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Abstract: In the present review, we critically examine the state-of-the-art of the research on combined
effects of trace metals and light on photosynthetic microorganisms in aquatic environment. Light
of different intensity and spectral composition affects the interactions between trace metals and
photosynthetic microorganisms directly, by affecting vital cellular functions and metal toxicokinetics
and toxicodynamics, and indirectly, by changing ambient medium characteristics. Light radiation
and in particular, the ultraviolet radiation component (UVR) alters the structure and reactivity of
dissolved organic matter in natural water, which in most of the cases decreases its metal binding
capacity and enhances metal bioavailability. The increase of cellular metal concentrations is generally
associated with increasing light intensity, however further studies are necessary to better understand
the underlying mechanisms. Studies on the combined exposures of photosynthetic microorganisms to
metals and UVR reveal antagonistic, additive or synergistic interactions depending on light intensity,
spectral composition or light pre-exposure history. Among the light spectrum components, most
of the research was performed with UVR, while the knowledge on the role of high-intensity visible
light and environmentally relevant solar light radiation is still limited. The extent of combined effects
also depends on the exposure sequence and duration, as well as the species-specific sensitivity of the
tested microorganisms and the activation of stress defense responses.

Keywords: trace metals; visible light; UV irradiation; combined stress; speciation; bioaccumulation;
dissolved organic matter; synergism; antagonism; acclimation

1. Introduction

Studying the combined action of multiple stressors of different nature is currently one of the
hot topics in ecotoxicology [1]. Hence, the role of environmental stressors on micropollutant effects,
including trace metals, received considerable attention in the past 10 years. Various studies exploring
the combined action of environmental factors (temperature, nutrients,) and micropollutants on
model organisms [2-5] highlighted different type of stressor interactions. Combined action might
occur when organisms are challenged to face simultaneous exposure to multiple stressors (Figure 1).
In such case the induced cumulative stress response might correspond to the sum of the observed
effects when the microorganism is exposed to each single stressor (Figure 1A). However, very often,
the environmental stressor and the trace metal interact [2,3,6]. In such a case, the resulting effects
might be lower (antagonism) or higher (synergism) than the sum of the effects induced by the
individual stressors. Such synergistic or antagonistic interactions among stressors are generally
associated with common modes of action of the two micropollutants. Hence, examining the underlining
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mechanisms of two (or more) stressor interactions is essential for the understanding of their combined
effects [7]. Furthermore, in complex environmental settings, organisms often cope with one stressor
when exposure to a second stressor occurs. Three possible scenarios should be further consider [4]
(Figure 1B): (a) the microorganisms respond to the prolonged exposure to the stressor with acclimation,
however the acclimation does not interfere with the sensitivity to the micropollutant; (b) acclimated
microorganisms present a decreased sensitivity to the micropollutant, in this case co-tolerance between
the environmental stressor and the micropollutant is observed; (c) the environmental factors cause a
stress to the microorganism that is already at its tolerance limits, the addition of the micropollutant
can only increase the experienced stress. The occurrence of one of these scenarios depends on the
ability of the organism to acclimate to the stressor. Indeed, any increase or decrease in sensitivity is
also associated with the modes of action of the combined stressors and the type of activated stress
responses [5].
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Figure 1. Combined effects of multiple stressors in the environment. (A) Illustration of the concepts of
additivity, antagonism and synergism; (B) Illustration of combined effects that might occur when the
microorganism is pre-exposed to environmental stressor and then to micropollutant, for example toxic
trace metal. Three cases can be distinguished: (a) organism acclimates to the environmental stressor,
but the acclimation does not interfere with the sensitivity to the trace metal; (b) acclimation confers
decreased sensitivity to metal; (c) pre-exposure to the environmental stressor increase the sensitivity to
the metal.

Nevertheless, the combined effects in the natural environment are difficult to quantify due to
the complexity and non-linear relationships between the observed effects and the combination of
environmental stressor(s) and micropollutant diversity [6]. Indeed, the combined action of two stressors
might have unpredictable indirect effects through biota species interactions such as competition,
presence of predators or pathogens [8]. The sensitivity to stressors could differ considerably among
species and vary in time and in intensity [5]. Exposure sequence and duration could be also important
in the sense that biological receptors might respond to the stressor activating cellular responses that
might alter micropollutant toxicokinetics and toxicodynamics and thus result in increased or reduced
sensitivity [4]. Moreover the boundary between “environmental factor” and “environmental stressor”
is hardly defined since is related to the debated definition of stress. In present review we adopt the
stress concept that “stress occur when an organism is forced outside its normal operating range” [9].
Among the various environmental stressors, the present review focusses on light irradiation and
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trace metals, which affect photosynthetic microorganisms in the aquatic environment (Figure 2).
Photosynthetic (micro)organisms play a pivotal role in the element biogeochemical cycles, energy and
matter fluxes [10].

Trace metals are ubiquitous and conservative micropollutants [11]. Following the interactions
with different constituents in the aquatic environment, the trace metals are present under different
chemical forms [12], which determine to a large extent their fate, bioavailability and toxicity [13-15].

-
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Figure 2. Effect of the light irradiation on the interactions of trace metal (M) with dissolved organic
matter (DOM) and photosynthetic microorganisms. (A) Photo-synthetically active radiation (PAR)
and ultraviolet radiation (UVR) influence directly photosynthetic microorganism and their interaction
with trace metals and exudates production. UVR might transform DOM and alter chemical speciation
and bioavailability of metals. Light might also affect metal speciation directly via photoreactions and
changing metal oxidation state. The bioavailable metals might be toxic to photosynthetic organisms
and affect their photosynthetic activity. (B) Processes at cell-ambient medium interface determining
metal bioavailability and intracellular fate in eukaryotic algae: (1) active transport; (2) passive transport;
(3) efflux; M™ metal ion; M-L metal complexes with ligands; M, 4, metal adsorbed to the cell surface;
Myt intracellular metal; Ly;, biological ligand. To exert an effect both vital and toxic metals have first
to interact with the microorganism surface and enter the cells by different mechanisms. Metal ions that
reached the intracellular environment might or might not have a toxic action to the microorganism.
Cells have evolved several response mechanisms confering protection in case of excess of intracellular
metal quota [16]. Metals can be excreted or remain in the intracellular environment where they can be
either sequestrated by metal complexing ligands or transported to specific subcellular compartments
and stocked in Ca-phosphate granules [17,18]. When the intracellular content exceeds the ability of the
cells to maintain homeostasis, toxic effects are observed. Changes in light radiation can affect different
toxicokinetics and toxicodynamics processes. The processes known to be affected by light are given in
red. No information available concerning the possible effects of light on the other processes.

Various environmental factors, including light, might influence metal speciation and
bioavailability [2,4], as well as the microorganism “state” and consequently affect the metal uptake and
the associated cellular effects [4]. Light radiation is one of the most variable environmental parameters.
The light intensity and spectral composition change on a daily scale and depend on cloud coverage,
air vapor or aerosol composition. Both photosynthetically active radiation (PAR) and ultraviolet
radiation (UVR) have an essential role in the aquatic environment but might become stressors for
photosynthetic microorganisms [19,20].

The objective of this review paper is to provide an overview of state-of-the-art of the knowledge
and discuss the existing gaps concerning the combined interaction of trace metals and light with
photosynthetic microorganisms in the aquatic environment. Given the rather large subject to be
covered, we focus specifically on the light as an environmental stressor; and its role in (i) trace
metal speciation and bioavailability; (ii) change of the oxidative activity in the aquatic systems;
(iif) possible modifications of trace metal toxicokinetics and (iv) alteration of the vital cellular functions
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of photosynthetic microorganisms and toxicodynamics. The role of light pre-exposure history and
acclimation will be also discussed.

2. Light Radiation from Environmental Factor to Stressor

Natural solar radiation is operationally divided in visible light and ultraviolet radiation, both
playing crucial role in the aquatic environment. Solar light is essential to photosynthetic organisms
converting light into chemical energy. However, the excess of absorbed light energy, which is neither
used for photosynthetic processes nor dissipated by photoprotective mechanisms, could induce
a stress to the cells. The visible light-induced stress directly correlates with the photosynthetic
capacity of the cell, which in turn varies considerably among phytoplankton species and can be
also affected by the environmental stressors, such as high salinity or nutrient deprivation [20].
The UVR-induced stress is associated with its high energy, which might transfer to biomolecules
and dissipate via various photochemical reactions. UVR effects depend on its intensity and spectral
composition with the shorter and energy-rich wavelength having stronger potential to degrade
various types of biological molecules. Indeed, UVR was shown to causes DNA /RNA lesion and
protein degradation [21-23]. In photosynthetic organisms, UVB could inactivate photosynthesis
causing damages to photosystem I (PSI) and photosystem II (PSII), to oxidize and thereby bleach the
photosynthetic pigments [23], to generate excessive levels of reactive oxygen species (ROS) [21] and
to induce oxidative stress [24]. Photosynthetic microorganisms have developed several protective
strategies against UVR, encompassing DNA repair and photoreactivation, increase in the antioxidant
response activity, species specific UVR avoidance via EPS production and mat formation in some
cyanobacteria or production of screening molecules [21,22,25-27]. Evidences exist that the increased
solar radiation, in particular UVR-component of the spectrum, has an important deleterious influence
not only on the human health [28], but also to the environment and affects different element
biogeochemical cycles [29,30]. It is anticipated that future changes in the surface radiation and
interactions with climate variability [30] will influence the aquatic ecosystems, thus increasing the
uncertainty in predicting the environmental risks associated with chemical pollution.

3. Light as a Modifier of the Ambient Medium Characteristics

The interplay between light and trace metals can modify the chemical speciation (and thus the
bioavailability) in the ambient medium by (i) altering the amount, the structure and reactivity of
DOM [30-32] and (ii) enhancing the oxidative activity in the aquatic systems [29,33].

3.1. Photo-Transformations of Dissolved Organic Matter

Among the various components in the aquatic systems, the dissolved organic matter (DOM)
is central in protecting the aquatic organisms from different kinds of stress. DOM is known to
protect photosynthetic organisms by (i) binding different trace metals and thus decreasing the
proportion of the free metal ions and their bioavailability and (ii) absorbing the large part of the
solar radiation (in particular more detrimental UVR component), thus playing role of sunscreen
(Figure 2). Therefore, the variation of the environmental factors that could affect DOM concentration,
structure or reactivity will influence its protective capacity to photosynthetic organisms. Sunlight,
and in particular UV-B component of increased intensity), could alter both DOM quality and
quantity (as reviewed in Ref. [29,30]) via different transformation processes including mineralization,
photo-degradation [34-37], loss of suspended particulate organic carbon and production of the
dissolved organic carbon (e.g., by photo-dissolution) [38—40]. Photo-alteration of DOM structure
was studied by using a combination of large array of the analytical tools, probing different
characteristics of such complex and “ill-defined” compounds: UV-VIS spectrophotometry and
excitation-emission matrixes, infrared spectroscopy, flow field-flow fractionation multi-detection
and size exclusion chromatography, liquid chromatography coupled to UV and organic carbon
detection [30,41,42]. For example, UVR altered DOM fluorescence properties and decreased the
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aromaticity and its molecular masses, and induced a formation of low-molecular-mass products
(Figure 3). A decrease in the aromaticity and UV absorbing properties together with no changes in
the DOC concentrations was hypothesized to correspond to conversion of the aromatics moieties
into low-molecular-mass-organic compounds. The extent of photo-transformations depended thus
on the type and origin of the DOM. For example, irradiation of the allochthonous DOM [43]
produced low molecular mass biologically labile products, which was not the case for the algal
derived DOM [44]. In contrast, the photo-bleaching appears independent on the sources, both
allochthonous [36] and autochthonous [37] were bleached by 20-50% per unit of residual dissolved
organic carbon. Similarly, photo-degradation on phytoplankton-derived DOM exposed to sunlight
resulted in an overall decrease in DOM aromaticity. Exposure to UV radiation for six days induced
a photo-mineralization of DOM and attached organic matter (AOM) to algal cells isolated form
eutrophic lake Taihu, affecting tyrosine-like, humic-like and tryptophan-like substances, but the
photo-degradation of AOM was lower [45]. Four days exposure to sun of the allochthonous DOM in
sub-alpine Lake Tiancai, impacted by climate change resulted in a decrease of molecular mass, but an
increase in the aromaticity of DOM, as well as photo-mineralization to CO, of 32% of DOM [46].

Moreover, the observed photo-alteration of model DOM, such as Suwannee River fulvic acid
(SRFA) and Suwannee River humic acid (SRHA), or Elliot humic acid (EHA) appeared at low radiation
intensity and was not directly proportional to the received irradiance doses [41,42]. Photochemical
behavior of total dissolved organic matter (<0.22 um), high-molecular-weight (HMW, 1 kDa—0.22 pm)
DOM and low-molecular-weight (LMW, <1 kDa) isolated form Yangtze River, its coastal area, and the
Pacific Ocean was compared. Humic-like and tryptophan-like components in the riverine, coastal, and
oceanic surface waters were photodegraded, but the degradation degree depended on both the DOM
source and molecular weight [47]. Fifty eight-hour exposure to sunlight resulted in a full degradation
of the humic-like component and induced a transformation of the EPS into transparent exopolymer
particles (TEP) and unstable flocs of different size of microbial mat samples Bosten Lake [48]. The flock
formation was shown to depend on the irradiation light spectral composition, with EPS isolated form
cyanobacterium Chroococcus minutus forming unstable flocs under UVR, but stable flocs under solar
light [49].
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Figure 3. Liquid chromatography coupled to organic carbon detection (OCD) and UV detection (UVD)
of Elliot humic acid irradiated at 8.6 (blue line) and 21 x 10° ] m~2 (violet line), illustrating the changes
in the chemical composition upon irradiation. Non-irradiated control is given in green. The relative
proportion of the building blocks and low molar mass neutral molecules increased significantly with
radiation intensity. Further details about the light exposure conditions and DOM transformations can
be found in Reference [42].
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3.2. Consequences for Trace Metal Speciation

The photo-induced transformations of DOM could results in: (i) a decrease of DOM
concentrations or alteration of its structure and thus increase in the free metal ion concentration and
bioavailability [34,50]; (ii) no change in the free metal ion concentrations, because of the production of
low molecular weight dissolved organic acids able to scavenge dissolved metal [51]; (iii) an increase of
the metal complexation because of a net production of functional groups on humic-like fractions that
outcompete for the complexation by low molecular weight dissolved organic acids [34].

Most of the available literature revealed a decrease of metal complexation by DOM
and consequently an increase of the free metal ion concentrations as results of DOM photo-
transformation [34,52-56]. Selected examples include, an increased free copper-ion concentrations,
[Cu?*] in UV-B irradiated organic rich estuarine waters [52]; riverine HS [34], alpine lake water
samples [53], organic-rich estuarine waters [52]. Similarly, an enhancement of free lead ion
concentrations, [Pb%*] in the estuarine samples after UVR [56] and UVR irradiated DOM of different
origin such as waste water treatment plant effluents ([41], Figure 4). However, no clear relationship
between the radiation dose and the amount of the released [Pb?*] was found for SRFA, SRHA [41]
and EHA [42], suggesting that low-molecular-mass products also exhibit lead binding properties. Few
examples illustrating the increase of the metal complexation by the photo-altered DOM can be also
found. Cu complexation by wetland HS was increased upon photo-transformation [34] and Pb binding
by sun-altered OM from WWTP Hinwill (Figure 4). An increase of [Cd?*] via photolytic release of
bound cadmium from Cd-contaminated fulvic acid was found, whereas no changes were observed
in Cd-amended natural lake water HS [55]. The effects of the light on the metal speciation were
DOM-nature dependent. For example, the concentration of the free lead ions increased in presence of
sun-altered DOM following the order EHA > Negro River DOM > SRHA > SRFA > AHA (Figure 4).
No effect was observed for organic matter isolates from waste water treatment plants (WWTP) in
Duebendorf (Db) and a significant decline was found for [Pb?*] in the presence of sun-altered OM
from WWTP Hinwill (Hw).
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Figure 4. Effect of the DOM nature of Pb speciation in the presence of 10 mg L~! and irradiated at
dose 3.2 x 10° J/m?. Error bars correspond to standard deviations of three replicates. Ion exchange
speciation technique (IET) at “equilibrium mode” was used to determine the concentrations of the
free lead ions, [Pb?*] in the presence of DOM. The values were normalized to IET measured Pb
concentration in non-irradiated DOM [Pb]ITE,prior. AHA: Aldrich humic acid, SRFA: Suwannee River
fulvic acid and SRHA: Suwannee River humic acid [41]; Db: organic matter from Duebendorf WWTP
effluent, Hw: organic matter from Hinwil WWTP effluent [56,57], Elliot HA: Elliot humic acid, Negro
River: Organic matter isolated form Negro River [58].
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Very little information exists on the kinetics of the metal release from the photo-transformed DOM
or on the size speciation currently. The progress in the development of different speciation techniques
capable of providing specific metal species [59,60] gave further opportunities to explore the dynamic
aspects of the metal speciation [61]. However, the capabilities of these techniques are rarely used to
follow the effects of the light and photo-transformed DOM on the metal speciation. One of the few
examples revealed diurnal changes in Cu, Cd and Pb speciation in the contaminated Riou Mort river
(France), which coincided with changes in water quality parameters (pH, O,, temperature, DOM)
associated with the photosynthetic activity of benthic phytoplankton and their EPS and exudates
production [11,62].

3.3. Consequences for Trace Metal Bioavailability

Even more scarce and inconclusive is the literature about the metal bioavailability in the presence
of photo-altered DOM. Cu, Zn, Co and Pb, but not Ni and Cd toxicity to the freshwater green alga
Pseudokirchneriella subcapitata increased up to 78% after 10 days of UVR of high- and low-organic
carbon water samples [63]. Pb, Cu, Ni, and Cd concentrations required to reduce algal growth by 50%
was significantly decreased with both solar and UVR doses, however the changes in toxicity with
UVR-dose were inconsistent among the metals tested [64]. Cu toxicity to larva Pimephales promelas
increased in the presence of photo-oxidated DOM, following model predictions based on [Cu?*] [65].
Photolysis of DOM was associated with an increase in free copper ions [42,51] and to a subsequent
increase in bioavailability and toxicity to eukaryotic algae [42,63].

3.4. Light-Induced Enhancement of the Oxidative Activity in Ambient Medium

Solar radiation is known to enhance the oxidative reactivity of the aquatic systems [29] and thus
to promote the oxidative damage in the biota. Indeed the UV-induced photoreactions of inorganic
nitrogen, DOM, and metals results in a production of the ROS [30,66] such as superoxide anions,
hydrogen peroxide, singlet oxygen and hydroxyl radicals. Although it is well documented that the
ROS produced inside the cell can adversely affect the vital cellular function, very little is known
about the effect of externally generated ROS (i.e., species produced in the water surrounding the cell)
on the aquatic organisms [66] and plants [67]. In is generally accepted that the impact of externally
generated ROS on biota is inversely related to their properties and reactivity [66]: highly reactive and
short-lived radicals, such as *OH radicals, are expected to have minimal impact. Enhancement of
the oxidative activity in chemical medium may also affect microorganisms through the production
of toxic trace metal species. For example, the photolysis of organic Cu-complexes and interactions
with superoxide ion radical O,*~ may be anticipated to increase the Cu bioavailability and hence Cu
toxicity to phytoplankton [66]. The reduction of the Cu(II) to Cu(I) in oxic aquatic systems occurred
to a large extend via UV-induced chemical reactions of Cu(Il) complexed to strong ligands [51,68,69].
The photochemical properties of the organic exudate secreted by a toxic strain of cyanobacterium
Microcystis aeruginosa were studied by measuring ROS generation and redox transformations of Fe in
the presence of the organic exudate under acidic (pH 4) and alkaline (pH 8) conditions. Simulated
sunlight-irradiation of organic exudate released by M. aeruginosa generates nanomolar concentrations
of superoxide and hydrogen peroxide. The photo-generated superoxide was shown to plays an
important role in Fe(IlI) reduction under alkaline conditions, leading to an increase of Fe availability
in natural waters in the presence of these algal exudates [70]. This interaction with transition metals is
likely to be one of the main processes through which photo-chemically produced or other charged
externally generated ROS, can have an adverse effect on aquatic biota; but further studies are needed
to ascertain the ecological impact of these types of reactions in natural waters. Indeed, high ROS
levels were found during photo-oxidation of DOC for Amazon River, no oxidative stress in fish
Hemigrammus levis was detected [71].
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4. Light as a Modifier of the Trace Metal Effect to Photosynthetic Microorganisms

4.1. Toxicokinetics Aspects

Despite that trace metal toxicokinetics was extensively studied in photosynthetic
microorganisms [16], very little is known about light-dependent changes in metal uptake and
intracellular compartmentalization. Cd and Zn uptake rates in M. aeruginosa significantly increased
with augmentation of visible light from 18 to 55 umol photons m~2 s~! [72]. Intracellular Zn
distribution stayed unchanged during light irradiation, while enhanced Cd accumulation in granules
were reported under higher light conditions (55 pmol photons m~2 s 1) [72]. These results shed some
light on the role of visible light on metal toxicokinetics, however although environmentally relevant
these low-light irradiation conditions do not represent a stress for photosynthetic organisms. Zn uptake
was also determined in three cyanobacterial species acclimated to low (50 umol photons m~2 s~ 1) and
high-visible light (300 pmol photons m~2 s~1) [73,74]. For the two strains of M. aeruginosa a significant
increase in the intracellular Zn was observed under high-light irradiation, whereas no significant
differences were found in Synechocystis sp. suggesting that the influence of light on metal uptake is
species specific [73]. A positive correlation between light radiation intensity and metal intracellular
content was found for Cu in the green alga C. reinhardtii. In this study intracellular copper content was
higher in cells exposed to solar simulated light as compared with cells incubated under low artificial
light [75]. Significant increase of intracellular Cu was also found in the cyanobacterium Anabaena
doliolum after short-term exposure to UVB radiation. However, under such conditions, it is possible
that the intracellular increase induced by UVR was not associated with metal cellular uptake alteration
but to membrane damages [76].

An increase in the intracellular metal quota is the prerequisite for toxicity to occur, however,
only very few studies investigated intracellular metal content in parallel to cellular effects. A direct
correlation was observed between light-associated variations of intracellular Cu, Cd and Zn
concentration and growth, photosynthetic activity and oxidative stress [72,75,76]. Even less is known
about sub-cellular metal distribution and other detoxification strategies, therefore further studies are
highly sought to better elucidate the possible role of light irradiation on trace metal toxicokinetics.
Overall, the scarce information available on trace metal toxicokintetics under different light conditions
is obtained in studies with three “classical” trace metals and very few model cyanobacteria and green
algae, thus further studies are necessary to see to what extent the current findings can extend to other
trace metals and microorganisms.

4.2. Mode-of-Action and Multistressor Interactions

Trace metal toxicity is generally associated with three main modes-of-action: (i) blocking of the
functional groups of essential biomolecules; (ii) displacement of essential metal ions in biomolecules;
(iii) modification of the biomolecule conformations [77]. The resulting effects depend on the
affected cellular compartment and on the biological target. Among the multiple effects of metals
on photosynthetic microorganisms, those on the photosynthetic machinery are of particular relevance
for understanding the interplay with light. Toxic and excessive concentrations of essential metals
were reported to bind and destabilize different proteins of both photosystem II (PS II) and I (PS I) [78]
and to inhibit chlorophyll biosynthesis [79]. As a result, a reduction of photosynthetic yield [80-82]
and chlorophyll bleaching [83-85] are commonly observed endpoint in metal toxicity tests with algae.
Another major mode-of-action of metals in phytoplankton is the excessive cellular ROS generation.
ROS are normal by-products of the oxidative metabolism and are important signal molecules with
a central role in the activation of cellular stress responses [19]. In photosynthetic microorganisms
ROS are continuously produced via oxidative phosphorylation and at the level of photosystem 1
and II (PS I and PS II) [86]. When cells are exposed to metals the amount of cellular ROS might
exceeds their antioxidant capacity, oxidative stress occurs [87]. Oxidative stress can act at the level of
different physiological processes and target different kind of cellular components. It might cause lipid
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peroxidation and membrane alteration, protein degradation and enzyme inactivation, DNA and RNA
damages [88]. Given the potential of metals to induce oxidative stress in phytoplankton, increase in
ROS and activation of the antioxidant response are common endpoints reported in algal toxicity tests
with metals [89-92].

Light exhibits overlapping mode-of-action with those of trace metals. When light irradiation
exceeds the photosynthetic capacity of the microorganism significant levels of ROS are generated and
damages at the photosynthetic apparatus observed [19]. Singlet oxygen (*O,) formation occur mainly
in PS II, while PS I contribute to the formation of superoxide anions (O,°~) by univalent reduction of
O,. In fact, when light intensity is high, oxygen can be used as electron acceptor on the donor side of
PS I (Mahler reaction) [93]. Phytoplankton cope with excess of light and associated ROS generation
in different ways. They can use avoidance strategies, (e.g., phototaxis in C. reinhardtii) [94], regulate
the light harvesting domain, increase the amount of energy dissipated as heat via non-photochemical
quenching (NPQ) and/or protect the cell from oxidative stress with antioxidant molecules and
enzymes [19,93]. Oxidative stress and pigment bleaching are the most relevant effects observed
in phytoplankton cells exposed to excess of visible light [95] and to high UVB doses [24]. Given similar
mode-of-action in photosynthetic microorganisms, exposure to metals can enhance the ROS formation
due to the alteration of the photosynthetic electron chain [87].

Considering the overlapping mode-of-action and thus the possible interaction, it can be expected
that combined exposure to the light and trace metals might results either in synergistic effects
(enhanced sensitivity) or in antagonistic ones (reduced sensitivity) (See Section 4.3). There is thus
a high uncertainty in the prediction of the combined action of these stressors. What is more, some
metals, such as Cu and Fe, are involved in Haber Weiss cycle and Fenton reactions that lead to the
production of highly reactive hydroxyl radical (OH) from the less reactive superoxide radical (O,*")
and hydrogen peroxide (H,O;) respectively [87], which makes even more complex the understanding
of their interactions with light. On the other hand cellular stress response pathways activated to face
excess of visible light and UVB might be effective to cope with excess in intracellular metal quota,
thus reducing toxic effects induced by metal. A deeper mechanistic understanding of the cellular
events involved in trace metal-light interactions is required. Gaining such knowledge could contribute
to a possible extension of the adverse outcome pathways (AOP) concept including the changes in
environmental factors [96], which is currently underdeveloped.

4.3. Toxicodynamics Aspects

A significant number of studies explored the combined effects of metals and light on different
eukaryotic algae and cyanobacteria [7,72-76,97-101], as well as periphytic communities [102,103]
(Table 1). The research focused on different metals including Zn [72-74,103], Cd [7,64,72,98,100,102],
Hg [100], Cu [62,75,76,97], Ni [64], Pb [64] and on different light radiation components:
visible [72-75,99,102] and UV radiation [7,75,76,97,98,100,101]. Most of the work explored these
combined effects on model organisms, mainly cyanobacterial species [72-74,99], but the results are
rather contrasting. Only one work focused on periphytic communities [103]. Most of the studies
performed with isolated species revealed an enhancement of the metal effects on photosynthetic yield
and growth inhibition under increased visible light radiation [72-74,99]. Similarly the intracellular
ROS generation, lipid peroxidation and enzymatic antioxidant response increased upon exposure of
cyanobacterium Nostoc muscorum to Hg with increase of the visible light radiation from 10 to 130 pmol
photons m2s 1[99].

Visible light-induced effects are receiving attention only recently in environmental toxicology
while more consideration was given to UVR radiation, in particularly UVB component. The effects
of UVB radiation on phytoplankton was thoroughly investigated and consequently combined
action of UVB and other environmental stressors such as metals was also considered [20,104].
Most of the available works focused on the combined effects of UVR and Cd and revealed
contrasting results [7,98,100]. The combination of UVB and Cd yielded synergistic effect on growth
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inhibition, photosynthetic yield and lipid peroxidation in cyanobacterium Plectonema boryanum [98],
but induced antagonistic effect on the same endpoints in another cyanobacterium Anabaena sp. [100],
demonstrating species-specificity of the responses. Cd effects to the green alga C. reinhardtii were
investigated under a combination of Cd and UVA and UVB radiations [7], resulted in synergistic
effects on several endpoints, notably photosynthetic yield and lipid peroxidation., while no significant
difference on growth inhibition was found. The later research suggest that the type of interaction
synergistic/additive or antagonistic can also differ according to measured biological effects. Short-term
combined exposure to Cu and UVR induced a synergistic effects in growth, photosynthetic yield and
lipid peroxidation of cyanobacterium A. doliolum, which were associated with an increase of the
intracellular Cu content [76]. No significant changes in EC50 (growth inhibition) and decrease of
photosynthetic yield were observed when the green alga Selenastrum capricornutum was exposed to Cu
under light with different visible and UVR spectral composition and in presence of natural DOM [101],
despite significant increase in Cu?* ions were measured upon exposure of the natural water with high
DOC content.

Table 1. Example of studies investigating the combined effects of metal and light irradiation (Visible
and UVR) on phytoplankton species and communities (effects on photosynthesis and/or cell growth).

Light Metal Organisms Test Conditions Effect Reference

Light (18, 32, 55 umol photons
m~2 s71) and temperature (15,
7n 24, 30 °C) acclimated cultures
PAR cd M. aeruginosa exposed to Zn (4.4 x 10711 M to 1 [72]
1.4 x 1077 M) and Cd (5.3 x
10711 M t03.3 x 1077 M) for 4 h
and 72 h

72 h exposure to Hg under
different levels of visible light

PAR Hg Nostoc muscorum (10, 70, 130 umol photons 2 1 [98]
s1)
Light (50 and 500 pumol photons
) m2s and Zn (7.8 x 1077 M
PAR zn  Moaeruginosa CPCC299 4 g 106 M) acclimated 4 [74]

M. aeruginosa CPCC632 cultures exposed to 2000 umol

photons m~2 s~ for 20 min

Light (50 and 300 umol photons
m~2 s~ 1) acclimated cultures
exposed for 4 h 30 min to Zn
(0.78,7.8 and 39 uM)

M. aeruginosa CPCC299
PAR Zn M. aeruginosa CPCC632
Synechocystis sp.

M =Sy [73]

Light acclimated periphyton (25,
100, 500 pmol photons m~2s71) LL
PAR /n Periphytic communities  exposed for 6 h to 10, 25, 50, 100, (1\5[L I){lj 4 [103]
250, and 500 pmol photons ’
m~2s land to Zn1.5mg L~}

Cultures exposed to light
(artificial light: PAR 133 W m ™2,
UVAR 0.29 W m~2 and UVBR
0.08 W m~2; solar simulated

PAR, light: PAR 230 W m~2, UVAR (HL) A
UVA, Cu C. reinhardtii 9.75W m~2 and UVBR 0.73 W (UVB)S [75]
UVB m~2; solar simulated light with

enhanced UVB: PAR 232.2 W
m~2, UVAR 10.01 Wm 2 and
UVBR 2.01 W m~2) and Cu?*
0.06, 0.6 and 6 uM

Cultures pre-incubated for 2 h
with Cd (2 and 8 uM) and
UVB Cd Plectonema boryanum exposed to 20 pmol m2g7! S [98]
and 0.4 Wm 2 UVB (0.4 Wm2)
for 30 and 90 min
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Table 1. Cont.

Light Metal Organisms Test Conditions Effect Reference
Combined exposure to 10 uM

UVB Cd Anabaena sp. Cd and 30 min UVB (9.6 k] m~2) A [100]
48 h exposure to 100 &= 10 umol

UVA+ ) .. m~2s ! with UVR (13 Wm 2

UVB Cd C. reinhadtii UVA; 0.5 Wm~—2 UVB) or s 7]
without UVR.

After 38, 52, and 66 days
acclimation to high UVR (686 +
40 pmol photons s~! m~2 PAR,
10.88 + 1.9 mW cm~2 UVA, and
1.03 + 0.11 mW cm~2 UVB) and
Cd Periphytic communities  low UVR (633 & 31 umol Co-T [102]
photons s™! m~2 PAR, 3.61 +
0.48 mWem—2 UVA, 0.07 £
0.007 mW cm~2 UVB)
periphyton were exposed to 2,
10, 20, 40, and 60 uM Cd for 2 h

Combined exposure to UV-B
(129 mWm 2nm 1) and Cu
(0.3 and 0.5 mg L) for 12 and
25 min

UVA+
UVB

UV-B Cu A. doliolum S [76]

7 days exposure to copper in
PAR Pseudokirchneriella high DOM or low DOM natural
UVA Cu subcapitata water under PAR; PAR + UVA, = [97]
UVB PAR + UVA + UVB. 14:10 light

dark cycle

Natural fresh water pre
Pb irradiated with UVA
UVA Cu ) (16.14 W m~2) and UVB
UVB Ni P. subcapitata (3.4 W m~2) for up to 20 days T [64]
Cd and then used to perform
toxicity tests

= No differences observed; 1 increased sensitivity; S synergism; A antagonism; Co-T co-tolerance; M Microcystis
aeruginosa; Sy Synechocystis; LL low light; ML medium light; HL high light.

Most of the available studies addressed the effect of variable levels of visible light, or the effect
of UV radiation (Table 1). However, in the natural environment, photosynthetic organisms are
simultaneously exposed to visible and UVR light components, therefore the environmentally relevant
knowledge about the interplay of solar light and trace metals is missing. The only study addressing
the combined effects of Cu and simulated natural solar light on C. reinhardtii showed synergistic
effects under solar simulated light with enhanced UVB radiation and antagonistic effects under solar
simulated light with natural UVR intensity [75]. Overall, both increase and decrease of the trace metal
adverse effects to photosynthetic microorganisms were reported for their combined exposure with
light radiation (visible or UVR), depending on the microorganism and light intensity and spectral
composition. However, most of the above-mentioned studies merely described the observed combined
effects and the type of interaction, no information is available on the cellular mechanisms driving
these interactions.

Another aspect that might contribute to the reported confounding trends is that light radiation
sources and experimental set-ups differ considerably among the studies. The provided information
about the exposure conditions is often incomplete, rendering very difficult inter-study comparability.
Real light radiation intensity and spectrum are either not measured, or measured at the surface of
exposed cultures, where it might differ considerably from those received by the cells within the culture.
The UVR penetration in the exposed cell suspensions can also change among the treatments if cell
densities differ significantly. To improve the comparability among experimental setting, UVA and
UVB extinction coefficient for cyanobacterial and eukaryotic algal cultures were used to determine
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the average UVA and UVB intensities received by the microorganisms in the exposure vessel [105].
The implementation of the principles of sound ecotoxicology [106] will improve the consistency and
reliability in the evaluation of the effects of multiple stressors to biota.

4.4. Role of the Light Pre-Exposure History and Acclimation

The available literature suggests a significant role of light pre-exposure history on metal toxicity.
In a multiple stressor environment, acclimation to one stressor might increase (co-tolerance) or decrease
the tolerance to other stressors [4]. Indeed, Zn effects on photosynthetic yield of periphytic communities
increased with enhanced light radiation for low light-acclimated biofilms (25 umol photons m~2 s 1).
However, small increase in Zn toxicity was observed in periphyton acclimated to medium light
(100 pmol photons m~2s71) and high light (500 pmol photons m~2 s71) with respect to those
acclimated to low light [103]. The concentration of Cd able to induce the half-maximal decrease
(EC50) of photosynthetic yield resulted to be lower in periphytic communities grown under low UVR
radiations as compared with those grown under high UVR radiation, indicating Cd co-tolerance of
communities with higher tolerance to UVR. Community tolerance to the two stressors was associated
with a shift in community composition (periphyton grown under high UVR were dominated by
cyanobacteria) and a reduction of periphyton biomass, suggesting that the acclimation to UVR is
associated with elevated metabolic costs [102]. For the cyanobacterium Synechocystis sp. acclimated to
high visible light (300 pmol photons m~2 s~!) no increase in Zn toxicity was found suggesting that the
combined effects of metals and visible light are species specific [73].

To shed light on the role of light acclimation in metal effects to phytoplankton, the green alga
C. reinhardtii was exposed to Cu prior and after acclimation to high visible light (395 pmol phot m 2
s~1). The acclimation of C. reinhardtii to high light resulted in a significant decrease of the EC50s
for growth inhibition, oxidative stress, membrane damages and chlorophyll fluorescence (Figure 5),
indicating an increased sensitivity of C. reinhardtii to Cu. High intensity visible light per se represents a
stressor for C. reinhardtii and the addition of Cu exacerbated the experienced stress e.g., by disturbing
a cellular homeostasis that was already at its operating limit. The current results agree with what
previously observed for the cyanobacterium M. aeruginosa [72-74], suggesting that similar interaction
between metals and light irradiation occur in prokaryotic and eukaryotic phytoplankton. Interestingly
different results were obtained when C. reinhardtii cells acclimated to low-intensity light (45 umol phot
m~2 s~ 1) were simultaneously exposed to a combination of high-intensity light (395 umol phot m 2
s~1) and copper. Under these conditions, a significant increase of the EC50s for growth inhibition,
oxidative stress, membrane damages and chlorophyll fluorescence was observed.

The common cellular responses activated to face oxidative stress induced by the exposure to high
visible light and Cu, might be one of the reasons for the reduced sensitivity. Such results agree with
the antagonistic effect observed for oxidative stress under combined exposure of C. reinhardtii to Cu
and solar simulated light [73]. The antagonistic effect of these two stressors was associated with higher
level of expression of genes encoding for antioxidant response enzymes. Overall, the extent of toxic
action of trace metals and light radiation depended both on the sensitivity of the organism and on the
activated stress responses. The study of multiple organisms, potentially with variable sensitivities to
light and trace metals, is thus of primary importance in order to extrapolate the potential impact of
these pollutants in natural environments where multiple interacting species are present.
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Figure 5. (A) Comparison of Cu EC50s for C. reinhardtii acclimated to PAR45 (yellow bars) and to
PAR395 (red bars). (B) Concentration-response curves for growth inhibition (GI), oxidative stress (OS),

membrane damages (MD) and chlorophyll bleaching (CB) of C. reinhardtii exposed to copper. Data

points are average values + standard deviation.
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5. Conclusions

Important advances were achieved with respect to the fundamental understanding of the role of
the light on the trace metal speciation, bioavailabity and effects to photosynthetic microorganisms in
aquatic environment. There is a consensus that light, of different intensity and spectral composition,
could affect the directly or indirectly the interactions between trace metals and photosynthetic
microorganism. Several interconnected mechanisms, relevant for surface waters, were identified:
(i) alteration of the structure and reactivity of DOM, resulting in decrease of metal binding capacity
and increase of metal bioavailability (and effects); (ii) effect on chemical speciation of the redox
sensitive metals, such as Fe and Cu; (iii) enhancement of the oxidative activity in the aquatic systems;
(iv) alteration of trace metal toxicokinetics, resulting generally in increase of the cellular metal with
light intensity; (v) influence on the vital cellular functions of photosynthetic microorganisms and
trace metal toxicodynamics. Light might either increase or decrease the trace metal effects depending
on light intensity, spectral composition or light pre-exposure history. Among the light spectrum
components, most of the studies focused on UVR, while the understanding of the role of the PAR and
solar light in trace metal effects is overlooked. The results on the combined exposure of phytoplankton
to metals and UVR revealed both positive or negative interactions between UVR and metal exposure,
however available data comparability need to improve. The combined effects also depend on the
exposure sequence and duration, as well as specific sensitivity of the tested species and the activation
of stress responses.

Despite the increasing number of the studies dealing with combined effects of light and trace
metals on photosynthetic microorganisms, numerous knowledge gaps sill persist. Future studies
should focus on the improved understanding of the influence of light radiation on the chemodynamics
of the processes underlying metal bioavailability in natural environment. The lack of knowledge
on the dynamics of light induced trace metal transformations in the ambient medium and their
interconnection with cellular concentrations and effects in our view is one of the important gap in
the current knowledge. An improved knowledge of the combined action of light irradiation and
metals at the molecular and cellular level, such as cellular stress responses and pathways activated
to maintain cell homeostasis, would help better defining the mechanisms of interaction of these two
stressors. What is more, considering the high biological diversity that characterizes photosynthetic
microorganisms, a further research on species-specific light sensitivity and species-specific stress
response is highly sought to evaluate the combined effects of trace metals and light in natural
environments, where multiple species are present. Future studies might focus on those phytoplankton
species that present different light response strategies, such as light stress avoidance or production of
antioxidant and light screening pigments. Better understanding of the mechanisms driving trace
metal effects in the complex environment settings will reduce the uncertainties associated with
laboratory-to-field extrapolation of the toxicity data used in environmental risk assessment. Further
experimentation under more environmentally relevant light irradiation conditions will enable relevant
lab-to-field extrapolation of toxicity data. Examples include, light intensity and spectral composition
comparable with the natural environment, sudden changes in light radiation, different pre-exposure
history. In addition, in the natural environment, photosynthetic microorganisms might have to face
stress pulses or chronic contamination. Pulsed and chronic exposure to metals and light irradiation
might be very informative and could give an insight on possible phytoplankton stress responses
and adaptation to the combination of the two stressors. What is more, in natural environments
changes in light irradiation might indirectly affect photosynthetic organisms also by influencing other
parameters such as water temperature, microcosm tests and field experimentation with planktonic or
benthic community would be of key importance to gain fundamental knowledge on the role of light
irradiation on the species—species interactions and consequences for trace metals effects in the complex
environment settings.
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