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Abstract

Main conclusion UVB radiation caused irradiance-dependent and target-specific responses in non-UVB acclimated
Lemna minor. Conceptual toxicity pathways were developed to propose causal relationships between UVB-mediated
effects at multiple levels of biological organisation.

Abstract Macrophytes inhabit waterways around the world and are used in hydroponics or aquaponics for different purposes
such as feed and wastewater treatment and are thus exposed to elevated levels of UVB from natural and artificial sources.
Although high UVB levels are harmful to macrophytes, mechanistic understanding of irradiance-dependent effects and asso-
ciated modes of action in non-UVB acclimated plants still remains low. The present study was conducted to characterise the
irradiance-dependent mechanisms of UVB leading to growth inhibition in Lemna minor as an aquatic macrophyte model.
The L. minor were continuously exposed to UVB (0.008—4.2 W m~2) and constant UVA (4 W m~2) and photosyntheti-
cally active radiation, PAR (80 umol m~2 s™!) for 7 days. A suite of bioassays was deployed to assess effects on oxidative
stress, photosynthesis, DNA damage, and transcription of antioxidant biosynthesis, DNA repair, programmed cell death,
pigment metabolism and respiration. The results showed that UVB triggered both irradiance-dependent and target-specific
effects at multiple levels of biological organization, whereas exposure to UVA alone did not cause any effects. Inhibition of
photosystem II and induction of carotenoids were observed at 0.23 W m~2, whereas growth inhibition, excessive reactive
oxygen species, lipid peroxidation, cyclobutane pyrimidine dimer formation, mitochondrial membrane potential reduction
and chlorophyll depletion were observed at 0.5-1 W m~2. Relationships between responses at different levels of biological
organization were used to establish a putative network of toxicity pathways to improve our understanding of UVB effects
in aquatic macrophytes under continuous UVB exposures. Additional studies under natural illuminations were proposed
to assess whether these putative toxicity pathways may also be relevant for more ecologically relevant exposure scenarios.
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LOEI Lowest observed effect irradiance
LPO  Lipid peroxidation

MMP Mitochondrial membrane potential
NPQ  Non-photochemical quenching
PAR  Photosynthetically active irradiation

qP Coefficients of photochemical quenching
ROS  Reactive oxygen species

Introduction

Ultraviolet radiation (UVR) is an important type of non-
ionizing solar radiation and is known to cause detrimen-
tal, positive and regulatory effects in different organisms.
UV-mediated effects are highly wavelength dependent, the
ratio of UVR to photosynthetically active irradiation (PAR)
and the organisms’ baseline tolerance and susceptibility for
UVR (Bornman et al. 2019; Williamson et al. 2019). As
a part of the electromagnetic spectrum, UVR comprises
about 8-9% of the solar irradiance at the top of the atmos-
phere (Whitehead et al. 2000). The solar UVR reaching the
ground can be divided into UVB (280-315 nm) and UVA
(315-400 nm), where solar UVB is partly absorbed by the
ozone layer, whereas UVA is unaffected by ozone. In the
past few decades, depletion of atmospheric ozone has in par-
ticular led to concern for enhanced UV radiation at earth’s
surface due to reduction in the UV absorption properties of
ozone. Although the average of total globally ozone in recent
years (2014-2017) remains only 2.2% below the average
of the 1964—1980 period (Bais et al. 2019), the biological
impact of UVB on organisms is a still a major scientific
topic as it has been proposed by the Environmental Effects
Assessment Panel (EEAP) that climate change makes the
ecosystems more vulnerable to effects of UV radiation on
a number of biotic and non-biotic targets (Bernhard et al.
2020). Artificial UVB is also being increasingly used for
disinfection and disease control in a number of technical
applications (Stouvenakers et al. 2019). Undoubtedly, it is
still important to improve the mechanistic understanding of
the irradiance-dependent effects of UVB on organisms.

It is recognized today that UVR affects plant growth by
regulating key physiological processes such as (among oth-
ers) auxin and gibberellin production, photosynthesis, pig-
ment formation and integrity (Rozema et al. 1997; Roro
et al. 2017). Exposure to low levels of UVR can induce
natural defense mechanisms in plants to prevent damage
to plant cells, including biosynthesis and accumulation of
UV-absorbing or screening compounds (Cockell and Know-
land 1999). Enhanced UV, and in particular UVB, can also
induce adverse effects in plants, typically under a high UVB
to PAR ratios and elevated UVB levels (Teramura and Sul-
livan 1994). In general, elevated UVB can cause damage
to cell membranes and DNA, lead to the generation of
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reactive oxygen species (ROS) and ultimately disrupt cel-
lular homeostasis (Hideg et al. 1994). Among the many
biological effects observed, reduced photosynthesis rates
and subsequently reduced primary production are the most
severe effects reported. Despite the increasing amount of
data on the effects of UVR on terrestrial plants, there is
limited knowledge on the effects of UVR on aquatic plants
and the causal relationships between effects occurring at dif-
ferent levels of biological organization.

In freshwater ecosystems, the common duckweed L.
minor is widely distributed and an important species in the
aquatic food webs (Talukdar et al. 2013). Due to its rapid
reproduction rate in limited space, L. minor is especially
suitable for use in short-term laboratory studies (Radi¢ et al.
2011) and field monitoring approaches (Coors et al. 2006).
Among the freshwater primary producers, L. minor as a
floating macrophyte may have higher probability for being
exposed to elevated UVB irradiance as they live at the water
surface where irradiation is high. Farooq et al. (2000) have
also proposed that L. minor is sensitive to artificial UVB and
suggested it used as a sentinel species for impact assessment
of enhanced UVB irradiance under standardized laboratory
conditions. In addition, L. minor has gained popularity in
aquaculture and wastewater treatment processes, either as
a supplemental protein resource for feeding domestic ani-
mals and fish (Ekperusi et al. 2019), or as a biological fil-
ter to reduce harmful substances (Velichkova and Sirakov
2013). In this respect, aquatic (and terrestrial) plants may
be cultivated under modified or artificial light conditions,
potentially with elevated UVB irradiance for phytopathogen
control (Suthaparan et al. 2017; Rivas-Garcia et al. 2020). In
such cases, plants may temporarily receive high UVB irra-
diance without prior acclimation, a condition which might
induce physiological changes in the plants that affect bio-
mass production. However, the knowledge of how molecu-
lar and cellular changes induced by UVB affect growth and
development in plants is still poorly developed and thus war-
rants further investigation.

The objective of the present study was to characterize the
biological impacts of elevated UVB levels in L. minor under
standard aquatic toxicity test conditions and investigate the
potential toxic and/or regulatory mechanisms across different
levels of biological organization. In this respect, non-UVB-
acclimated L. minor was exposed for 7 days to elevated UVB
irradiances (0.23-4.2 W m™?) together with a constant UVA
irradiance (4 W m~2) and PAR (80 pmol m2s7! approx.)
under growth conditions defined by the OECD Test guide-
line 221 (OECD 2006). Continuous artificial illumination
with low UVA and PAR was used to reduce the influence
of light- and dark-driven repair mechanisms to characterise
(and accentuate) the adverse effects and modes of action
(MoAs) of UVB in this aquatic plant. A number of biologi-
cal endpoints were determined to assess the effects of UVB
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on reactive oxygen species (ROS) formation, lipid peroxi-
dation (LPO), mitochondrial membrane potential (MMP),
photosynthetic efficiency (PSII performance), pigment con-
tent (chlorophyll a, chlorophyll b and total carotenoids) and
DNA damage (formation of cyclobutane pyrimidine dimers,
CPD). Expression of biomarker genes representative of dif-
ferent responses was assessed to provide in-depth charac-
terisation of the toxicity and regulatory signalling pathways
triggered. Correlational analysis was conducted to identify
potential relationships between the effects of UVB at differ-
ent biological levels of organization to facilitate proposing
the most relevant toxicity pathways for the stressor.

Materials and methods
Test organism and culture conditions

The test species Lemna minor L. (strain ID: 5544, Rutgers
Duckweed Stock Cooperative) was obtained from Ghent
University, Belgium. After disinfection by 0.5% NaOCl
(v/v), the L. minor cultures were maintained in Swed-
ish Standard (SIS) medium (Moody and Miller 2005) in a
growth chamber at 24 °C under continuous white light from
fluorescent lamps (L 36 W/77-G13, Centra Osram, Berlin,
German) with a PAR of 80+ 5 umol m~2 s~! following the
OECD TG221 guideline (OECD 2006), with stock thalli
sub-cultured twice a week. The combinations of UVB, UVA
and PAR were carefully chosen to assess the effects of dif-
ferent UVB irradiances under artificial conditions with rela-
tively low photosynthetic photon flux density rather than
mimicking growth conditions in nature. The irradiance was
measured with a LI-COR quantum sensor Model LI-190
(Lincoln, NE, USA) connected to a LI-COR LI-250 pho-
tometer unit.

UVR exposure
A range of different UVB irradiances were used together

with a constant low UVA irradiance, as UVA radiation is
a factor for photorepair in plants (Allen et al. 1998). The

studies were conducted in a custom-made UV exposure
chamber consisting of a Multitron-Pro incubator (Infors HT,
Bottmingen, Switzerland), equipped with fluorescent UVA
tubes (UVA 36W/78, Centra Osram, peak emission approxi-
mately 330 nm) and PL-UVB tubes (L 36 W/UVB UV6,
Waldmann, Villingen-Schwenningen, Germany, peak
emission approximately 280 nm) and 80 pmol m~2 s~!
PAR. Twelve healthy L. minor fronds per beaker (n=4
beakers) in 40 mL SIS medium were exposed continu-
ously to different UVB irradiances (UVB 0.23-4.2 W m~2,
UVA 4.56+0.31 W m~2, PAR 81.1+0.38 umol m=2 s71),
UVA-control, UVA-CT (UVB 0.008 W m™2, UVA
4.25+0.47 Wm2 PAR 79.6+1.7 umol m~2 s~!) and a
non-UV control, non-UV-CT (PAR 79.9 + 0.4 umol m2s™)
for 7 days (Table 1) at the same conditions as during the
preculture. As UVB tubes also emit UVA radiation, the UVA
irradiance was maintained as low as possible to reduce the
effects on L. minor. During exposure, the UVA control was
covered with pre-burned (24 h exposed to 1 W m~2 UVB)
polyester foil (0.175 mm, Nordbergs Tekniska AB, Vallen-
tuna, Sweden) to completely block UVC and most UVB
radiation (wavelength <315 nm). The treatments groups
were covered with pre-burned (24 h exposed to 1 W m™>
UVB) cellulose acetate (0.13 mm, Jiirgen Rachow, Ham-
burg, Germany) to filter out wavelengths below 290 nm
(UVC and the shortest UVB wavelengths). The exclusion
of unwanted shortwave UV, by applying polyester and cel-
lulose acetate filters to the UVB and UVA tubes, was con-
firmed by measurements by the Norwegian Radiation and
Nuclear Safety Authority (DSA, Oslo, Norway), applying a
calibrated Bentham DTM300 high-resolution scanning spec-
troradiometer (Bentham DTM 300, Bentham Instruments
Ltd, Reading, UK) and presented in Suppl. Fig. S1. Irradi-
ances of UVA, UVB and PAR to L. minor were determined
before and at the end of the exposure experiments with a
SpectroSense 2+ filter radiometer (Skye Instruments Ltd,
Llandrindod Wells, UK), calibrated against the Bentham
spectroradiometer at DSA. The irradiance of UVA, UVB
and PAR as well as water quality conditions such as pH
and temperature was monitored regularly throughout the
study (Suppl. Fig. S2 and Fig. S3). No significant changes in

Table 1 Irradiances of

. . Exposure group
photosynthetically active

PAR (umol m™2s71)

UVA irradiance (W m™2) UVB irradiance (W m™2)

radiation (PAR), UVA and UVB Non-UV-CT 79.9+0.4
in the 7-day exposure study UVA-CT 79.6+1.7
with Lemna minor
UVB-0.25 81.5+3.1
UVB-0.5 814+1.8
UVB-0.1 80.7+2.5
UVB-2 81.3+2.1
UVB-4 80.7+1.6

0 0

4.253+0.472 0.008 +£0.002
4.575+0.387 0.232+0.033
4.333+0.414 0.486+0.041
4.614 +0.496 1.075+0.084
4.866+0.532 2.044+£0.156
4.781+0.463 4.181+0.233

The values are mean of 4 repeated measurements + standard error (SE)
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UVB, UVA, PAR and temperature were observed during the
study. The pH increased by maximum of 10% in the culture
medium in all groups including controls (from pH of 6.52
to 7.11) after exposure. However, no significant difference
in pH was observed between the non-UV control and the
treatments after 7 days’ exposure.

Growth responses

The recorded growth parameters of L. minor are traditional
toxicological and regulatory-relevant endpoints that have
relevance for maintaining a healthy population of plants.
The frond number (FN) was scored at the start and end of
experiments, and the growth inhibition was calculated as
described in the OECD Test guideline 221 Lemna sp. growth
Inhibition Test (OECD 2006). The test was considered valid
when the growth rate measured as frond number (FN) in the
control groups was higher than 0.275 day~! (OECD 2006).
For measurement of frond area (FA), the area of individual
floating frond was determined optically by a digital camera
(FinePix S2500HD, Fujifilm, Tokyo, Japan) using a floating
scale bar. The frond area in each photograph was analysed
using the Image-J software program version 1.48 (National
Institutes of Health, MD, USA). To measure the dry mass
(DM), fronds were dried in an oven at 70 °C until constant
weight was obtained.

Cyclobutane pyrimidine dimers assay

Cyclobutane pyrimidine dimers (CPD), as a marker of UV-
induced direct DNA damage, were determined by an Oxise-
lect™ UV-Induced DNA Damage ELISA kit (STA-322;
Cell Biolabs, San Diego, CA, USA) following the vendor's
instructions. After 7 days of exposure, DNA was extracted
from L. minor using the DNeasy Plant Mini Kit (Qiagen,
Hilden, Germany) and converted to single-stranded DNA
(ssDNA) by incubation at 95 °C for 10 min and rapidly
cooled on ice for 10 min. Using the Oxiselect ELISA kit,
the CPDs were quantified by the binding of the DNA to an
anti-CPD antibody followed by a Horse radish peroxidase
(HRP)-conjugated secondary antibody. The CPD levels were
quantified with a standard curve derived from a series of
diluted CPD-DNA standards from the Oxiselect ELISA kit
(no. 232203).

Reactive oxygen species (ROS) assays

The cellular reactive oxygen species level in L. minor was
quantified using the 2',7'-dichlorofluorescein diacetate
(H,DCFDA) assay (Molecular Probes Inc., Eugene, OR,
USA), as originally developed by Razinger et al. (2010)
and further modified for L. minor by Xie et al. (2018).
When binding to ROS (predominantly hydrogen peroxide),
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non-fluorescent H,DCFDA will be oxidized to the highly
fluorescent 2',7'-dichlorofluorescein (DCF) with excitation
around 488 nm (Kaur et al. 2016). In the present study, a
50 mM H,DCFDA stock solution was prepared in dime-
thyl sulfoxide (DMSO, purity 99.7%; Sigma-Aldrich, St.
Louis, MO, USA) and stored at —20 °C until use. After the
exposure, fronds were immersed in 200 uL. working solu-
tion of H,DCFDA (50 uM) prepared in the culture medium.
After 1 h of probe loading, the fronds were rinsed with clean
medium and transferred to a black 96-well microplate (Corn-
ing Incorporated, Costar®, NY, USA). The fluorescence of
the fronds was immediately measured using a VICTOR?
fluorescent plate reader, 1400 Multilabel Counter (Perkin
Elmer, Boston, MA, USA) with excitation/emission wave-
length of 485/538 nm. The background fluorescence of the
medium-probe mix (without the presence of fronds) was also
measured and subtracted from the total fluorescent counts
of the samples.

Lipid peroxidation assay

Malondialdehyde (MDA), a marker of lipid peroxidation
(LPO), was assessed by the thiobarbituric acid reactive
substances (TBARS) method as described by Zezulka et al.
(2013), with minor modifications (Xie et al. 2018). In brief,
5 mg of fronds was homogenized in 1 mL of 0.25% (w/v)
2-thiobarbituric acid (TBA, Sigma-Aldrich) in 10% trichlo-
roacetic acid (TCA, Sigma-Aldrich) and incubated at 95 °C
for 30 min. After incubation, the fronds were cooled in an
ice bath for 10 min. and centrifuged at 10,000g for 10 min
(<4 °C). The absorbance of the supernatant was measured at
532 nm and corrected for non-specific turbidity by subtract-
ing the absorbance at 600 nm. Absorbance at 440 nm was
also used as a baseline to avoid interferences conferred by
carbohydrates (Hodges et al. 1999). A background control
containing 0.25% TBA in 10% TCA was also analysed and
subtracted from the total absorbance in the samples. The
MDA level was normalised to frond weight and presented as
umol g~! using an extinction coefficient of 155 nmol~! cm™!
(Hashem 2013).

Mitochondrial membrane potential assay

The mitochondrial membrane potential (MMP), an indicator
of oxidative phosphorylation (OXPHOS) status, was meas-
ured using tetramethyl rhodamine methyl ester (TMRM,
Molecular Probes Inc). As a potentiometric dye, TMRM is
widely used to evaluate the MMP in living cells and can
be also taken up efficiently by sufficiently energized young
plant tissues such as Arabidopsis roots (Teardo et al. 2015).
In brief, 5 mM TMRM stock solution was prepared in
DMSO and stored at —20 °C until use. After the UVR expo-
sure, fronds were incubated in 200 uL of TMRM (500 nM)
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working solution prepared in the culture medium (room
temperature for 1 h) in darkness, then washed with the cul-
ture medium to remove excessive probe. Rinsed fronds were
transferred to a 96-well black microplate (Corning) and the
fluorescence recorded using the VICTOR? plate reader with
excitation/emission wavelength of 530/590 nm.

Photosynthetic pigment content

Photosynthetic pigment content was determined spectro-
photometrically as previously described by Wellburn (1994)
with minor modifications. Approximately 25 mg of fresh
fronds was submerged in 1.5 mL DMSO (100%), incubated
at 60 °C for 1 h with sonication to disrupt the tissues. The
resulting supernatant was transferred to a disposable spec-
trophotometer cuvette (Brand semi-micro, Wertheim, Ger-
many) for determination of absorbances at wavelength of
649, 665 and 480 nm using a UV/Vis spectrophotometer
Lambda 40 (PerkinElmer). The contents of chlorophyll a and
b, and total carotenoids were calculated in pg mL~'using the
following equations:

Chorophyll a(Chla) = 12.19 X Ages — 3.45 X Agyg (1)

Chorophyll 5(Chl b) = 21.99 X Agje — 5.32 X Aggs )

to calculate the maximal PSII efficiency (F,/F,,), the effec-
tive PSII efficiency (®pg;p), the coefficients of photochemical
(qP) and non-photochemical quenching (NPQ) (Table 2).

Transcriptional analysis

After 7 days’ exposure to UVR, six fronds from each treat-
ment group except for 4 W m~2 that were all dead and dis-
coloured were snap-frozen in liquid nitrogen and stored
at — 80 °C until use. Total RNA was extracted using the
Quick-RNA Plant RNA MiniPrep kit in combination with
on-column DNase I treatment (Zymo Research Corp, Irvine,
CA, USA), according to the manufacturer’s protocols. The
RNA purity and integrity were assessed using a Nanodrop
ND-1000 (Nanodrop Technologies, Wilmington, DE, USA)
and a Bioanalyzer (Agilent Technologies, Santa Clara, CA,
USA), respectively.

The quantitative real-time reverse transcription poly-
merase chain reaction (QPCR) assay was performed as pre-
viously described (Song et al. 2016). In brief, cDNA was
reversely transcribed from 100 ng total RNA using qScript™
cDNA SuperMix (Quanta BioSciences, Gaithersburg, MD,
USA). Primers used for qPCR were designed using the
Primer 3 v0.4.0 (https://bioinfo.ut.ee/primer3-0.4.0) and
purchased from Invitrogen (Carlsbad, CA, USA) (Suppl.
Table S1). For amplification, 1 ug of cDNA template,

Total carotenoids (Car) = (1000 X A g, — 2.14 X Ca — 70.16 X Cb) /220 3)

Chlorophyll a fluorescence

The photosynthetic capacity of L. minor was determined
as Pulse-Amplitude-Modulated (PAM) chlorophyll fluores-
cence kinetics using a DIVING PAM (Walz, Effeltrich, Ger-
many). Plants were first maintained in the dark for 30 min
prior to allow complete oxidation of the PSII reaction centre
and initial fluorescence (F,) was then measured under weak
illumination (1 pmol m~2 s~!). The measurement of maxi-
mal fluorescence (F,,,) was obtained by applying a saturat-
ing light pulse (5000 pmol m~2 5!, 0.8 s), whereas steady-
state terminal fluorescence (F,) and maximal fluorescence
yield of the illuminated sample (F,,") were determined after
10 min of continuous illumination (PAR =80 pmol m~2s71)
at the equilibrium state. All fluorescence yields were used

15 pL of PerfeCTa SYBR Green FastMix® (Quanta Bio-
Sciences) and 400 nM of forward/reverse primer were added
to a 20-pL reaction mixture. Each sample was analysed in
duplicate as technical replicates. A standard curve was
generated using pooled cDNA standards (0.25-4 ng). A
no-reverse-transcriptase control (NRT) and a no-template
control (NTC) were included in the qPCR amplification as
quality controls. The qPCR analysis was conducted using a
CFX384 Real-Time PCR Detection System (Bio-Rad Labo-
ratories, Philadelphia, PA, USA). Expression of 16 target
genes considered relevant to potential toxicity pathways in
response to elevated UVR in plants was assessed, and the Ct
values were determined for four biological replicates (each
containing two technical replicates). The relative expres-
sion was calculated using the Pfaffl method (Pfaffl 2001).

Table 2 Fluorescence

Parameter Description
parameters calculated from

Equation References

pulse-amplitude modulation F'
(PAM) fluorometry ?

Effective minimal fluorescence

Fy=FJ/(F/F,+FJ/F.) Oxboroughand Baker (1997)

. , FJF Maximal photosystem II efficiency (F,,— F,)/F, Maxwell and Johnson (2000)

measurements in Lemna minor Vo m mcostm
exposed to UVB radiation for Dpgyp Effective photosystem Il efficiency (F'—F)/F,/ Maxwell and Johnson (2000)
7 days qP Photochemical quenching (Fy =F) (F,—F,) Maxwell and Johnson (2000)
NPQ Non-photochemical quenching Fp—FIF, Maxwell and Johnson (2000)
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Gene expression data for the target genes was normalized
to the geometric mean expression of three reference genes:
glyceraldehyde 3-phosphate dehydrogenase (GADPH), 40 s
ribosomal protein S18 (RPS18) and elongation factor 1-a
(EF1ca) (Shi et al. 2016; Tang et al. 2017). The normalized
expression of each target gene was further normalized to the
mean expression of the non-UV control samples.

Presentation of results, statistical analyses
and graphical methods

The results (growth parameters, photosynthetic pigment con-
tent, chlorophyll a fluorescence) are presented as relative
values with the response of the control defined as 0% and
the maximal response defined as 100%. The CPD levels,
ROS levels, degree of lipid peroxidation and mitochondrial
membrane potential were presented as fold change compared
to the non-UV control. The raw fluorescent counts were nor-
malized by the weight of the fronds for the ROS and MMP
assays. The results for each endpoint were presented as the
mean of four replicates with standard error (mean+ SE). The
expression of biomarker genes was displayed by a boxplots
depicting the median, quartiles, minimum and maximum
value. All statistical analyses and figures were made by
GraphPad Prism version 6 (GraphPad Software, San Diego,
CA, USA). Data were assessed for normality and equal vari-
ance by Shapiro—Wilk and Levene’s tests. Statistical analysis
was performed using both the non-UV control, non-UV-CT
(no UVA and no UVB) and UVA control, UVA-CT (low
UVA and low UVB irradiance) to identify potential contri-
bution of low UVA irradiance to the UVB exposure groups.
Significance was determined using a one-way analysis of
variance (one-way ANOVA) followed by Dunnett’s multi-
ple comparison test using a significance level of P <0.05
to characterize the No Observed Effect Irradiance (NOEI)
and Lowest Observed Effect Irradiance (LOEI). Then 50%
Effect Irradiance (Els,) was derived from the sigmoidal

irradiance-response curves (IRC) for parameters having fully
characterized IRCs. Two-way ANOVA was also employed
to analyse changes of exposure conditions including irradi-
ances, pH and temperature. A principal component analysis
(PCA) was applied to identify potential correlations between
the responses of adverse effects, functional endpoints and
targets genes using the XLSTAT2018 program (Addinsoft,
Paris, France). The same software was used to calculate
Pearson’s correlation coefficients between different end-
points (P <0.05).

Results

After exposure for 7 days, the results show that the UVA
control (UVA-CT) did not cause any significant alterations
in the measured biological endpoints and the expression of
biomarker genes compared to the non-UV control (non-UV-
CT). As a consequence, UVA-CTs were considered to rep-
resent a low UVB group having the same UVA irradiance
as all other exposure groups and included in the irradiance-
response curve (IRC) and statistical analyses. UVB caused
both irradiance-dependent and target-specific effects in L.
minor compared to the non-UV-CT (and UVA-CT), where
detailed presentation is given in the subsequent subsections.

Growth responses

Exposure to UVB caused growth inhibition, measured as
an irradiance-dependent reduction in frond number (FN),
frond area (FA) and dry weight (DW) compared to the non-
UV control (Fig. 1). The LOEIs for UVB were observed
at 0.5-1 W m~2, the largest growth inhibition occurred at
4.2 W m~2, whereas the Ely, for the growth parameters
ranged between 0.98 and 2.6 W m~2, respectively (Table 3).
After 7 days of exposure, the frond growth (reproduc-
tion) rate in the non-UV control and UVA control were

100

50+

Inhibition (%)

L 100
=3
=2
g

Ls0 5
=
S
Lo
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1 10

UVB irradiance (W m?)

Fig. 1 Growth inhibition measured as percent (%) reduction in a
frond number, b frond area and ¢ dry weight relative to the non-UV
control in Lemna minor exposed to different irradiances of UVB radi-
ation for 7 days (mean of 4 replicates + SE). The dotted line indicates
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UVB irradiance (W m?)

UVB irradiance (W m'z)

the non-UV control and 50% effective irradiance (IEs;) levels, and
the solid line shows the fitted non-linear regression curve, whereas
the asterisks (*) indicate significant differences compared to the UVA
control (UVA-CT) (P <0.05)
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Table3 No observed effect irradiance (NOEI), no observed effect
dose (NOED), lowest observed effect irradiance (LOEI), lowest
observed effect dose (LOED), 50% effect irradiance (Els;) and 50%

effect dose (EDs,; mean of 4 replicates +SE) and regression coeffi-
cient (R?) of selected endpoints in Lemna minor after 7-day exposure
to different irradiances of UVB radiation

Endpoints NOEI (W m~2) NOED (KJ m™?) LOEI (W m~2) LOED (KJ m™?) Els, (W m™2) EDs, (KI m™2) R?

FN 0.23 140.8 0.48 293.9 1.26+0.14 762+84 0.989
FA 0.48 293.9 1.08 650.1 0.89+0.12 538+72 0.936
DW 0.48 293.9 1.08 650.1 1.51+0.24 907 +145 0.903
ROS 0.23 140.8 0.48 293.9 N/A N/A 0.944
LPO 0.23 140.8 0.48 293.9 N/A N/A 0.939
CPD 0.008 4.8 0.23 140.8 N/A N/A 0.962
MMP 0.48 293.9 1.08 650.1 N/A N/A 0.975
F/F, 0.23 140.8 0.48 293.9 2.01+0.31 1216+ 187 0.858
Dpgy 0.008 4.8 0.23 140.8 0.89+0.12 175+72 0.968
qP 0.008 4.8 0.23 140.8 0.68+0.09 411+54 0.958
NPQ 0.008 4.8 0.23 140.8 0.22+0.05 133430 0.975
Chla 0.48 293.9 1.08 650.1 1.29+0.24 780+ 145 0.906
Chl b 0.48 293.9 1.08 650.1 1.06+0.13 641+78 0.947
Car 0.23 140.8 0.48 293.9 1.79+0.28 1082+ 169 0.851

FN frond number, FA frond area, DW dry weight, ROS reactive oxygen species, LPO lipid peroxidation, CPD cyclobutane pyrimidine dimers,
MMP mitochondrial membrane potential, F,/F,, maximum quantum yield of photosystem II (PSII), @pg,; eftective PSII efficiency, ¢gP photo-
chemical quenching, NPQ non-photochemical quenching, Chl a chlorophyll a, Chl b chlorophyll b, Car total carotenoids, N/A not applicable/

achieved

0.325+0.004 and 0.332+0.005 day~", respectively, which
were above the validity criterion of the OECD guidelines
(OECD 2006) (R=0.275 day™).

Oxidative stress and lipid damage

UVB caused an irradiance-dependent induction of ROS for-
mation and LPO (measured as MDA content) in L. minor
after 7 days of exposure (Fig. 2a, b). UVB significantly
increased both ROS and MDA formation in L. minor from
0.48 W m~2 (LOEI) (Table 3). Both ROS formation and
MDA content reached a plateau at 2.0 W m~2 UVB and then
decreased at 4.2 W m™2.

Cyclobutane pyrimidine dimer formation
and mitochondrial membrane potential

Increased UVB irradiance induced an irradiance-dependent
induction of CPD. Significant induction of CPD content in
L. minor was observed from 0.23 W m~2 (LOEI) (Table 3).
The MMP in L. minor decreased in an irradiance-depend-
ent manner after 7-day exposure to UVB (Fig. 2d), and the
LOEI for MMP was determined to be 1.1 W m™2 (Table 3).

Photosynthesis efficiency
The exposure of L. minor to UVB resulted in an irradi-

ance-dependent inhibition of PSII efficiency (Fig. 3). The
7-day Els, of F/F,,, ®pg; and qP ranged between 0.68 and

2.0 W m~2 (Table 3), whereas LOEI of F,/F,,, ®pg;; and qP
was determined at 0.23, 0.89 and 0.68 W m™2, respectively.
Additionally, a significant enhancement of NPQ yield was
observed in L. minor after exposure to 0.23 W m~2 UVB,
followed by a reduction at 2.0 W m~2. Complete growth
inhibition precluded the analysis of NPQ at the highest irra-
diance (4.2 W m™?).

Content of pigments

Irradiance-dependent decrease in chlorophyll a (Chl a) and
chlorophyll b (Chl b) was observed in L. minor after 7-day
exposure to UVB (Fig. 4). A significant reduction in pigment
content was noticed at 1.1 W m~2 (LOEI) for both Chl @ and
Chl b, with ECy; at 1.3 and 1.1 W m™ (Table 3), respec-
tively. Under UVB exposure, the content of total carotenoids
(Car) was significantly inhibited at 2.0 and 4.2 W m~2, but
was enhanced at 0.48 W m™2. The El, for the reduction of
carotenoid content was estimated to be 1.8 W m~2,

Transcriptional responses

The genes encoding the antioxidant enzymes superoxide
dismutase (SOD) and glutathione peroxidase (GPX), the
DNA damage repair-related genes DNA damage-repair/
toleration protein (DRT111) and DNA repair protein rad50
(RAD50), the DNA damage sensor serine threonine-protein
kinase (ATM), the cell death-related genes apoptosis inhibi-
tor 5-like (API5) and metacaspase-1 (AMC1I) as well as a
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Fig.2 UV-induced changes in a reactive oxygen species (ROS) for-
mation, b lipid peroxidation (LPO), ¢ cyclobutane pyrimidine dimer
(CPD) formation and d mitochondrial inner membrane potential
(MMP) relative to the non-UV control in Lemna minor after 7 days’
exposure to different irradiances of UVB (mean of 4 replicates + SE).
The dotted line indicates the non-UV control. The results are pre-
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sented as fold change compared to the blank control and the solid line
shows the fitted non-linear regression curve, whereas the asterisks (*)
indicate significant differences compared to the UVA control (UVA-
CT) (P<0.05). Mortality at the irradiances above 2 W m™2 precluded
reliable analysis of ROS and LPO, but the points were still included
for illustration purposes
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Fig. 3 Inhibition of photosystem II (PSII) performance as a maximal
PSII efficiency (F,/F,), b effective PSII efficiency (®pgy;), ¢ photo-
chemical quenching (qP) and d non-photochemical quenching (NPQ)
in Lemna minor after 7 days’ exposure to different irradiances of
UVB radiation (mean of 4 replicates + SE). The dotted line indicates
the non-UV control and 50% effective irradiance (IEsj) levels, and
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the solid line shows the fitted non-linear regression curve, whereas
the asterisks (*) indicate significant differences compared to the UVA
control (UVA-CT) (P<0.05). Mortality at the irradiances above
2 W m? precluded reliable analysis of NPQ, but the points were still
included for illustration purposes
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Fig.4 Reduction of the content of a chlorophyll a, b chlorophyll b
and c total carotenoids in Lemna minor after 7 days’ exposure to dif-
ferent irradiances of UVB radiation (mean of 4 replicates + SE). The
dotted line indicates the non-UV control and 50% effective irradiance

gene involved in production of UV-protecting flavonoids,
flavonoid 3’-monoxygenase (CYP75B), were all signifi-
cantly up-regulated at a UVB irradiance of 0.5-2.0 W m™2
compared to the non-UV control after 7 days’ exposure

UVB irradiance (W m%)

UVB irradiance (W m™)

(IEsq), and the solid line shows the fitted non-linear regression curve,
whereas the asterisks (*) indicate significant differences compared to
the UVA control (UVA-CT) (P <0.05)

enzyme chlorophyllase-2 (CHL2), the carotenoid biosyn-
thesis enzyme phytoene synthase (PSY2), the PSII protein
D1 (PSBA), the chloroplast ATP synthase gamma chain
(ATPC1I), the glycolysis enzyme pyruvate kinase (PK), the
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Fig.5 Relative transcript levels in Lemna minor after 7 days’ expo-
sure to different irradiances of UVB radiation. The data are derived
from quantitative real-time reverse transcription polymerase chain
reaction analyses (QRT-PCR, white box, n=4 biological replicates,
each contains 2 technical replicates). The transcript levels were nor-
malized against the housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (Gadph), 40 s ribosomal protein S18 (RPSIS8), and

UVB irradiance (W m™?) UVB irradiance (W m?)

elongation factor 1-o (EFIa) and are shown relative to the non-UV
control (shown as dotted line). The asterisks (*) indicate significant
differences compared to the CT (non-UV control) (P<0.05) and
UVA-CT refers to the UVA control. Boxes represent the median and
the 25th and 75th percentiles and the whiskers represent the mini-
mum and maximum value
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dehydrogenase (NDUFVI) and cytochrome ¢ (CYC) were
all significantly down-regulated at one or more irradiances.
The gene encoding the small subunit of the CO, fixation
protein ribulose bisphosphate carboxylase (RBSC) was not
differentially expressed at any UVB irradiance. Irradicne and
dose thresholds for gene responses (i.e. NOEIL, NOED, LOEI
and LOED) are provided in Suppl. Table S4.

Principal component analysis (PCA)

The two principal components (PC1 and PC2) of the PCA
explained as much as 80.3% of the total variance (Fig. 6).
The major variance (PC1=62.3%) was explained by growth
parameters, modulation of PSII performance, reduction in
chlorophyll content and increase in oxidative stress and
DNA damage. The PC2 explained 18% of total variance,
where NPQ and carotenoids together with the flavonoid
synthesis-related gene CYP75B contributed mostly to the
variance. A Pearson correlation analysis (Suppl. Table S2)
revealed that inhibition of growth (in terms of front num-
ber FN, front area FA, and DW) was positively correlated

with the reduction in MMP, PSII performance (F,/F,,,, ®pgyy
and gP), chlorophyll content (Chl a and Chl ») and down-
regulation of the genes PK, CHL2 and PSY2, but negatively
correlated with the increase of CPD, LPO and up-regulation
of the gene GPX.

Discussion

Although the ambient UVB levels are normally not harm-
ful to plants, elevated UVB irradiance due to damage of
the ozone layer and/or the presence of artificial UV sources
may have detrimental effects on aquatic primary produc-
ers if they are not properly acclimated to such exposures
(Jansen 2012). In this respect, UVB can reduce primary
productivity and influence competitive interactions either
in ecosystems or during cultivation (Williamson et al.
2019). The present study aimed at providing mechanistic
insights into how continuous and elevated UVB affects
different physiological processes in the model macrophyte
duckweed. All the endpoints and expression of biomarker
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Fig.6 Principal component analysis (PCA) of adverse effects and
mechanistic responses together with the expression of related genes
in Lemna minor exposed to UVB radiation for 7 days (n=4 repli-
cates). The normal text with red line indicates the endpoints: FN
frond number, FA frond area, DW dry weight, ROS reactive oxygen
species, LPO lipid peroxidation, CPD cyclobutane pyrimidine dimer,
MMP mitochondrial membrane potential, F,/F,, maximum quantum
yield of photosystem II (PSII), @, effective PSII efficiency, gP pho-
tochemical quenching, NPQ non-photochemical quenching, Chl a
chlorophyll a, Chl b chlorophyll b, Car total carotenoids. Italic texts
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with black line indicate the genes: SOD superoxide dismutase, GPX
glutathione peroxidase, DRT111 DNA damage-repair/toleration pro-
tein, ATM serine threonine-protein kinase, Rad50 DNA repair pro-
tein rad50, API5 apoptosis inhibitor 5-like, AMCI metacaspase-1,
CYP75B flavonoid 3’-monoxygenase, CHL2 chlorophyllase-2, PSY2
phytoene synthase, PSBA photosystem II protein D1, ATPC1 ATP
synthase gamma chain, PK pyruvate kinase, NDUFVI NADH dehy-
drogenase, CYC cytochrome ¢, RBSC ribulose bisphosphate carboxy-
lase
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genes were measured as an initial effort to characterize the
combination of acute and compensatory responses occur-
ring after a chronic 7-day-exposure. The results clearly
showed irradiance-dependent and target-specific changes
consistent with current knowledge of UVB effects in pri-
mary producers, albeit some inconsistencies were also
identified.

Exposure conditions

The UVB irradiances (from 0.23 to 2.0 W m~?) used in the
current study covered the natural UVB irradiance ranges in
Northern Europe (Suppl. Fig. S4). The highest UVB irra-
diance, representing twice the maximal natural UVB levels
(as estimated by the NCAR TUV calculator; NCAR 2018),
was included to ensure capturing full irradiance-response
curves (IRCs) for the toxicity endpoints determined. Com-
pared to the natural environment in northern Europe dur-
ing summer, the total UVB dose of the lowest irradiance
(0.23 W m™2) used in the present study was less than the
total daily integrated dose of UVB, whereas exposure to
the highest irradiance (4.2 W m~?) was 14-fold higher than
the normal daily integrated dose (Johnsen 2020; Suppl.
Table S3). Standardized laboratory testing protocols and
other Lemna studies have recommended using PAR levels
around 80—100 pmol m~2 s~! (Moody and Miller 2005),
which yield higher UVB:PAR ratios than that occur-
ring under natural conditions. Such conditions are also
expected to occur in aquaponics and hydroponics receiving
artificial lightening in situations where UV-irradiation is
used to reduce or eliminate UVB-sensitive phytopathogens
by disrupting DNA replication (Van Os et al. 2004; Mori
and Smith 2019). Although this may render plants such
as L. minor more sensitive to UVB than exposures under
natural solar UVB:PAR ratios (Krizek 2004), characteris-
ing the toxicity pathways leading to growth effects are of
significant interest particularly for cultivation under artifi-
cial light and UVR conditions and may subsequently assist
in identifying how UVB can act in combination with other
environmental or anthropogenic stressors to cause adverse
effects (Teramura 1986). Non-UVB parameters including
PAR, UVA irradiance and temperature were kept constant
throughout the study (Suppl. Fig. S2 and Suppl. Fig. S3)
to minimize the influence from other factors than UVB.
However, a slight increase in pH (from 6.52 to 7.11) was
observed, potentially due to the root exudate of inorganic
ions such as HCO;~ and OH™ into the growth media to
maintain electrical neutrality (Dakora and Phillips 2002).
This pH shift (< 10%) was considered small and changes
of this magnitude have not been demonstrated to alter the
growth of L. minor in earlier studies (McLay 1976). Nev-
ertheless, the present study suggests implementing media

change every 2—4 days to minimize any pH shift during
chronic exposure studies.

Growth

UVB irradiance significantly inhibited the asexual reproduc-
tion (front number FN), morphology (front area FA) and
biomass (DW) of L. minor in an irradiance-dependent man-
ner (Fig. 1). Among those three parameters, FA was the most
sensitive endpoint (El5;=0.89 W m™2), closely followed
by FN (El;,=1.26 W m~?) and DW (Els,=1.51 W m™?)
(Table 3). UVB-induced reduction in leaf expansion has
previously been associated with altered transcription of
hormone-metabolism genes, and thus reduced content of the
growth-stimulating plant hormones indoleacetic acid (IAA)
and gibberellin (GA), resulting in reduced cell proliferation
and expansion (Roro et al. 2017). UVB radiation is also
known to act through the UVB photoreceptor UVRS, which
has been associated with changes to the circadian clock, sto-
matal closure, leaf development, osmotic stress, etc. (Ulm
and Jenkins 2015).

ROS formation and lipid peroxidation

Enhanced endogenous ROS formation is one of the initial
reactions to UVB exposure (Hideg et al. 2013). The present
results suggest that cellular ROS production was one of the
most sensitive responses in L. minor exposed to UVB, with
significant induction already at 0.48 W m~2 (Table 3, Fig. 2).
Increase in ROS production is known to disrupt cellular
homeostasis and cause oxidative stress in plants, which may
lead to oxidative damage to the membrane lipids, nucleic
acids and proteins (Mittler 2002). When exposed to UVB,
both the mitochondria and the chloroplasts are key producers
of endogenous ROS in plants (Nawkar et al. 2013). Under
normal circumstances, the production and the elimina-
tion of ROS in plants are in a dynamic equilibrium with
antioxidants regulating the plant’s tolerance to oxidative
damage (Foyer et al. 1994). In the present study, prolonged
UVB radiation caused up-regulation of the antioxidant-
related gene SOD already at 0.48 W m~2, which suggests
that superoxide was the major ROS in L. minor at low UVB
irradiances, as the enzyme SOD catalyses the dismutation of
superoxide into oxygen and hydrogen peroxide (Lubos et al.
2011). An increase in transcription of GPX, whose main
role is the enzymatic dismutation of hydrogen peroxide into
oxygen and water (Lubos et al. 2011), occurred at 2.0 W m™—2
and higher irradiances and suggested substantial accumula-
tion of hydrogen peroxide at higher UVB levels. The upregu-
lation of the two genes (SOD and GPX) is in agreement with
the study in Glycine max, where UVB-induced enhance-
ment of superoxide and hydrogen peroxide was observed
at 0.4 W m~2 (Prasad et al. 2005). When endogenous ROS
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production exceeds the antioxidant capacity, ROS can cause
damage to the lipids as demonstrated by the increased LPO
from 0.48 W m~ in the current study. Similar enhanced
ROS-induced LPO in chloroplast membranes has also been
demonstrated in rice after exposure to 22 W m~2 UVB for
7 days (Lidon and Ramalho 2011).

DNA damage

DNA is one of the most well-studied targets of UVB-
induced damage in plants. UVB radiation can generate cyto-
toxic DNA lesions such as the formation of CPDs and 6—4
photoproducts (6-4PPs) (Jansen et al. 1998), where CPDs
account for about 90% of all UVB-induced pyrimidine
dimers in plants (Dany et al. 2001). In the present study,
UVB-induced DNA lesions were evidenced by a combina-
tion of increased CPD formation and up-regulation of DNA
damage response genes (Fig. 2). The results clearly showed
significant CPD generation in the fronds after exposure to
0.48 W m~2 and higher UVB irradiation. Increased CPD
has also been observed in Oryza sativa and Arabidopsis
thaliana after exposure to 1 W m~> UVB (Teranishi et al.
2004), thus suggesting that L. minor may be more sensitive
to UVB than some terrestrial plants. Some of this sensitivity
can be attributed to the low UVA irradiance used in the pre-
sent study, as UVA radiation can initiate photoreactivation
to repair UVB-induced CPD in plants (Jansen et al. 1998).
The lack of differences in CPD between the non-UV control
and the UVA control indicated that the UVA irradiance used
was too low to trigger photooxidation as no difference in
baseline CPD was determined. In addition to CPDs genera-
tion, the DNA damage repair and regulatory genes, DRT111,
RADS50 and ATM, were also up-regulated at 0.48 W m~2 and/
or 1.1 W m™2 (Table 3), suggesting that UVB at high lev-
els might also induce DNA damage and repair processes
associated with double-strand breaks (DSB) in L. minor.
DNA double-strand break occurring under UVB exposure
in plants can be caused by either increased oxidative stress,
or direct induction of CPD formation (Rastogi et al. 2010).
Studies with Arabidopsis have shown that DSB can activate
the ATM (ATM serine/threonine kinase) signaling to trigger
the activation of SOGI, the central regulator of the DNA
damage responses (DDRs) and plant-specific transcription
factor, that consequently results in slower cell division and
programmed cell death (PCD) (Furukawa et al. 2010). Such
DNA damage-induced disruption of DNA replication and
transcription has been documented to affect cellular function
and inhibit normal growth in a number of crops including
rice, spinach, cucumber, tomato, wheat and barley (Manova
and Gruszka 2015).
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Programmed cell death

In the present study, up-regulation of programmed cell
death-related genes such as API5 and AMCI in the range
from 0.5 to 1.1 W m~2 suggests that UVB-enhanced PCD
occurred in L. minor (Fig. 5). UVB-mediated PCD was also
observed in tobacco cells after 5.6 W m~2 exposure for 12 h
(Lytvyn et al. 2010). In general, API5 encodes an inhibitory
protein that prevents PCD in plants after growth factor dep-
rivation, whereas the gene AMCI encodes metacaspases-1
that acts as a positive regulator enzyme involved in oxida-
tive stress-induced cell death (Arambage et al. 2009). The
increased expression of API5 and AMC was only signifi-
cantly correlated to the upregulation of the ATM and RAD50
genes, suggesting that PCD in L. minor could potentially be
induced by DNA strand breaks.

Oxidative phosphorylation

Oxidative phosphorylation (OXPHOS) is a key metabolic
pathway involving electron transfer by electron carriers and
protein complex-associated redox-reactions in the mitochon-
drial electron transport chain (mETC) that ultimately lead
to the synthesis of ATP. UVB reduced MMP, a measure
of the transmembrane potential, at intermediate irradiances
(1 W m~2 and higher) that suggests a reduction in OXPHOS
after 7 days of exposure. In the macroalga Ecklonia cava,
UVB has been proposed to reduce MMP at irradiance as
low as 0.1 W m~2 (Kim et al. 2014). Additionally, down-
regulation of the mETC-relevant genes CYC (mitochondrial
cytochrome ¢) and NDUFVI (NADH dehydrogenase) from
0.5 W m~? also indicate a reduction in OXPHOS, as the
mitochondrial cytochrome ¢ and NADH dehydrogenase
act as electron carriers in OXPHOS (Lodish et al. 2000;
Klodmann et al. 2010). Deactivation of NADH dehydroge-
nase was also proposed to be a major response in the algae
Chondracanthus teedei after exposure to 3.5 W m~2 UVB
for 7 days (Schmidt et al. 2012). One of the major cellular
effects of OXPHOS suppression is the reduction in the ATP
synthesis that may limit growth in primary producers (Gru-
enhagen and Moreland 1971).

Pigments

The contents of photosynthetic pigments are reliable end-
points to assess the impacts of environmental stressors on
plants (Hu et al. 2013). A large part of the photosynthetic
pigments is in the light-harvesting complexes (LHC) and is
tightly bound to the reaction centers, thus associated with
the photosynthetic capacity of plants. In the current study,
enhanced UVB (>0.48 W m~2) reduced chlorophyll con-
tent in L. minor fronds after 7-day exposure (Fig. 4a, b) and
coheres well with similar findings in Pisum sativum at an
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irradiance of 0.27 W m~2 (Strid and Porra 1992). Although
not assessed in detail, the study of Strid and Porra (1992)
proposes that the reduction of chlorophyll in Pisum sati-
vum was caused by UVB-induced photooxidation. ROS-
dependent inhibition of chlorophyll biosynthesis, potentially
through inhibition of magnesium-protoporphyrin IX mono-
methyl ester (oxidative) cyclase, offers an alternate expla-
nation for similar observations in Cucumis sativus (Aarti
et al. 2006). In the present study, down-regulation of the
chlorophyll metabolism-related gene (CHL2) at high UVB
irradiance (2.0 W m~2) suggested UVB-mediated interfer-
ence with chlorophyll degradation by reducing hydrolysis
of chlorophyll. Suppressed chlorophyllase activity has also
been observed in Brassica oleracea after exposure to UVB
with a total dose of 8.8 k] m~2 (Kaosamphan et al. 2010).
An ultimate consequence of such loss of chlorophyll may
be reduction in light absorption capacity and reduction of
photosynthesis (Habash et al. 1994).

Some carotenoids in plants act as inducible protective
agents against oxidative damage (i.e. antioxidants) by dis-
sipating excess energy from the photoreaction centers (Dem-
mig-Adams 1990). The slight induction of carotenoids (Car)
observed at 0.48 W m~2 after 7 days of UVB exposure in L.
minor (Fig. 4) can potentially be due to enhanced antioxidant
responses and is consistent with UVB-mediated increase in
carotenoids in species such as Rumex vesicarius and Sisym-
brium erysimoides after 6-day exposure to UVB (Salama
et al. 2011). On the other hand, the reduction of carotenoids
at high UVB irradiances (> 1 W m~2) (Fig. 4) may indi-
cate impairment of this mechanism, similar to responses
observed in cyanobacteria (S. platensis) and basil (Ocimum
basilicum) at UVB irradiances of 0.6-4.7 W m~2 (Xue et al.
2007; Mosadegh et al. 2019). Since carotenoids are also
important accessory light harvesting pigments, the reduc-
tion of carotenoids at higher UVB irradiances may also be
due to general down-regulation of genes associated with bio-
synthesis of the photosynthetic pigments and reduced forma-
tion of photosystems in the chloroplasts (Jordan et al.1994;
Marwood and Greenberg 1996). In the present study, the
carotenoid synthesis-related gene PSY2 was down-regulated
at high UVR irradiance, which may partly explain the reduc-
tion of carotenoid content.

Flavonoids are well known as UV-induced pigments
protecting against UV-related damage due to their UV-
screening and antioxidant activity (Lgvdal et al. 2010). The
up-regulation of CYP75B (flavonoid 3'-monooxygenase)
in L. minor at 0.48 and 1.1 W m~2 suggests that flavonoid
production is activated to compensate for either a loss of
flavonoids or an increased need for flavonoids for UVB pro-
tection as observed in Arabidopsis thaliana after exposure
t0 0.15 W m~2 UVB (Lois 1994).

PSll activity

Photosystem II has been proposed to be the main site
for UVB damage to photosynthesis (Teramura and Sul-
livan 1994). After UVB exposure for 7 days, significant
inhibition of PSII performance (F,/F,,, ®pg; and qP) was
observed in L. minor (Fig. 3). The reduction in F/F
at 0.48 W m~2 and higher irradiances indicated signifi-
cant photoinhibition, whereas the reduction of ®pg;; and
qP from 0.23 W m~2 demonstrated that suppression of
photosynthesis also occurred at lower UVB irradiances.
Moreover, down-regulation of the D1 biosynthesis gene
PSBA from 0.23 W m~2 suggests that UVB interferes with
normal biosynthesis/biodegradation of the D1 protein and
subsequent repair of PSII. Although not assessed in the
current study, UV-induced photodamage in the oxygen-
evolving complex (OEC) offers additional explanations
for the observed suppression of the PSII activity (Ohnishi
et al. 2005).

NPQ can protect plants from excessive light energy by
dissipating it into heat as a non-photochemical quench-
ing mechanism in PSII (Miiller et al. 2001). In the pre-
sent study, NPQ activity increased at low irradiances
(<1 W m™2), which is consistent with observations in
sessile oak Quercus petraea exposed to 0.15 W m~2 UVB
for 8 h per day for 6 weeks (Sz6116si et al. 2008). The NPQ
activity, which is induced by the proton gradient across the
thylakoid membranes (ApH) (Ruban 2016), is expected to
increase in situations with reduced ATP consumption in
the chloroplast (Livingston et al. 2010a, b). Therefore, it
can be hypothesized that UVB directly reduces the activ-
ity of the Calvin cycle, which in turn leads to a reduction
in the overall ATP consumption causing a lower luminal
pH. This may potentially lead to reduced ATP synthase
gene expression (Fig. 5). Despite the activity of Calvin
cycle was not directly analysed in the present study, UVB
has been reported to specially suppress the activity of the
carbon-fixation by the enzyme Rubisco in other plants
such as Brassica napus, Oryza sativa and Pisum sativum
(Kataria et al. 2014). Interestingly, UVB did not cause any
significant change in the transcription of small rubisco
subunit gene RBSC in our study, thus indicating that UVB-
mediated damage of this key enzyme in the Calvin cycle
is potentially due to oxidative modification and/or deg-
radation of the large subunit of the enzyme as suggested
elsewhere (Wilson et al. 1995; Kataria et al. 2014). In con-
trast, a reduction of NPQ was observed at high irradiances
(1-4 W m™2) of UVB (Fig. 3d), which was found to be
consistent with similar responses in cucumber and tomato
after exposure to 2.4 W m~2 UVB (Moon et al. 2011). It
seems plausible that the reduction of NPQ at high irradi-
ances was either induced by the observed PSII-inhibition
causing reduction of electron transport and thus proton
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Fig. 7 Putative toxicity path-
ways of UVB radiation-induced
growth inhibition in the aquatic
primary macrophyte Lemna
minor. Blue arrows indicate the
responses occurring at 0.23 and
0.48 W m~2 and the red arrows
indicate the responses occur-
ring at higher UVB irradiances
(124 Wm™>)

|

Chloroplast

transport (and ApH) across the thylakoid membranes (Tik-
honov 2017), or increase in membrane ion permeability
due to ROS-induced oxidative damage to the membranes
themselves (Strid et al. 1994).

Toxicity pathway development

The present study and correlational analysis performed sug-
gest that exposure to UVB activates irradiance-dependent
toxicity pathways in L. minor at different biological levels of
organization (Fig. 7), which may affect frond development.
Induction of DNA damage and repair activity in the nucleus,
programmed cell death, lipid peroxidation and interference
with membrane functions associated with the ETC in both
the chloroplast and the mitochondria were likely conse-
quences of excessive ROS formation at low irradiances
(0.23-0.48 W m~2). This is consistent with the suggestion
that ROS is the main contributor to UVB-induced adverse
effects in plants (Foyer et al. 1994; Takshak and Agrawal
2014). Higher irradiances of UVB (> 1 W m™?) are proposed
to trigger additional toxicity pathways including the destruc-
tion of chlorophylls and other photosynthesis-related com-
ponents, impair energy production in the mitochondria and
CPD formation in the nucleus. Demonstration of such causal
relationship in several plant species including Malva parvi-
flora, Phaseolus vulgaris, Arabidopsis thaliana (Salama
et al. 2011; Li et al. 2015) indicates that these responses are
occurring in a diverse set of plants.

This study intended to provide initial effect data to
propose a set of putative toxicity pathways relevant for
exposure to elevated UVB irradiances in the aquatic plant
L. minor not acclimated or acclimated to low UVB levels
only. As such, it provides only limited information about
the temporal changes occurring from onset of the initial
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acute response to stable compensatory mechanisms and
effects occurring under natural PAR, UVA and UVB con-
ditions. The study was also conducted under continuous
illumination to limit day and night repair mechanisms and
thus accentuate the mode of action (MoA) and adverse
effects of UVB. Additional studies to decipher the tempo-
rality in such responses under more natural radiation expo-
sure conditions are thus warranted to further characterize
the full MoAs of UVB in macrophytes such as L. minor.

Conclusions

The present study has assessed the biological effects of
UVB on the aquatic plant L. minor at multiple levels of bio-
logical organization. Multiple irradiance-dependent toxicity
pathways of UVB are proposed, with exposure to low irradi-
ances inducing oxidative stress responses and suppressing
photosynthesis, and high irradiances causing CPD forma-
tion and disruption of the cellular energy metabolism. The
present study has provided novel mechanistic insights into
the potential hazards of UVB in aquatic plants by evaluat-
ing and proposing linkages between responses occurring
at different levels of biological organization. The putative
toxicity pathways proposed can further support the devel-
opment of predictive approaches such as adverse outcome
pathways (AOPs) for non-ionizing radiation and serve as
a knowledge base for understanding effects of UVB under
more ecologically relevant exposure conditions.
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