptor, but

not on the UV‐B dose received by the plant.

F IGURE 7 The effect of latitude on the differential accumulation of metabolites (a), total flavonoids; (b), total quercetin glycosides; (c), total
kaempferol glycosides; (d), the quercetin to kaempferol ratio; (e), total hydroxycinnamic acid (HCA) derivatives; and (f), total glucosinolates) in
the two Arabidopsis genotypes (Wassilewskija [Ws] wild type and mutant uvr8‐7). The probability that a difference between the two
genotypes is linearly dependent on latitude is shown (p value).

THE SIGNIFICANCE OF UVR8 UNDER NATURAL CONDITIONS | 11

 13653040, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pce.15008 by T

est, W
iley O

nline L
ibrary on [18/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4.3 | Genotype‐dependent changes in secondary
plant metabolite profiles

The contents of all flavonoids and HCA derivatives were higher in

wild type than in uvr8‐7. Flavonoids and HCA derivatives are groups

of compounds that are frequently enhanced by UV radiation and

implicated in protection against UV exposure. Hence, the results

confirm that the UVR8 photoreceptor plays a key role in regulating

accumulation of flavonoids and HCA derivatives, even under variable

environmental conditions that, as potential promoters of phenolic

biosynthesis themselves (Cheynier et al., 2013), could mask, or even

overwhelm, UV effects at the scale typically found under controlled

laboratory conditions.

The higher quercetin to kaempferol ratio in the wild type

compared to uvr8‐7 comprises a quantitative effect that links the

presence of functional UVR8 to specific changes in the flavonoid

profile. Polyhydroxylated quercetin glycosides have higher anti-

oxidant activity compared to monohydroxylated kaempferol

glycosides (Majer et al., 2014) and, therefore, the accumulation

of quercetin glycosides has been linked to stress‐resistance. The

synthesis of quercetin from kaempferol requires a flavonoid

hydroxylation step, which is usually performed by a cytochrome

P450 flavonoid monooxygenase, associated to a cytochrome

P450 reductase, and utilizing O2 and NADPH (Leonard et al.,

2006). Furthermore, UVR8, via Myb12, induces expression of

flavonol synthase to a greater extent than that of flavonol

3′‐hydroxylase, responsible for the conversion of kaempferol into

quercetin (Mehrtens et al., 2005). This may lead to a lower

proportion of hydroxylated flavonols (Martínez‐Lüscher et al.,

2014). The results presented here demonstrate the importance of

UVR8 in mediating this conversion from kaempferol to quercetin

under widely different environmental conditions. Furthermore,

there are certain quercetin glycosides that only accumulate in

wild type plants and not uvr8‐7: here, the wild type was

particularly enriched in quercetin 3‐rhamnoside 7‐rhamnoside

and quercetin 3‐diglucoside 7‐rhamnoside. Likewise, indoor

experiments also found UV‐induced increases in quercetin

3‐rhamnoside 7‐rhamnoside as well as quercetin 3‐diglucoside

7‐rhamnoside (as well as some kaempferol glycosides) in

Arabidopsis (Neugart et al., 2019). Taken together, this may

imply that expression of the flavonol 7‐O‐rhamnosyltransferase

encoding gene UGT89C1 is UVR8‐dependent (Hectors et al.,

2014), which would mean that the UV‐B photoreceptor controls

multiple aspects of flavonoid biosynthesis.

F IGURE 8 Ordination, through principal components analysis (PCA), of the two genotypes (Wassilewskija [Ws] wild type, blue dots, and
mutant uvr8‐7, red dots) at the 21 locations of the present study, using geographic, meteorological and physiological variables. The two
genotypes for each location are joined by arrows to show their relative places. The significant loading factors for the positive and negative parts
of each axis, together with their corresponding significance levels, are shown (***p < 0.001; **p < 0.01; *p < 0.05). The accumulated variance by
Axes I and II was 34% and 22%, respectively. Each tick mark on axes I and II represents 0.5 units. Anth, anthocyanin; AvTemp, average
temperature in the period from sowing to harvest; d_Germ, days from sowing to germination; d_Harv, days from sowing to harvest (flowering);
DW, dry weight per plant at harvest; HCA, hydroxycinnamic acid derivatives; Lat, latitude; size_Thin and size_Harv, rosette size at thinning
(four‐leaf stage) and harvest, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
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4.4 | Latitude dependent changes in metabolite
profiles

Differences in metabolite contents between genotypes were latitude

dependent for total flavonoids, quercetin glycosides and the quercetin‐

to‐kaempferol ratio. Wild‐type plants accumulated relatively more total

flavonoids and quercetin glycosides than uvr8‐7 plants in more southerly

locations (with higher temperatures, higher global and UV radiation).

Compared to uvr8‐7 plants, wild‐type plants also accumulated relatively

more quercetin glycosides than kaempferol glycosides, at more southerly

locations. Hence, the lower the latitude, the larger the impact of UVR8.

At present, it remains to be seen whether the variable size of the

response represents a quantitative UVR8 photoreceptor response, or

rather interactive, downstream effects of UVR8 and other environmental

factors such as temperature and global radiation. Earlier studies reported

that the accumulation of UVR8 monomers, required for active UVR8‐

mediated signalling, is temperature dependent (Findlay & Jenkins, 2016).

Furthermore, accumulation of specific metabolites also showed a strong

correlation with temperature (Figure 3 and Supporting Information S1:

Table S5), an observation that is consistent with the published literature.

For example, Coffey and Jansen (2019), and Pescheck and Bilger (2019)

showed significant effects of temperature on quercetin accumulation in

outdoor experiments. Thus, temperature is a possible environmental

factor that can modulate the extent of UV responses.

Kaempferol glycoside contents were not affected by latitude,

although quercetin glycoside contents are (Figure 7). Kaempferol is a

precursor to the biosynthesis of quercetin and it is possible that

plants accumulate a pool of kaempferol, which is only converted to

quercetin when required, for example during UV exposure. This

suggestion is in agreement with quercetin being both a better

antioxidant (Majer et al., 2014) and a better peroxidase substrate

(Yamasaki et al., 1997) than kaempferol.

Just one indole glucosinolate, neoglucobrassicin, displayed a slight

negative radiation‐associated response. UV‐B‐driven glucosinolate speci-

ation is known to rely on functional PDX (pyridoxine, vitamin B6)

(Neugart et al., 2020), a step which potentially uncouples glucosinolate

content from UVR8 activity. Furthermore, some classes of glucosinolates

(e.g., aliphatic glucosinolates) are less responsive to environmental factors

than others (e.g., indole glucosinolates) (Bohinc & Trdan, 2012).

Consistently, it was found that overall, glucosinolate contents did not

differ substantially between genotypes, and as a function of geographic‐

environmental variables. Their relatively constitutive expression is

consistent with a predominant role as deterrent against herbivores and

pathogens, rather than in UV protection.

5 | CONCLUSION

This study revealed the functional role of the plant UV‐B

photoreceptor, UVR8 using a large‐scale synchronized genetic‐

perturbation field experiment. Under realistic, and highly varied, field

conditions, it was found that the uvr8 mutation had a strong impact

on morphology and contents of hydroxycinnamic acid derivatives,

glycosylated quercetins and kaempferols, as well as the quercetin to

kaempferol ratio, in Arabidopsis. Thus, the functional importance of

the UVR8 photoreceptor is notable under varied, natural environ-

mental conditions notwithstanding the presence of other environ-

mental signalling pathways that might have otherwise been expected

to mask UVR8 effects.

The quantitative effect of functional UVR8 on contents of total

flavonoids, total quercetin glycosides and the quercetin‐to‐kaempferol

ratio is variable and increased with decreasing latitude. At present it

remains to be seen whether the variable effect is causally linked to a

corresponding quantitative UVR8 response, or rather whether interactive

effects of UVR8 and other environmental factors such as temperature

and global radiation modulate UV responses. Conversely, UVR8‐mediated

effects on morphology and kaempferol glycoside contents were similar

across a large latitudinal‐climatic gradient, suggesting that these effects

are qualitative; that is, the effect does not depend on the UV‐B doses but

only on the presence of the photoreceptor. It appears that under field

conditions both of these UVR8‐mediated effects are evident in the

phenotype. Thus, this study not only reveals a functional role for the

UVR8 photoreceptor under natural conditions, but it also indicates, thus

far, unknown levels of regulatory control.
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