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• Mechanistic-informed combined toxicity
assessment for ionizing and non-ionizing
radiation demonstrated in Lemna minor.

• Additivity and antagonism were observed
at subcellular and cellular levels, while
synergism occured at the population level.

• Target- and dose rate-specific combined
effects were characterised by a toxicity
pathway network model.
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Elevated levels of ionizing and non-ionizing radiation may co-occur and pose cumulative hazards to biota. However,
the combined effects and underlying toxicity mechanisms of different types of radiation in aquatic plants remain
poorly understood. The present study aims to demonstrate how different combined toxicity prediction approaches
can collectively characterise how chronic (7 days) exposure to ultraviolet B (UVB) radiation (0.5 W m−2) modulates
gamma (γ) radiation (14.9, 19.5, 43.6 mGy h−1) induced stress responses in the macrophyte Lemna minor. A suite
of bioassays was applied to quantify stress responses at multiple levels of biological organisation. The combined effects
(no-enhancement, additivity, synergism, antagonism) were determined by two-way analysis of variance (2 W-ANOVA)
and amodified Independent Action (IA)model. The toxicological responses and the potential causality between stressors
were further visualised by a network of toxicity pathways. The results showed that γ-radiation or UVB alone induced ox-
idative stress and programmed cell death (PCD) aswell as impaired oxidative phosphorylation (OXPHOS) and photosys-
tem II (PSII) activity in L. minor. γ-radiation also activated antioxidant responses, DNA damage repair and chlorophyll
metabolism, and inhibited growth at higher dose rates (≥20 mGy h−1). When co-exposed, UVB predominantly caused
non-interaction (no-enhancement or additive) effects on γ-radiation-induced antioxidant gene expression, energy
quenching in PSII and growth for all dose rates, whereas antagonistic effects were observed for lipid peroxidation,
OXPHOS, PCD, oxidative stress, chlorophyll metabolism and genes involved in DNA damage responses. Synergistic ef-
fects were observed for changes in photochemical quenching and non-photochemical quenching, and up-regulation of
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antioxidant enzyme genes (GST) at one ormore dose rates, while synergistic reproductive inhibition occurred at all three
γ-radiation dose rates. The present study providesmechanistic knowledge, quantitative understanding and novel analyt-
ical strategies to decipher combined effects across levels of biological organisation, which should facilitate future cumu-
lative hazard assessments of multiple stressors.
1. Introduction

In the aquatic environment, organisms are exposed to background radi-
ations, including ionizing radiation and non-ionizing radiation. Ionizing ra-
diation, such as gamma (γ) radiation, are generated from natural sources
(e.g., naturally occurring radioactive material, and cosmic radiation) and
anthropogenic sources such as nuclear weapons tests, nuclear accidents
and uranium mining (UNSCEAR, 2021). Elevated background levels of
γ-radiation due to the increase of authorised discharges or accidental
releases of radioactive material could pose a serious threat to ecosystems.
Non-ionizing radiation, such as ultraviolet B (UVB), is a key part of
the solar radiation at the earth's surface, and varies with time, latitude,
altitude, solar zenith angle, and cloud cover (Lubin et al., 1998). As an
essential environmental factor, UVB is known to play a critical role in the
ecosystem (Bornman et al., 2019). In radioactively contaminated areas,
biota can be directly exposed to elevated levels of γ-radiation as well as to
UVB that collectively cause combined toxicity that are not predicted on
basis of the effects of single stressors alone. Such multiple stressor effects
are often not addressed and seldomly quantitated (Salbu et al., 2019),
making studies to address joint toxicity of non-chemical stressors highly
relevant.

In the aquatic ecosystem, primary producers are important energy and nu-
trition sources at the base of the food chains. Among them, macrophytes are
frequently found living in slow or still flowing water habitats, thus facing ex-
posure to γ-radiation from contaminated catchments. It has been reported
that γ-radiation associated with contaminated surface waters ranges from
0.1 to 1 × 103 μGy h−1 (Cochran et al., 1993; Kryshev et al., 1997), while
the worldwide average dose rate of background ionizing radiation is esti-
mated to be around 0.27 μGy h−1 (Thorne, 2003). In extreme cases such as
in Lake Karachay in Mayak, the estimated absorbed dose rate of ionizing ra-
diation for phytoplankton exceeded 1.7 × 106 μGy h−1 in 2012 (Shuryak,
2018). Exposure to elevated levels of γ-radiation is known to generate reac-
tive oxygen (ROS) and nitrogen (RNS) species in primary producers, thereby
causing oxidative damage to macromolecules (DNA, proteins and lipids) as
well as direct radiation-induced DNA double-strand breaks (DSB) (Caplin
andWilley, 2018). Adverse effects of γ-radiation have been investigated in de-
tail in terrestrial plants, such as Glycine max (Alikamanoglu et al., 2011),
Arabidopsis thaliana (Vanhoudt et al., 2014), and Oryza sativa (Jan et al.,
2012), and aquatic plant such as Lemna minor (Xie et al., 2019).

Compared to γ-radiation, the impact of UVB radiation is well docu-
mented in primary producers due to the Ozone depletion in the past few de-
cades. Despite improvements with respect to ozone depletion and partial
recovery of stratospheric ozone, impacts of UVB on organisms are still a
matter of concern (Bernhard et al., 2020). Currently, the average back-
ground irradiance of UVB ranges from 0.23 to 1.55 Wm−2 during summer
in western and northern Europe (Jablonski and Chaplin, 2010; Johnsen,
2022), which can be harmful to primary producers that are poorly accli-
mated or subjected to exposure for prolonged periods of time (Hollosy,
2002; Czegeny et al., 2016; Fraikin, 2018b). UVB is capable of causing
DNA lesions by inducing photoproducts such as cyclobutane pyrimidine
dimers (CPD) and pyrimidine (6–4) pyrimidone dimers (Hidema et al.,
2007). Exposure toUVB is also known to disrupt redox reaction-based phys-
iological processes and produce excessive ROS in organisms (Hideg and
Vass, 1996). Additionally, the photosynthetic apparatus has also been re-
ported to be the initial target of UVB, which directly regulates the growth
of plants (Teramura and Sullivan, 1994). UVB-inducedDNAdamage, oxida-
tive stress, and inhibition of photosynthesis and growth have been well
studied in different plants such as A. thaliana, Vicia faba, G. max and L.
minor (Teramura and Sullivan, 1994; Vu et al., 1981; Xie et al., 2020). In
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addition, UVB also plays a regulatory role in plants bymodulating key phys-
iological processes such as auxin and gibberellin production,

So far, however, investigations of the combined effects of these radiations
are seldomly addressed in aquatic primary producers. Furthermore, despite a
number of studies reporting combined effects of various environmental
stressors on aquatic plants, the majority of available studies focuses on
apical or molecular endpoints, without providing a holistic picture of how
combined effects at different levels of biological organisation. The lack of
systemic and mechanistic understanding of key events in these toxicity path-
waysmay thus limit our ability to quantitate and characterise how combined
toxicity occur. To assess the combined effects of environmental stressors, two
classical models originally developed for assessing chemical mixture toxicity
are often used. The concentration addition (CA)model assumes a commonbi-
ological target and mode of action (MoA) of the stressors (Rozema et al.,
1997), whereas the independent action (IA)model assumes dissimilar targets
andMoAs of the stressors (Bliss, 1939). Stressors affecting the same endpoint
are suitable for combined assessments according to the traditional CA
models. Both models assume additive effects of the stressors, whereas devia-
tions from model predictions are either synergistic (more than additive)
when observed effects are larger than predictions, or antagonistic when ob-
servations are less severe than predictions. The IA model predicts the com-
bined effects based on the joint probability of the effects occurring by
independent stressors (Bliss, 1939), while the CA models typically require
well developed dose-response curves (DRC). Therefore, the concept of IA
can be used in simpler experimental designs (Jonker et al., 2005) and several
modified versions have addressed joint effects at the molecular as well as or-
ganism level (Song et al., 2018; Bradshawet al., 2019).More extensive imple-
mentation of modified IA models for assessing the combined effects of
different types of stressors (chemical and non-chemical) could be beneficial
as effects of multiple stressors are typically characterised by different MoAs.

The present study was conducted to conceptually demonstrate how joint
effects of γ-radiation and UVB on aquatic plants can be characterised using a
combination of different combined toxicity prediction models. The overall
objective of the present work was to implement a modified IA model for
assessing the combined effects of γ-radiation and UVB. Although additivity
is commonly assumed to occur between chemical stressors, interaction giving
rise to either antagonism or synergism seems more relevant for co-exposures
to multiple stressors including ionizing radiation (Salbu et al., 2019). There-
fore, it is hypothesised that exposure to the combination of γ-radiation and
UVB radiation would cause more than additive effects in plants at different
levels of biological organisations, ranging from molecular responses to
more apical adverse effects. In the present work, common duckweed Lemna
minor was used as a model macrophyte, due to the advantages of small size,
rapid life cycles, easy cultivation, high sensitivity and standardised testing
protocols (Radić et al., 2010). In brief, L. minorwas exposed to a single irradi-
ance of UVB, three dose rates of γ-radiation, and their combinations for 7 days
to assess the toxic responses at multiple levels of biological organisation
(e.g. responses at the molecular, cellular, tissue, organ, and individual
level). The combined effects of the stressors were evaluated using a combina-
tion of two-way analysis of variance (2W-ANOVA) and amodified IAmodel.
The results were assembled into a set of conceptual toxicity pathways to
visualise potential interactions giving rise to the observed toxicity.

2. Materials and methods

2.1. Lemna culture

Lemna minor (strain ID: 5544, Rutgers Duckweed stock cooperative)
was originally obtained from Ghent University, Belgium. Fronds were



Table 1
Dose rates (mGy h−1) and total doses (Gy) used in the gamma radiation exposures
of Lemna minor for 168.5 h using the FIGARO 60Co source.

Average
Dose rate
(mGy h−1)

Dose rate interval
(mGy h−1)

Average
Total dose (Gy)

Total dose interval
(Gy)

Minimum Maximum Minimum Maximum

43.6 42.3 44.8 7.4 7.1 7. 6
19.5 18.6 19.5 3.3 3.1 3.4
14.9 14.3 15.4 2.5 2.4 2.6
0.005a 0.004 0.006 0.84 1.008 0.672

a Dose rate of control in the Lead-shielded control zone.
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cultured in Swedish Standard (SIS medium) culture medium as de-
tailed in Xie et al. (2019). All cultures were maintained in a growth
chamber with incandescent light in photosynthetic active radiation
(PAR) at 80 ± 5 μmol m−2 s−1 in a 16 h light/8 h dark photoperiod and
temperature of 22 ± 2 °C, with stock thalli sub-cultured twice a week.
The PAR was measured by an LI-COR quantum sensor Model LI-190
(Lincoln, Nebraska, USA) connected to an LI-COR LI-250 photometer unit.

2.2. Exposure

The exposure was performed in the climate chambers at the FIGARO ex-
perimental facility at the NorwegianUniversity of Life Sciences (NMBU, Ås,
Norway) equipped with a 60Co (1173.2 and 1332.5 keV γ-rays) γ-radiation
source (Lind et al., 2019). Prior to exposure, L. minor was acclimatised in
the exposure chambers for 14 days with SIS medium and the same culture
conditions as described above in Section 2.1. Only healthy L.minor colonies
with green fronds were used. For the radiation exposure, Petri dishes
(60 mm × 15 mm, Nunc™, Oslo, Norway) with 30 ml SIS medium and
6 fronds (2 colonies) in each well (N=6) were positioned at different dis-
tances away from the γ-source to obtain specific gamma dose-rates to water
(DWater) inside the climate (UVB irradiance) chambers (Fig. 1). The gamma
dosimetry of the exposed plants followed the established protocol detailed
by Hansen et al. (2019). The Petri dishes were rotated 180o every 24 h to
give all wells the same dose rates and total doses. Dose rates to water in
the centre of the petri dish were estimated according to Bjerke and
Hetland (2014) and used as a proxy for the dose rates to L. minor. Actual
gammadose ratesweremeasured by anOptically Stimulated Luminescence
(OSL) based dosimetry system using nanoDots dosimeters and an InLight
microSTAR reader (Landauer®, Velizy-Villacoublay Cedex, France).
Nanodots with 5 mm polypropylene build-up caps were exposed in front
of, and at the back of the Petri dishes to determine the average dose rates
(mGy h−1), the dose rate ranges within the Petri dishes (mGy h−1) and
the total doses (Gy) after 7 days of exposure (Table 1).

The UVB radiation in each climate chamber was provided by 4 UVB
fluorescent tubes (UVB-313, Q-Panel, Cleveland, USA) and plants exposed
for 16 h light per day in the climate chamber at Figaro. Cellulose diacetate
foil (0.13 mm, Jürgen Rachow, Hamburg, Germany) was placed on top of
the microplates to block UVwavelengths below 290 nm for UVB treatment
(UV+) groups, while the non-UVB treatment (UV-) groups were covered
with pre-burned (24 h exposed to 1 W m−2 UVB) polyester foil (0.175
mm, Nordbergs Tekniska AB, Vallentuna Sweden) to completely block
Fig. 1. Schematic diagram of combined exposure of γ-radiation and UVB radiation.
The yellow area represented the gamma radiation beam emitted from a cobalt-60
(60Co) source, while the purple represented the area exposed to UVB. The
γ-radiation dose rate was adjusted by changing the distance to the 60Co source.
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UVC and most of the UVB radiation (wavelength < 315 nm). The UVB
irradiance was measured with a broadband UVB sensor (SKU340, Skye
Instruments, Powys, UK). The transmittance spectrum of polyester and cel-
lulose acetate filters was detailed in Xie et al. (2020), and confirmed that
these filters did not impact the spectrum of PAR. Based on calibration fac-
tors from simultaneous measurement of UVB with an Optronic model 756
spectroradiometer (Optronic laboratories, Orlando, FL, USA), the absolute
UVB irradiation was calculated to be 0.49 ± 0.01 W m−2 (total effective
dose 197.6 ± 4 kJ m−2).

2.3. Growth inhibition

After exposure for 7 days, the growth rate parameters, including frond
number, frond size and fresh weight, were measured essentially as de-
scribed by Xie et al. (2019). Frond number (FN) was recorded before and
after the exposure to calculate the reproductive inhibition as described in
the OECD 221 Test guideline “Lemna sp. Growth Inhibition Test” (OECD,
2006). The frond area was measured on basis of the whole-plant imaging
by a digital camera (FinePix S2500HD, Fujifilm, Japan) with engineering
graph paper in standard imperial/US and metric scales. The frond area in
each photograph was analysed using the software Image-J version 1.48
(National Institutes of Health, Maryland, USA). The fresh weight was mea-
sured by weighing all material, including fronds and roots from one well
after drying off excessive fluid by a dry lint-free paper tissue. Results were
presented as fold change compared to blank control (without γ-radiation
and UVB).

2.4. ROS assay

Cellular ROS formation was quantified using the 2′,7′-
Dichlorofluorescein diacetate (H2DCFDA) assay (Molecular Probes Inc.,
Eugene, OR, USA), as described by Xie et al. (2019). Briefly, a 50 mM
H2DCFDA stock solution was prepared in dimethyl sulfoxide (DMSO)
(Purity 99.7 %; Sigma-Aldrich, St-Louis, USA) and stored at −20 °C until
use. Fronds were immersed in 200 μL working solution of H2DCFDA
(50 μM) prepared in the culture medium after the exposure. After 1 h
probe loading, the fronds were rinsed with a clean medium and transferred
to a black 96-well microplate (Corning Incorporated, Costar®, NY, USA).
The fronds were immediately measured using a VICTOR3

fluorescent
plate reader, 1400 Multilabel Counter (Perkin Elmer, Massachusetts,
USA) with excitation/emission wavelengths of 485/538 nm. Results were
presented as fold change compared to control. The raw fluorescent counts
were normalised by the weight of the fronds and were presented as fold
changes compared to the blank control.

2.5. TBARS assay

Lipid peroxidation (LPO) was measured by analysing the content of
Malondialdehyde (MDA), a marker of LPO as described by Radić et al.
(2010), with minor modifications (Xie et al., 2018). In general, 12 fronds
were homogenised in 1 ml of 0.25 % (w/v) 2-thiobarbituric acid (TBA,
Sigma-Aldrich) in 10 % trichloroacetic acid (TCA, Sigma-Aldrich) and
incubated at 95 °C for 30 min. After incubation, the fronds were cooled in
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an ice bath for 10 min and centrifuged at 10,000 ×g for 10 min (< 4 °C).
The absorbance of the supernatant was measured at 532 nm and corrected
for non-specific turbidity by subtracting the absorbance at 600 nm. 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 presented as μmol g−1 using an extinction coefficient of
155 nmol−1 cm−1 (Hashem, 2013). Results were presented as fold change
compared to blank control.

2.6. TMRM assay

As a proxy for mitochondrial oxidative phosphorylation, mitochondrial
inner membrane potential (MMP) was characterised using tetramethylrho-
daminemethyl ester (TMRM, InvitrogenMolecular Probe, Eugene, Oregon,
USA). In brief, stock solutions of TMRM (5 mM) were prepared in DMSO
and stored at−20 °C until use. 2 μL TMRM stock solution was added into
SISmedium tomake a 500 nMworking solution immediately prior to stain-
ing. One L. minor colony with 3 fronds were transferred into the well at the
end of the exposure. The fronds were then incubated with 200 ul TMRM
working solution in the dark (1 h, room temperature), rinsed with SIS me-
dium for 5 min to remove free (unbound) TMRM and transferred to 200 μl
SIS medium in 96-well black clear-bottom microplate. The fluorescent in-
tensity of internally incorporated TMRM was measured using VICTOR3,
1400 Multilabel Counter using the excitation wavelength of 530 nm and
the emission wavelength of 590 nm. Results were presented as fold change
compared to blank control (without γ-radiation and UVB).

2.7. Photosystem II performance

Performance of the photosystem II (PSII) was characterised simulta-
neously for all samples by a pulse-Amplitude-Modulated (PAM) chlorophyll
fluorescence kinetics using a PAM 2000 fluorometer (Walz, Effeltrich,
Germany). After being dark-adapted for 30 min, the basal fluorescence
(Fo) was measured under weak modulated illumination (1 μmol m−2

s−1), and the maximum fluorescence (Fm) was obtained by applying a sat-
urating light pulse (5000 μmol m−2 s−1, 0.8 s). The light-adapted
fluorescence parameters such as effective minimal fluorescence (Fo') and
steady-state terminal fluorescence (F) were measured in the state of open
photosystem II reaction centres after 30 min of continuous illumination of
80 μmol m−2 s−1 from a high-intensity LED panel (Model SL-3500, Photon
System Instruments, Brno, Czech Republic). The Fo' was measured in the
presence of far-red illumination with the Actinic Light source switched
off, while the value of Ft was measured shortly before a light Saturation
Pulse. Light adapted maximal fluorescence (Fm') was obtained by applying
a saturating light pulse. The values determined during the measurement
(Fo, Fo' Fm, Fm' and F) allowed the calculation of the maximum quantum
yield of the photosystem (Fv/fm) and operating efficiency of PSII (ΦPSII =
(Fm'-F)/fm'). The photochemical parameters such as non-photochemical
quenching (NPQ) and photochemical quenching (qP) were calculated
using the equations (NPQ = (Fm-Fm')/fm' and qP = (Fm'-F)/ (Fm-Fo')) as
described by (Baker, 2008). The results were presented as percentage inhi-
bition compared to blank control.

2.8. Pigment measurement

Pigment content was measured spectrophotometrically, essentially as
describedby Lichtenthaler (1987). After exposure, 25mgofwhole plant tis-
sue (wet weight) including fronds and roots were homogenised in 2 ml
methanol (99.9 %, Sigma-Aldrich, Oslo, Norway) in darkness at 4 °C over-
night to avoid degradation, then centrifuged at 3000 rpm for 10 min. The
absorbance of the supernatant at 652, 665 and 470 nm was determined
by a UV/VIS spectrophotometer (Perkin-Elmer, Lambda 40, Akron, Ohio,
USA) as detailed in Xie et al. (2018). The contents of chlorophylls (chloro-
phyll a and b) and total carotenoids were calculated as described by Nayek
et al. (2014). Results were presented as percentage inhibition compared to
blank control after normalisation to wet weight.
4

2.9. ATP assay

ATP content in the L.minor fronds was quantified by Luminescence ATP
Detection Assay Kit (ab113849, Abcam, UK) with some modification.
Briefly, 3 fronds from each treatment were homogenised in 100 μl PBS
and transferred into 96 black microplates where 50 μL detergent (supplied
by kit) was added. The plate was shaken/vortexed gently, and 50 μL
Substrate Solutionwas added prior to shaking for an additional 5min as de-
scribed in the manufacturer's instructions. The luminescence wasmeasured
by a Wallac Microbeta Jet 1450 microplate Scintillation/Luminescence
counter (PerkinElmer Life Sciences, Gaithersburg, MD) after 10 min dark
adaption. Results were presented as percentage inhibition compared to
the blank control after normalisation to wet weight.

2.10. Transcription analysis

After exposure for 7 days, 6 fronds from each petri dish were snap-
frozen in liquid nitrogen and stored at −80 °C until use. Quick-RNA Plant
RNA MiniPrep kit (Zymo Research Corp., Irvine, CA) was used for total
RNA extraction according to themanufacturer's protocols. Purity and integ-
rity of RNA (260/230 ≥ 1.8, 260/280 ≥ 1.8, RIN ≥ 6.0) were assessed
using a Nanodrop ND-1000 (Nanodrop Technologies, Wilmington, DE)
and a Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), respec-
tively. The quantitative real-time reverse transcription-polymerase chain
reaction (qPCR) assay was performed as previously described (Song et al.,
2016). In brief, each RNA sample (100 ng) was reverse-transcribed
into cDNA using qScript™ cDNA SuperMix (Quanta BioSciencesTM,
Gaithersburg, MD, USA). The design of primers was performed using
Primer 3 v0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/) and purchased
from Invitrogen™ (Carlsbad, California, USA). All primer sequences and rel-
evant information are presented in Supplementary Table S1. The qPCRwas
performed in a CFX384 Real-Time PCR Detection System (Bio-Rad Labora-
tories, Philadelphia, PA, USA). Each reaction mixture consisted of 1 μl of
cDNA template, 15 μL of PerfeCTa® SYBR® Green FastMix® (Quanta
BioSciencesTM) and 400 nM of forward/reverse primer in a total volume
of 20 μL. Pooled cDNA (0.25–4 ng) from all samples were used to generate
the standard curve for calculation of amplification efficiency € and correla-
tion coefficient. No-reverse-transcriptase control (NRT) and no-template
control (NTC) were also included in amplification for quality controls.
The relative expression was calculated using the Pfaffl method (Pfaffl,
2001), and normalised to the geometric mean expression of reference
genes, glyceraldehyde 3-phosphate dehydrogenase (Gadph), 40s ribosomal
protein S18 (Pfaffl, 2001), and elongation factor 1-α (EF1α) (Shi et al.,
2016; Tang et al., 2017) according to the ΔΔCq method (Vandesompele
et al., 2002).

2.11. Combined effect assessment

The combined effects of γ-radiation and UVBwere assessed by a combi-
nation of two-way (2 W) ANOVA and a modified IA model originally pro-
posed by Jonker et al. (2005) and modified to address molecular response
data by Song et al. (2018). In detail, experimental data from single and
combined exposures were subjected to a two-way analysis of variance
(2 W-ANOVA) to determine whether the stressors displayed similar effect
patterns, whether biological interactions occurred for the stressors or
whether no interactions (no-enhancement or additivity) were occurring.
In combination with the 2 W-ANOVA, a modified IA model was used to as-
sess whether the observed combined response agreed with, or deviated
from, the assumption of additivity. In brief, the predicted combined effect
(Mpre(combined)) was calculated using the following equations, as previously
described by Song et al. (2018):

Mpre combinedð Þ ¼ Log2
Yobs Gammað Þ
Yobs Ctrlð Þ

� �
þ Log2

Yobs UVð Þ
Yobs Ctrlð Þ

� �
(1)

http://bioinfo.ut.ee/primer3-0.4.0/


Fig. 2.Effect of gamma radiation on the growth of Lemnaminor after exposurewith (UV+) orwithout UVB (UV−) for 7 days: (A) fronds number, (B) frond size and (C) fronds
weight. Boxes represent the median (N=6) and the 25th and 75th percentiles, and the whiskers represent the minimum and maximum value. The dotted line indicates the
base level of responses in the control group. Different letters indicate significant differences in means between treatments, while the asterisk “*” denotes significant
interaction between groups with or without UVB (p ≤ 0.05).
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where the Yobs(Gamma)is the observed effect after exposure to γ-radiation,
Yobs(UV) is the observed effect after exposure to UVB, and Yobs(Ctrl) is the
observed effect from control.

The observed combined effect (Mobs(combined)) was calculated by the
equation:

Mobs combinedð Þ
� � ¼ Log2

Yobs combinedð Þ
Yobs Ctrlð Þ

� �
(2)

where Yobs(combined) is the observed effect after the combined exposure of γ-
radiation and UVB.

The combined effects of the two stressors were quantitatively assessed
based on the overlapping between predicted (Mpre(combined) ± CIpre) and
observed data (Mobs(combined) ± CIobs), where the CI is the 95 % confidence
interval of deviation:

Additivity or no−enhancement : Mobs combinedð Þ � CIobs∩Mpre combinedð Þ � CIpre≠Ø

ð3Þ

No enhancement was defined as the incidents where no interactions be-
tween γ-radiation and UVB and UVB did not cause any significant effects
alone. In contrast, additive effects were defined when UVB caused signifi-
cant effects but did not modulate the effects of γ-radiation beyond exposure
to γ-radiation alone.

Synergism : Mobs combinedð Þ � CIobs>Mpre combinedð Þ � CIpre (4)

Antagonism : Mobs combinedð Þ � CIobs < Mpre combinedð Þ � CIpre: (5)

2.12. Statistics

All statistical analyses were performed using GraphPad Prism version 6
(GraphPad Software, California, USA). The results for each endpoint were
presented as boxplots. Data were assessed for normality and homogeneity
of variance by the Shapiro-Wilk and Levene's tests, respectively. Statistical
analysis was additionally performed by a 2 W-ANOVA to identify interac-
tions between stressors. A Dunnett's multiple comparison test using a signif-
icance level of p ≤ 0.05 were used to identify significant differences
between individual exposure groups.

3. Results

3.1. Growth rate

The average fronds reproduction rate of L. minor in the non-UV control
was 0.421 d−1 and was above the validity limit for the OECD 221 test
guideline (average specific growth rate of 0.275 d−1; OECD, 2006).
5

Gamma exposure alone caused a dose rate-dependent reduction in all
three growth endpoints in L.minor (Fig. 2), albeit significant growth inhibi-
tion was only observed at the highest gamma dose rate (43.6 mGy h−1). Up
to 20 % reduction of frond weight (FW) was observed at 43.6 mGy h−1,
whereas frond number (FN) and frond size (FS) were reduced by 10 %
and 12 % at the same dose rate, respectively. However, the UVB exposure
did not cause any significant effects on the growth parameters of L. minor.
In the combined exposures, the 2 W-ANOVA demonstrated a significant in-
teraction between the two radiations in terms of FN (see Table 2 for details),
whereas no-interactions were observed for the reduction of FS and FW. The
IA modelling and CI overlapping test revealed that the synergistic interac-
tion with respect to FN reduction was significant, and no enhancement in
FS and FW was observed (Table 2).

3.2. Oxidative stress and damage

The results demonstrated that both γ-radiation and UVB individually
enhanced the cellular ROS level and LPO in L.minor. When fronds were ex-
posed to elevated γ-radiation, cellular ROS increased in a dose rate depen-
dent manner to a maximum of 1.4-fold at 43.6 mGy h−1. Maximum
induction of LPO (1.3-fold) was also observed at the same dose rate
(Fig. 3.A). Single UVB exposure caused a significant increase in ROS (1.4-
fold) and LPO (1.5-fold) compared to control. In the combined exposures,
significant interactions were detected by 2 W-ANOVA for ROS and LPO,
and the IA modelling and CI overlapping test identified these interactions
caused antagonism for ROS and LPO (Table 2).

3.3. Oxidative phosphorylation (OXPHOS) and ATP content

Exposure to γ-radiation alone caused a dose rate dependent reduction of
MMP (OXPHOS) in L.minor, with a maximum reduction of MMP (0.8-fold)
at 43.6 mGy h−1 (Fig. 4). However, no significant change in total ATP con-
tent in L. minor was observed for the single γ-radiation exposure. Exposure
to UVB alone significantly inhibited MMP by 25 % at 0.5 W m−2. In the
combined exposure, the results of the 2 W-ANOVA identified that the two
stressors were interacting in terms of inducing MMP reduction, and the
combination of the IA prediction and CI overlapping test demonstrated
that these interactions were antagonistic (Table 2). The 2 W-ANOVA and
IA modelling demonstrated that no significant interaction and no-
enhancement by the two stressors were observed on ATP content when ex-
posed in combination (Table 2).

3.4. PSII performance

When exposed alone, γ-induced impacts on PSII parameters were ob-
served with a maximum reduction of ΦPSII (0.85-fold) and NPQ (0.8-fold)
at 43.6 mGy h−1, while no significant change was observed for Fv/fm
and qP at any dose rate (Fig. 5). Exposure to UVB alone caused significant



Table 2
Summary of combined effects of γ-radiation and UVB in Lemna minor after 7 days co-exposure. Interactions was determined by 2W-ANOVA (significant: p≤ 0.05), while
the combined effects were evaluated by independent action (IA) model. Gamma 10= 14.9 mGy h−1γ-radiation, Gamma 20= 19.5 mGy h−1 γ-radiation, Gamma 40=
43.6 mGy h−1 γ-radiation; UVB = 0.49 W m−2 UVB. Observation and IA model prediction results are listed in Supp. Table S2.

Function Biological organisation Target
Target 

abbreviation 

2W-

ANOVA
IA model assessment*

p-value
Gamma1

0+UVB

Gamma

20+UVB

Gamma

40+UVB

Oxidative stress and 

lipid peroxidation

Gene Superoxide dismutase SOD 0.670-1

Gene Glutathione s-transferase GST 0.0209

Gene Glutathione peroxidase GPX 0.0524

Gene Flavonoid production CYP 0.1421

Molecular ROS formation ROS <0.0001

Cellular Malondialdehyde MDA 0.0002

DNA damage and 

programmed cell death

Gene DNA double-strand break sensor ATM 0.0596

Gene DNA repair protein rad50 RAD50 0.-1-161

Gene DNA-damage repair/toleration protein 111 DRT111 0.76-14

Gene Metacaspase-1 AMC1 0.0058

Gene Apoptosis inhibitor 5-like API5 0.0446

Photosynthesis

Gene Photosystem II protein D1 PSBA 0.0054

Gene Chlorophyllase CLH 0.00-12

Gene Carotenoids biosynthesis PSY75B 0.6559

Subcellular Maximal PSII efficiency Fv/Fm 0.0549

Subcellular Effective PSII efficiency ΦPSII 0.958

Subcellular Non-photochemical quenching NPQ 0.0006

Subcellular Photochemical quenching qP 0.0405

Subcellular Chlorophyll a Chl a 0.1118

Subcellular Chlorophyll b Chl b 0.2642

Subcellular Total carotenoids Car 0.0765

Glycolysis and 

oxidative 

phosphorylation

Gene Pyruvate kinase PK <0.0001

Gene Cytochrome c CYC 0.0918

Gene NADH dehydrogenase NDUFV1 <0.0001

Gene ATP synthase ATPC 0.-1148

Subcellular OXPHOS MMP <0.0001

Cellular ATP content ATP 0.286

Growth and 

reproduction

Individual Frond size FS 0.7526

Individual Frond weight FW 0.7488

Population Frond number FN <0.0001

*Combined effects determined as no-enhancement (blue), antagonism (green), additivity (yellow) and synergism (red).
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inhibition ofΦPSII (0.9-fold), but no statistically significant effects on Fv/fm,
qP, and NPQ were observed. In the combined exposure, the 2 W-ANOVA
identified significant interactions between the two stressors in terms
6

of reduction in qP and NPQ. The IA prediction and CI overlapping
test suggested synergistic interactions between UVB and γ-radiation at
14.9 mGy h−1 and 43.6 mGy h−1 for NPQ, respectively, whereas



Fig. 3. Effect of gamma radiation on Lemna minor growth after exposure with (UV+) or without UVB (UV−) for 7 days: (A) ROS formation and (B) lipid peroxidation (LPO).
Boxes represent themedian (N=6) and the 25th and 75th percentiles, and thewhiskers represent theminimum andmaximumvalue. The dotted line indicates the base level
of responses in the control group. Different letters indicate significant differences inmeans between treatments, while the asterisk “*” denotes significant interaction between
groups with or without UVB (p ≤ 0.05).
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synergistic interaction for qP at 19.5 mGy h−1. The 2 W-ANOVA and IA
modelling indicated that the UVB caused no enhancement of γ-radiation in-
duced inhibition of Fv/fm, while causing an additive effect on ΦPSII when
exposed in combination (Table 2).

3.5. Pigment content

When exposed to single stressors, γ-radiation caused a dose rate depen-
dent reduction in the chlorophyll content (chlorophyll a (Chl a) and chloro-
phyll b (Chl b), but had no effects on total carotenoids (Fig. 6). A maximum
reduction of Chl a (0.7-fold) and Chl b (0.7-fold) were observed at dose
rates of 43.6 mGy h−1. UVB exposure reduced the content of Chl b by
20 % when exposed alone, while no significant effect was observed on
Chl a and the total content of carotenoids. When exposed in combination,
no interactions between the two stressors were identified by the 2 W-
ANOVA in terms of changes to Chl a, Chl b or total content of carotenoids.
The IAmodelling and CI overlapping test verified that the combined effects
occurred in a non-enhancement manner for these pigments (Table 2).

3.6. Gene expression

When exposed to γ-radiation alone, expression of the antioxidant bio-
marker gene glutathione-S-transferase (GST), the two DNA damage rele-
vant genes DNA damage-repair/toleration protein (DRT111) and serine
threonine-protein kinases (ATM), apoptosis relevant genes apoptosis inhib-
itor 5-like (API5), chlorophyll metabolism gene chlorophyllase-2 (CHL),
Fig. 4. Effect of gamma radiation on Lemna minor growth after exposure with (UV+) or
themedian (N= 6) and the 25th and 75th percentiles, and the whiskers represent them
the control group. Different letters indicate significant differences in means between trea
without UVB (p≤ 0.05).
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and metacaspase-1 (AMC1) were increased at 43.6 mGy h−1 (Fig. 7). The
D1 protein synthesis gene (PSBA), glycolysis enzyme pyruvate kinase
(PK) and electron transfer enzyme NADH dehydrogenase (NDUFV1) were
significantly down-regulated in L. minor after exposure to γ-radiation at
high dose rates (≥20 mGy h−1). The expression of superoxide dismutase
(SOD), glutathione peroxidase (GPX), DNA repair protein rad50 (RAD50),
D1 protein synthesis gene (PSBA), phytoene synthase (PSY75B), flavonoid
3′-monooxygenase (CYP), cytochrome c (CYC)) and ATP synthase gamma
(ATPC1) was not significantly affected by γ-radiation when exposed
alone. The expression of glycolysis enzyme pyruvate kinase (PK) was
non-monotonic, with up-regulation at 14.9 mGy h−1 and recovery at
20 mGy h−1. Single UVB radiation up-regulated the expression of AMC1
and API5, whereas none of the other genes was differentially expressed
compared to the control. When co-exposed to the two stressors, significant
interactions were observed between γ-radiation and UVB in terms of
modulating the expression of the genes GST, AMC1, API5, PSBA, CHL,
PK1 and NDUFV1 (determined by the 2 W-ANOVA). The IA prediction
and CI overlapping test revealed synergistic interactions between the two
stressors with respect to the increase in GST and decreased in PSBA,
whereas regulation of the genes ATM, AMC1, CHL, PK1 and DNUFV1
occurred in an antagonistic manner (Table 2).

4. Discussion

The individual and combined effects of γ-radiation and UVBwere inves-
tigated in L. minor at multiple levels of biological organisation. Putative
without UVB (UV−) for 7 days: (A) OXPHOS and (B) ATP content. Boxes represent
inimum andmaximum value. The dotted line indicates the base level of responses in
tments, while the asterisk “*” denotes significant interaction between groupswith or



Fig. 5. Effect of gamma radiation on Lemnaminor growth after exposure with (UV+) orwithout UVB (UV−) for 7 days: (A) maximal PSII efficiency (Fv/Fm), (B) effective PSII
efficiency (ΦPSII), (C) photochemical quenching (qP) and (D) non-photochemical quenching (NPQ). Boxes represent the median (N=6) and the 25th and 75th percentiles,
and the whiskers represent the minimum and maximum value. The dotted line indicates the base level of responses in the control group. Different letters indicate significant
differences in means between treatments, while the asterisk “*” denotes significant interaction between groups with or without UVB (p ≤ 0.05).
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toxicity pathways have previously been proposed for the single stressors γ-
radiation and UVB in L. minor (Xie et al., 2019; Xie et al., 2020), and these
were used to characterise the combined effects occurring after co-exposures
with the two stressors. Compared to the previous study using continuous
UVB radiation, the present study was executed with a photoperiod of
16 h daily for UVB radiation, representing a 25 % reduction in total UVB
dose (Xie et al., 2020). Although the total daily UVB dose was 2 times
higher than that encountered in the central and northern Europe during
the peakUVB season (high summer), theUVB irradiance used in the present
study was typically in the range of common UV levels observed in Norway
(0.2–1Wm−2) at noon in summer (Johnsen, 2022). The applied dose rates
of external γ-radiation in the present study were 0.9 to 4.2 times that ob-
served in the vicinity of the damaged reactor during the first two weeks
after the Chernobyl nuclear power plant accident (Fesenko et al., 2005),
and were considered a worst-case scenario. Although the γ-radiation and
UVB exposure used was in the higher range of what has been encountered
in the environment, the main purpose of the studies was to demonstrate
mechanistically-informed combined toxicity assessment using γ-radiation
Fig. 6.Effect of gamma radiation on Lemnaminor growth after exposurewith (UV+)orw
(C) total carotenoids. Boxes represent the median (N=6) and the 25th and 75th percen
indicates the base level of responses in the control group. Different letters indicate sig
significant interaction between groups with or without UVB (p≤ 0.05).
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and UVB as prototypical stressors rather than fully represent ecologically
relevant exposure scenarios.

4.1. Oxidative stress and damage

Excessive ROS is often accompanied by an increase in the expression
of different detoxification compounds (e.g. antioxidant enzymes and
phenolic compounds) and damage to biological macromolecules
(e.g. lipids) (Babu et al., 2003; Huang et al., 2019; Jansen et al., 2001). In
the presented study, significant induction of ROS formation and lipid per-
oxidation (MDA content) were observed after exposure to γ-radiation at
43.6 mGy h−1, as well as the artificial UVB at 0.49Wm−2, thus suggesting
oxidative stress and lipid peroxidation were occurring at high dose rates
and irradiance in L.minor. The finding is consistent wither earlier observa-
tion for some of the same markers of effects in L. minor after exposure to
similar dose rates and irradiance of γ-radiation and UVB (Xie et al., 2019;
Xie et al., 2020). Exposure to somewhat lower dose rates from the same
source (4.5 mGy h−1) caused ROS in other freshwater primary producers
ithout UVB (UV−) for 7 days: (A) chlorophyll a (Chl a), (B) chlorophyll b (Chl b) and
tiles, and the whiskers represent the minimum andmaximum value. The dotted line
nificant differences in means between treatments, while the asterisk “*” denotes



Fig. 7. Effects of gamma radiation on relative transcript levels in Lemna minor after exposure with (UV+) or without UVB (UV−) for 7 days. SOD-Superoxide dismutase;
GST- Glutathione s-transferase; GPX- Glutathione peroxidase; RAD50- DNA repair protein rad50; ATM-DNA double-strand break sensor; AMC1- Metacaspase-1; API5-
apoptosis inhibitor 5; DRT111- DNA-damage repair/toleration protein 111; PSBA- Photosystem II protein D1; CLH- Chlorophyllase; CYP- Flavonoid production; PSY75B-
Carotenoids biosynthesis; PK- Pyruvate kinase; CYC- Cytochrome c; NDUFV1- NADH dehydrogenase; ATPC-ATP synthase gamma. The data is derived from quantitative
real-time reverse transcription-polymerase chain reaction (qRT-PCR, white box, N = 6) analyses. The transcript levels were normalised against housekeeping gene
glyceraldehyde 3-phosphate dehydrogenase (GADPH), 40s ribosomal protein S18 (RPS18), and elongation factor 1- α (EF1α) and are shown relative to the non-UV
control (shown as a dotted line). Boxes represent the median and the 25th and 75th percentiles, and the whiskers represent the minimum and maximum value. Different
letters indicate significant differences in means between treatments, while the asterisk “*” denotes significant interaction between groups with or without UVB (p≤ 0.05).
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such as themicroalgae Chlamydomonas reinhardtii (Gomes et al., 2017). The
higher sensitivity of microalgae to stressors has previously been attributed
to less complex physiological structure and regulatory systems in algae
compared to floating macrophytes (Lewis and Thursby, 2018). When co-
exposed, the IA assessment suggested that UVB antagonised γ-radiation-
mediated effects on ROS formation and MDA content at all dose rates. A
similar antagonistic effect on ROS was also observed in the Scots pine
(P. sylvestris) after combined exposure to γ-radiation and UVB radiation
(Blagojevic et al., 2019). Induction of protective mechanisms, such as anti-
oxidant enzymes and phenolic compounds, are normally regulated by ROS
signalling, and are known to reduce ROS in aquatic primary producers
(Khan et al., 2018). Although no-clear enhancement of SOD, GPX and
CYP gene expression was observed, a synergistic up-regulation of the anti-
oxidant enzyme gene GST may provide a potential explanation for the an-
tagonistic effect observed (Suppl. Fig. S1). Additionally, the interaction of
UVB at the highest γ-radiation dose rate (43.6 mGy h−1) can be also poten-
tially due to saturation of endogenous ROS formation via redox cycling as
both γ-radiation and UVB can trigger this in plants (Hideg et al., 2013;
Jan et al., 2012).

4.2. DNA damage and programmed cell death

In the plant cells, DNA is one of the major targets for both UVB (Jansen
et al., 1998) and γ-radiation (Caplin andWilley, 2018). In this study, the ex-
pression of DNA damage marker genes DRT111 (DNA damage repair) and
ATM (double-strand break sensor) were all significantly upregulated by
γ-radiation at 43.6 mGy h−1, thus suggesting an increase in DNA damage
in L. minor. γ-induced DNA damage was also observed in L. minor after ex-
posure to 24 mGy h−1 γ-radiation (Xie et al., 2019). Exposure to UVB
alone did not cause any significant increase in the expression of the same
9

genes, thus suggesting that induction of DNA strand breaks or induction
of DNA damage and repair genes may require exposure to higher UVB irra-
diances. Unlike γ-radiation, UVB radiation is known to induce photoprod-
ucts like CPD (Gill et al., 2015), which was consistent with the
observations of an increase in CPD at 0.48 W m−2 (estimated 1.3 times
higher accumulated dose than the present study) in L. minor (Xie et al.,
2020). No interaction (2 W-ANOVA) and no enhancement of effects (IA
modelling) were observed for the expression of ATM, RAD50 and DRT
111 when exposed to the two stressors in combination. No-enhancement
on the DNA damage marker genes could be expected as UVB irradiance
did not cause any significant increase in DNA damage (Fig. 7). Additionally,
the different MoAs of γ and UVB in terms of DNA damage may also explain
the non-interactions observed. More specifically, γ-radiation-mediated
DNA double-strand breaks are typically caused by the destruction of
sugar-phosphate backbones or disruption of the base pairs of the DNAmol-
ecule through direct energy dissipation (Singh et al., 2011), while UVB-
induced DNA double-strand breaks in plants are normally caused indirectly
by either increased oxidative stress, or induction of CPD formation (Suppl.
Fig. S2) (Rastogi et al., 2010).

Consequently, increased DNA damage could lead to PCD as a secondary
response, thereby protecting organisms from radiation-damaged cells
(Pennell and Lamb, 1997). In the present study, increased transcription of
API5 (apoptosis inhibitor) and AMC1 (metacaspases) were observed after
exposure to γ-radiation (19.5–43.6 mGy h−1) and UVB (0.49 W m−2), po-
tentially indicating induction of PCD in L.minor. Although not investigated
in L. minor before, γ- mediated PCD following DNA damage has been well
documented in Arabidopsis thaliana (Furukawa et al., 2010 #144). In accor-
dance with the present results, up-regulation of transcripts for API5 and
AMC1 were observed in L. minor after exposure to 0.48 and 1 W m−2

UVB, respectively (Xie et al., 2020). Interestingly, IA assessment suggested

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dehydrogenases
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that UVBmodulated γ-radiation-mediated expression of PCDmarker genes,
where additive effects were identified at 19.5 mGy h−1 while antagonistic
effectswere demonstrated at 14.9 and 43.6mGy h−1. The combined effects
trends on PCD are not consistent with the expression of DNA damage
marker genes, and the observed non-monotonic behaviour in PCD at differ-
ent dose rates in the combined exposures may suggest activation of differ-
ent toxicity mechanisms (Suppl. Fig. S3). In addition to DNA damage,
PCD in plants is additionally regulated by ROS signalling, mitochondrial
dysfunction, and phytohormones in plants (Balk et al., 1999; Redza-
Dutordoir and Averill-Bates, 2016; Steffens and Sauter, 2005). However,
the details of the toxicity mechanism associated with PCD in the present
study remain unresolved andwarrant additional experimental assessments.

4.3. Performance of photosystem II

Photosystem II (PSII) is a protein complex in the light-dependent
reaction, which can split water to form protons, oxygen, and electron for
photosynthesis (Aro et al., 1993). After exposure, a significant reduction
of effective PSII efficiency (ΦPSII, 43.6 mGy h−1), non-photochemical
quenching (NPQ, 19.5–43.6 mGy h−1), D1 protein (PSBA,
19.5–43.6 mGy h−1), the content of chlorophyll a (Chl a, 43.6 mGy h−1)
and b (Chl a, 19.5–43.6 mGy h−1) were all observed in L.minor after expo-
sure to γ-radiation. The results are consistent with earlier observations for
many of the same markers of effects in L. minor exposed to similar dose
rates and suggest that elevated γ-radiation may potentially reduce the pho-
tosynthesis in aquatic plants (Xie et al., 2019). UVB at 0.49 W m−2 only
cause significant inhibition of effective PSII efficiency (ΦPSII), which agrees
with observation in L. minor after exposure to similar UVB irradiance (Xie
et al., 2020). Interestingly, the 2 W-ANOVA and IA assessment demon-
strated that UVB induced additive inhibition of ΦPSII when co-exposed
with γ-radiation at all dose rates, while synergistic interactions were ob-
served in NPQ and qP at different dose rates. The variable combined effects
at different markers can be potentially due to the two stressors modulating
PSII performance via distinct toxicity mechanisms (Suppl. Fig. S4). Mecha-
nistic studies have indicated that artificial γ-radiation and UVB radiation
can cause damage to photoreaction reaction centres (Caplin and Willey,
2018) and the oxygen evolution complex (OEC) at donor sites, respectively
(Hideg and Vass, 1996; Ohnishi et al., 2005). Decreased D1 protein synthe-
sis can be another potential reason for the PSII inhibition, as themodulation
of D1 protein recovery impacts the overall function of PSII (Aro et al.,
1993). Additionally, the activity of PSII is regulated by the rate of photon
absorption in the light-harvesting complex (LHC) (Pätsikkä et al., 2002),
and the reduction of total chlorophylls may thus render the leaves more
susceptible to photoinhibition due to their role as photoreceptors in the
chloroplast.

4.4. Oxidative phosphorylation and content of ATP

Oxidative phosphorylation (OXPHOS) is a metabolic pathway mainly
for ATP production in eukaryotic cells (Terada, 1990). In the present
study, significant inhibition of MMP was observed after exposure to single
γ-radiation (43.6 mGy h−1) and UVB at 0.49 W m−2. Suppression of MMP
has been observed previously in the same species after exposure to 24 mGy
h−1 γ-radiation (Xie et al., 2019) and UVB at 1 W m−2 (Xie et al., 2020),
thus suggesting that the two stressors reduce OXPHOS in L. minor. The
slightly different results between studies may potentially be due to the ex-
posure setup with varying durations of exposure and light sources. When
co-exposed, 2 W-ANOVA and IA model demonstrated that UVB antagonis-
ticallymodulate the effects of γ-radiation onMMP at all dose rates. Such an-
tagonistic reduction can be potentially due to the ROS-mediated damage to
the inner mitochondrial membrane (Jugé et al., 2016; Fraikin, 2018a)
(Suppl. Fig. S5). Alternatively, both γ-radiation and UVB were reported to
inhibit the electron flow between OXPHOS complexes, which may lead to
competition in the electron transport (Kam and Banati, 2013; Gniadecki
et al., 2000). The reduction of OXPHOS is consequently expected to reduce
the production of ATP (Reape et al., 2008). Surprisingly, exposure to
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γ-radiation or UVB alone did not affect the total ATP content and the ex-
pression of ATP synthase (ATPC1). The 2 W-ANOVA and IA model also in-
dicated that UVB caused no-enhancement of ATP content and expression of
ATP synthase (ATPC1) when co-exposed with γ-radiation. Such combined
effects cannot be fully explained by PSII (additive reduction), MMP (antag-
onistic reduction) and glycolysis (antagonistic reduction on the expression
of Pyruvate kinase (PK)) (Suppl. Fig. S6). Additional studies to decipher the
combined effect of the two stressors on ATP, photophosphorylation,
OXPHOS and glycolysis are clearly warranted.

4.5. Apical effects on growth and reproduction

As an adverse outcome, responses of growth parameters in L.minor, in-
cluding reproduction and developments, have been widely used as
standardised toxicity endpoints with different environmental stressors
(Germ and Gaberscik, 1999; Radić et al., 2011). The present study showed
that γ-radiation significantly inhibited the frond number (FN, 43.6 mGy
h−1), frond size (FS, 19.5–43.6 mGy h−1) and frond weight (FW,
19.5–43.6mGy h−1) (Suppl. Table. S3). This is consistent with the observa-
tions that γ-radiation reduced reproduction in L. minor after exposure to
50mGy h−1 (Ivanishvili et al., 2016), and suppressed frond size andweight
at 24 mGy h−1 (Xie et al., 2019). As observed earlier (Xie et al., 2019; Van
Hoeck et al., 2015), individual growth endpoints (FS and FW) were more
sensitive to γ-radiation than reproduction (FN). Exposure to UVB alone
did not cause any significant effects on the three apical endpoints in L.
minor, suggesting that higher UVB irradiances would be required to cause
adverse effects. Interestingly, the 2 W-ANOVA and IA model demonstrated
that UVB caused a synergistic reduction in reproduction (FN) when co-
exposed with γ-radiation at all dose rates, while no-enhancement was ob-
served in individual growth (FW and FS). Although the combined effect
of γ-radiation and UVB on aquatic plants has not been investigated exten-
sively, the combination of γ-radiation and cadmiumwas also shown to syn-
ergistically reduce the cell biomass of microalgae R. subcapitata (Bradshaw
et al., 2019), which suggested that more than additive effects between
γ-radiation and other stressors may be prevalent at the apical level (i.e. ad-
verse effects). Plant development and growth are regulated by various
physiological responses at the cellular and subcellular levels, such as energy
metabolism, PCD, and phytohormones (Grover et al., 2001), which suggest
that propagation of interactions frommultiple levels of biological organisa-
tion (Suppl. Fig. S7) are highly likely, albeit seldom characterised.

4.6. Putative toxicity pathways

Themajor toxicity pathwaysmodified by γ-radiation andUVB have pre-
viously been proposed for L.minor using similar experimental setups and ef-
fectmethods (Xie et al., 2019; Xie et al., 2020). These studies have proposed
that the stressors can cause growth inhibition through different MoAs, in-
cluding induction of oxidative stress and DNA damage, and inhibition of
photosynthesis and OXPHOS when exposed alone (Suppl. Fig. S8). In the
present study, a set of putative toxicity pathways were proposed to evaluate
the combined effects of the two stressors across multiple levels of biological
organisation (Fig. 8 and Suppl. Fig. S9). As an initial response, UVB did not
alter γ-mediated DNA damage but antagonised γ-radiation in terms of ROS
formation and thus likely also LPO formation. The combined effects on the
inhibition of PSII could be associatedwith the reduction of chlorophylls and
potentially also D1 protein turnover (although not assessed herein). Inter-
estingly, most combined effects occurring at the subcellular and cellular
levels displayed non-interaction (either additive or no-enhancement) or an-
tagonistic effects of the stressors, albeit the combined effect at the apical
level showed either synergistic interaction (i.e. for reproduction (FN)) or
no-enhancement (i.e. growth parameters such as FS and FA). Although
the underlying responses at the subcellular or cellular level were not stud-
ied in sufficient detail to provide a complete linkage between the responses,
it can be hypothesised that a combination of cell regeneration following
PCD and DNA damage, deactivation of photophosphorylation and
OXPHOS in mitochondrial and chloroplast affected energy generation and



Fig. 8. Generalised putative toxicity mechanism in aquatic plant Lemna minor after exposure to a combination of γ-radiation and UVB for 7 days. No-enhancement, additive,
antagonistic, and synergistic interactions were colour-coded as blue, yellow, green and red, respectively. Dose rate- and target-specific responses are provided in detail in
suppl. Fig. S9.
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restricted available energy for development and reproduction (Calow,
1991; De Col et al., 2017). As both UVB and γ-radiation induce effects
through a number of pathways, it is challenging to elucidate the exact
mechanism(s) for the UVB enhancement of γ-mediated effects at the apical
level (i.e. reproduction) on the basis of results from the present study alone.
The antagonistic interactions on PCDwere considered a key process leading
to growth inhibition of L.minor, as this process is involved in the regulation
of development and cell survival (Sparks et al., 2013; De Col et al., 2017).
The change of the ATP pool could be an additional factor that influenced
growth as energy metabolism is also involved in cell division and develop-
ment (Calow, 1991). Generally, ATP in plant cells is generated by different
metabolic pathways, including photophosphorylation, glycolysis, and
OXHPOS. The synergistic inhibition of reproduction may thus potentially
be a compensatory mechanism involving an increase in ATP demand due
to oxidative stress, LPO and DNA damage. Although not investigated in
the present study, γ-radiation and/or UVB could potentially inhibit repro-
duction and frond development by affecting the accumulation of phytohor-
mones, including abscisic acid (ABA), gibberellins (GAs), indoleacetic acid
(IAA) in plants (Newton, 1977; Qi et al., 2015; Rakitin et al., 2008).

5. Conclusion

The present study provided demonstration of how a combination of ex-
perimental and computationalmethods can enhance ourmechanistic under-
standing of how UVB modulates the stress responses induced by γ-radiation
at multiple levels of biological organisation in L. minor. The results demon-
strated that the combined effects (no-enhancement, additivity, antagonism
and synergism) of UVB radiation and γ-radiation were highly dose rate-
dependent and target-specific, and supported the hypothesis that interaction
such as synergism was more consistently observed across dose rates at the
higher organisational level (e.g. reduction in reproduction), whereas more
dose rate-dependent combined effects were observed at the cellular or sub-
cellular levels. Although the exact mechanisms were not described in detail,
the present study showedhowa combination of experimental studies and as-
sessment of combined toxicity using statistical and mathematical models
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could quantify the interactions occurring and pinpoint endpoints susceptible
to combined effects in L. minor. The putative toxic pathways proposed sug-
gest propagation of combined effects of the stressors from subcellular re-
sponses to adverse effects and represent an initial effort to enhance the
understanding of how ionizing and non-ionizing radiation pose cumulative
hazards to aquatic plants. Subsequent efforts to assess the combined effects
of multiple stressors, such as ionizing and non-ionizing radiation, are antic-
ipated to focus on typical environmental exposure scenarios using experi-
mental and computational efforts demonstrated herein.
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