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In recent years, the safety of sunscreens to coral reefs and the role these products would play in the process of coral bleaching has
been a concern. However, the discussion centers almost exclusively on the organic components used as UV filters, with little attention
given to inorganic UV filters, such as zinc oxide. Zinc oxide nanoparticles (ZnO-NPs) have been a common ingredient of sunscreen
formulations for decades and are being discharged in coral reef environments. Even though there are data supporting that ZnO is

toxic to certain species of fish and algae, regulatory agencies do not appear concerned with the possible outcome of the exposure of

corals and their algal symbionts to this metal oxide. This review compiles the published work on the toxicity of ZnO and ZnO-NPs
to corals and zooxanthellae, which strongly supports the notion that zinc oxide is toxic to both corals and microalgae. In view of this,
concern has been raised by the use of the “reef safe” label to promote sunscreens that lack specific organic components, however

containing ZnO as the major UV filter.
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INTRODUCTION

Coral reefs are threatened in the current environmental scenario
mainly due to the large load of anthropogenic carbon dioxide, which
induces the acidification of marine environments, and increases sea
surface temperatures.' Although such problems require great attention,
they are not the only anthropogenic threats to reef biodiversity.
Emission of pollutants into the aquatic environment, either localized
or diffuse, can quickly degrade a region or conservation area.
However, due to its very nature, it can be more easily controlled. A
category of xenobiotics that has received interest due to the possible
impact on the health of reef ecosystems is the sunscreens used by
bathers in touristic areas. In fact, it is estimated that around 14000 tons
of sunscreen are released in coral reef areas each year.

Sunscreens are topical products that can protect the skin from the
harmful effects of sunlight, such as burns and cancer. They include in
their formulation ultraviolet (UV) filters, ingredients that have the ability
to interact with solar radiation by absorption, reflection or dispersion,
either organic (salicylates, PABA esters, cinnamates, benzimidazoles,
cyanocrylates, benzophenones, anthranilates or dibenzoylmethanes) or
inorganic (zinc oxide, titanium dioxide).> Some countries have banned
the use of certain sunscreens due to the presence of organic compounds
considered toxic to corals (e.g. oxybenzone and octinoxate), however,
there are no bans regarding zinc oxide nanoparticles (ZnO-NPs), which
are commonly used as UV filters.*

This implies that corals are being exposed to ZnO-NPs,*¢ and
their effects and risks to marine life have been the subject of recent
studies which motivated this review. Initially, the context that led to
the use of ZnO in sunscreens will be addressed, and then we will
verify what results from its contact with fundamental organisms in
reef areas: corals and their symbiotic algae.

Use of ZnO as a UV filter
Historians believe that ancient peoples already had some

knowledge of the properties of ZnO as a protector against burns
caused by excessive exposure to sunlight, since records of its use
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for this purpose were found in medical texts from ancient India.’
Since then, ZnO has been applied in a wide variety of cosmetic and
medicinal products; starting in the 1990s, it has been used in the
composition of sunscreens as an inorganic filter to protect against
UV light.!! ZnO has a broad spectrum of coverage and can be
effective against both UVA (320 - 400 nm) and UVB (290 - 320 nm)
radiation. In addition, ZnO is photostable at these wavelengths, which
is not always the case with organic filters, which absorb radiation in
a short range of wavelengths and do not always remain stable after
continuous exposure to light.*!> When applied at the nanometer scale
(less than 100 nm), ZnO does not leave white blots or streaks on
the skin, making the product more attractive to consumers without
compromising the sun protection factor.!*!3

Furthermore, a recent study demonstrated that such ZnO
nanoparticles (ZnO-NPs) do not seem to penetrate deeper than the
stratum corneum, the outermost layer of the epidermis, after local and
repeated application, and that there is no change in the morphology of
the cells or redox states caused by toxicity or apoptosis,'® contradicting
previous concerns regarding the safety of using this substance in
topically applied products.®"’

The use of ZnO (and other components) in sun protection products
is subject to regulatory aspects. In the United States of America, Food
and Drug Administration (FDA) allows the use of 16 UV filters in the
composition of sunscreens, 14 of which are organic compounds and
only two inorganic: zinc oxide and titanium dioxide (TiO,).” FDA
further divides the 16 permitted active compounds into three groups
according to the safety and efficacy of the application, with only the
inorganic UV filters ZnO and TiO, generally recognized as safe and
effective (GRASE determination).>'3

The European Commission, as well as FDA, allows the use of zinc
oxide as an ingredient in sunscreen formulations in concentrations
of up to 25% by mass.” In the European Union (EU) sunscreens
are regulated as cosmetics, but in the US these products are more
rigorously controlled, as they are considered over-the-counter (OTC)
drugs. This difference in regulation results in 16 approved UV filters
applicable in sunscreen formulations in the US against 29 in the EU.*!#
As a consequence, even though the maximum allowed concentration
of ZnO is the same between US and EU, the other components may
vary considerably between these locations.
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Corals, zooxanthellae, and coral bleaching

Corals are marine invertebrates that form colonies of identical
polyps, secreting an exoskeleton of calcium carbonate. Many corals
live in symbiosis with unicellular, photosynthetic algae, usually of the
genus Symbiodinium, colloquially known as zooxanthellae."”” About
90% of the products of algal photosynthesis are used by the animal
host and, in return, the symbiotic cells receive inorganic micronutrients,
protection from predators and constant exposure to sunlight.

Coral bleaching occurs when, under stress, there is partial or total
release of microalgae from the endodermal tissue of the hosts, causing
discoloration, which may be related to the loss of photosynthetic
pigments.*! In some instances the corals can switch their source of
nutrients to a heterotrophic way, by capturing zooplankton,? however,
in the long term this may not be sufficient for their survival.

In addition, corals regulate the abundance of other microorganisms
associated with them, releasing bacteria and viruses directly into
seawater or through their mucous membranes. Under stress, this
release can be excessive, leading to an imbalance in coral immunity
and increased susceptibility to infections, which can further contribute
to the bleaching process.?%

Bleaching can be avoided, and some organisms are naturally
more resistant to this phenomenon. On the coast of the northern
region of the Red Sea, for example, mass bleaching of corals has
never been recorded. Deposition of sand from neighboring deserts
in this ecosystem is a form of supplementation of nutrients such as
nitrate, phosphate, and metal ions (especially iron and manganese),
thus stimulating photosynthesis of zooxanthellae.?

Motivation for the review

On the one hand, zinc is an essential metal for biological systems,
entering into the composition of about 10% of eukaryotic proteins;
after iron, it is the most abundant trace element in the human body.”
Zinc is the only metal that is represented in the six fundamental
classes of enzymes (oxidoreductases, transferases, hydrolases, lyases,
isomerases and ligases), playing both catalytic and structural roles.”

In the case of corals and its symbionts, when does zinc stop
being a micronutrient and become toxic? Could zinc released from
the dissolution of ZnO-NPs present toxicity? Would the overload
by dissolved zinc be the only way ZnO-NPs could be toxic? Such
questions have been raised and, in this review, some of the works
that brought answers and new insights into the relationship between
sunscreens, zinc oxide nanoparticles and coral reefs will be addressed.
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Several efforts have been made to study the physicochemical
behavior of these nanoparticles under environmental conditions, and
the antibacterial activity and toxicity of ZnO to several species of
plants and macroalgae were already demonstrated.”*° There is also
concern about other anthropogenic sources of zinc that, by chance,
may increase the concentration of this metal in neritic environments,
such as rivers that pass through heavily populated urban or industrial
environments *'~* or accidents with ships on coral reefs, as antifouling
paints usually contain zinc oxide derivatives.**3¢ ZnO is, in principle,
poorly soluble in water, however this behavior may be different at the
nanometer scale. Also, in the surroundings of coral reefs there is a
higher concentration of organic matter, which may allow leaching of
zinc by the formation of zinc complexes.'*!¥7 This means that, in
addition to the ZnO-NPs themselves, reefs can be exposed to the most
diverse chemical species containing zinc, therefore it is necessary to
consider the toxicity of the nanoparticles and the possible compounds
derived from them.

In this sense, the keywords “zinc and (zooxanth* or symbiodin*
or coral* or dinoflag*)” were used to search for pertinent references in
the Web of Science® database. This search returned 409 papers whose
abstracts were read. Three and six works were directly dedicated
to the toxicity of zinc or zinc oxide to zooxanthellae and corals,
respectively. In addition, other articles dealing with other microalgae
(6) and cnidarians (4) discussed various possibilities of test organisms,
methodologies, and chemical species used in toxicity assessment
tests, therefore they were included as a source of comparative data
and of recommendations that could be extended to the problematic
of coral ecotoxicology.

TOXICITY OF ZINC OR ZnO-NPs TO ZOOXANTHELLAE
AND OTHER MICROALGAE

In zooxanthellae, Zn** is present in enzymes involved in
photosynthesis, in the capture and sequestration of inorganic carbon
(e.g. carbonic anhydrase), in the assimilation of macronutrients (e.g.
nitrate reductase), in antioxidant reactions (e.g. catalases, peroxidases
and superoxide dismutase) and in several other cellular processes,
such as DNA and RNA replication and repair.* In addition, studies
indicate that zinc, after iron, is the most necessary metal for the growth
of zooxanthellae (specifically the species Fugacium kawagutii),
precisely because it is a cofactor in a large number of enzymes.?#’

However, even with its important role, it must be understood
whether an overload of zinc or the presence of zinc oxide nanoparticles
can pose threats to the health of the symbionts*-° (Table 1).

Table 1. Survey of the toxicity of Zn species to zooxanthellae and other microalgae

Organism Zinc source Evaluated Parameters Reference
Symbiodinium microdriaticum ZnSO,-7H,0 Zooxanthellae density, Specific growth rate 51
Symbiodinium sp. ZnSO, Effects on key photosynthetic proteins and processes 52
Zooxanthellae from Zinc accumulation in zooxanthellae and anemone

L . ZnCl, . 53
Exaiptasia pallida tissue
Pseudokirchneriella subcapitata ZnS0O,-7H,0, ZnO-NPs and bulk ZnO 1C502, EC50°, EC20°, NOEC¢ 54,55
Thalassiosira pseyda'nana, Zn0-NPs NECe 56
Skeletonema marinoi
Skeletonema costatum ZnO-NPs Growth inhibition ratio, EC50, Intracellular zinc 57

’ Bulk ZnO accumulation, Malondialdehyde (MDA) level
Industry-grade ZnO-NP
Thalassiosira pseudonana Sunscreen-grade ZnO-NP Growth inhibition, ROS" detection 58,59
ZnO-GO
ZnO-CNT?

A[C50: inhibitory concentration giving a 50% reduction in algal growth rate; "EC50: 50% effect concentration; EC20: 20% effect concentration; ‘NOEC: no
observed effect concentration; “NEC: no effect concentration; ZnO-GO: zinc oxide and graphene nanohybrid; ¢ZnO-CNT: zinc oxide and carbon nanotube

nanohybrid; "ROS: reactive oxygen species.
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Goh and Chou,’ in 1997, observed that Symbiodinium
microdriaticum under a mixture of zinc and copper will only reach
the stationary phase of growth when in the presence of chelators
(Na,EDTA and Na,SiO;-9H,0), indicating that free ions are more
toxic than chelated ones. Growth rates were not affected when
comparing controls and Zn (509 pg L1).5!

In 2013, Kuzminov and colleagues®> found that exposure to
zinc led to damage and decreased levels of key proteins for the
photosynthetic process, inhibition of electron transport between
photosystems II (PSII) and I (PSI), alterations on the maximum rate
of electron transport and decrease of S. microadriaticum growth rate.’?

Hardefeldt and Reichelt-Brushett> studied the role zooxanthellae
play in zinc uptake in the Exaiptasia pallida anemone, another
cnidarian that can undergo bleaching. It was found that there was
greater accumulation of Zn in the zooxanthellae when compared to
the tissue of the anemones at the end of the experiment (32 days),
showing that the microalgae have a greater capacity to absorb and
accumulate zinc than the hosts. Interestingly, anemones treated with
7Zn lost more zooxanthellae, which could be a mechanism of host
detoxification in case of metal overload.*

The previous references addressed the effects that dissolved zinc
would have in zooxanthellae. However, to the best of our knowledge
no studies of the effects of nanoparticulate zinc oxide were carried out
on isolated Symbiodinium sp. For this reason, some of the vast body
of work regarding the toxic effects of ZnO-NPs to other marine and
freshwater microalgae is reported below. The following references
were chosen based mainly on their discussion of the possible toxicity
mechanisms of ZnO-NPs, or presenting methodologies that could be
adapted on tests with zooxanthellae.

Franklin et al>* and Aruoja et al.>* compared the toxicity of Zn?*,
ZnO-NPs and bulk ZnO (ie, ZnO whose properties do not depend
on particle size) to the freshwater microalga Pseudokirchneriella
subcapitata, with similar results (Table 1). The dissolution of both
nanoparticulate and bulk ZnO was rapid and almost total in culture
media, and the toxicities of ZnO-NPs or bulk zinc oxide were not
significantly different from the toxicity of zinc chloride, suggesting that
toxicity could be due to Zn** dissolution.>* As seawater is usually more
alkaline than freshwater, the dissolution rate of ZnO due to amphoterism
could be increased and, consequently, raise its toxicity profile.

Miller and colleagues™® studied the effect of ZnO-NPs over
marine diatoms (however, no comparison to freshwater diatoms
were conducted). 7. pseudonana and S. marinoi were significantly
affected at the highest concentration of ZnO-NPs, with the former
having its growth rate reduced by a factor of 3 at the ppb scale. This
clearly indicates that even low concentrations of nanoparticles in the
marine environment can cause complications in the ecosystem, as
ZnO-NPs could be a constant source of Zn.* Besides, the attachment
of nanoparticles to the cells may promote physical damage and
oxidative stress.*¢

Multiple modes of action were studied in the diatom Skeletonema
costatum " Even though the dissolution levels of both ZnO-NPs
and bulk ZnO were not significantly different, the former caused
higher growth inhibition ratio (IR) (Table 1) by increased lipid
peroxidation at the cellular membrane, which would lead to changes
in its permeability and, therefore, favor higher zinc uptake.’” This
suggests that accumulation of intracellular zinc is also an interesting
parameter to investigate when studying toxicity of zinc or ZnO-NPs
to zooxanthellae.

Baek and collaborators®® showed that nanohybrids of ZnO with
graphene oxide (ZnO-GO) or carbon nanotubes (ZnO-CNT) (Table 1)
were less toxic than pure ZnO-NPs. In all cases, high ROS production
was detected. It was argued that hybrid nanoparticles aggregate less
than pure NPs and, therefore, have greater surface area and reactive
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sites available for ROS formation, which can increase their toxic
character.’® Another work demonstrated that industry- or sunscreen-
grade ZnO-NPs have similar toxicity characteristics (Table 1).° In
both studies, however, extremely high NPs concentrations were used,
which may not be relevant to real world concerns. For example,
the Australian and New Zealand Guidelines for Freshwater and
Marine Water Quality states that the trigger value to protection
of 99% of marine species is only 7 pg Zn L'.% When testing in
ecotoxicologically relevant concentrations the effects might even be
absent. Besides, quantitative parameters to express toxicity such as
EC50 were not calculated.

Studies with microalgae other than Symbiodiniaceae are relevant
since they shed light on parameters and methodologies that can
be valid to establish the toxicity of ZnO-NPs to zooxanthellae.
It is important to be aware that the tested concentrations reflect
environmental conditions. Also, there must be consensus on which
parameters should be applied to evaluate the toxicity of metal
ions and the nanoparticles. Lastly, it is recommended to assess the
toxicity of not only ZnO-NPs to zooxanthellae, but also of other zinc
compounds (e.g. zinc salts), which may help to establish the toxicity
mechanism(s).

TOXICITY OF ZINC OR ZnO-NPs TO CORALS AND
OTHER CNIDARIA

Table 2 summarizes the findings regarding toxicity of zinc and
zinc oxide to corals and other cnidarians.

Itis important to study the toxicity of possible contaminants in all
life stages of the organisms of interest.!® In the case of corals, early
life stages may be more sensitive to stressors, especially for broadcast
spawning corals, whose fertilization occurs externally with gametes
and coral larvae directly exposed to the marine environment.”!

Reichelt-Brushett and Harrison®' studied the effects that copper,
cadmium and zinc could have on the fertilization of Goniastrea aspera
gametes (Table 2). In the case of zinc at concentrations up to 500 ug L,
no difference was observed in fertilization success compared to the
control.®! However, the fertilization of Acropora tenius was affected
even at the lowest concentration of zinc tested. In controls, the
average fertilization success rate was 91%, but in the treatment with
10 ug L' of zinc it was 70% and, with 100 ug L ' of zinc, the success
rate dropped to values below 1%. At the highest concentration tested,
fertilization of A. tenius gametes was completely abolished.®> There
is a dramatic difference of behavior, depending on coral species.
Therefore, for any general ecotoxicological analysis for regulation
purposes, it is crucial to determine the effects that zinc (or any
other contaminant) has on coral fertilization and, especially, which
coral species should be used as standard in tests. This topic will be
addressed later in this review.

Scleractinian corals, also known as stony corals, are the main
builders of coral reefs. Zinc is an important micronutrient for the
process of photosynthesis of zooxanthellae and calcification of hosts,
and studies with Stylophora pistillata indicate that corals have good
physiological adaptations to the low concentrations of Zn** in the
oceans, and that symbiotic microalgae play an important role in the
absorption of zinc by the hosts, since this absorption is stimulated
by exposure to light.”> However, several recent studies indicate that
zinc excess is potentially toxic to corals from the genera Seriatopora,
Acropora and Stylophora.

Tang and collaborators® studied the consequences that exposure
of Seriatopora cliendrum to ZnO-NPs would have in the composition
of the lipid membrane of coral cells. Interestingly, 34-38%
dissociation of the nanoparticles (with free Zn**release) was observed.
The authors observed significant changes in the lipids profile of the
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Table 2. Survey of the toxicity of Zn species to corals and other cnidarians
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Organism Zinc source Evaluated Parameters Reference
Corals
Goniastrea aspera (gametes) ZnSO, Fertilization success, NOEC* 61
Acropora tenuis (gametes) ZnSO, Fertilization success, NOEC 62
Acropora aspera (adult) ZnCl, DMSP® concentration, Zinc uptake, Symbiont density 63
Stylophora pistillata (adult) Bulk ZnO Photochemical response, Changes in the PSII® 64
Acropora spp. (adult) ZnO-NPs Zooxanthellae releai/ei,r 'S(;r;lntl)éziil:ng, Prokaryotic and 65
Seriatopora cliendrum (adult) ZnO-NPs Membrane lipid profiles 66
Other
Exaiptasia pallida (adult) ZnCl, Zinc accumulation, Catalase activity 67
Aiptasia pulchella (adult) ZnCl, 28-day EC50¢and EC10¢, LOEC! 68
Aiptasia pulchella (adult) ZnCl, 8- and 14-day-EC10, EC50, LC10# and LC50" 69
Aiptasia pulchella (adult) ZnCl, (metal mixture containing also Metal accumulation, Zooxanthellae density, Activities of 70

CuCl,, NiCl,and CdCL,)

catalase, carbonic anhydrase, and glutathione reductase

INOEC: no observed effect concentration; "DMSP: dimethylsulfonipropionate; “PSII: photosystem II; ‘EC50: 50% effect concentration; (EC10: 10% effect
concentration; 'TLOEC: lowest observed effect concentration; (LC10: concentration leading to 10% lethality; "LC50: concentration leading to 50% lethality.

plasma membranes and, as white spots of accumulation of ZnO-NPs
were observed on the surface of the corals, they considered that the
observed effects were due to the ZnO-NPs as particles and not due to
the release of free Zn*". The changes observed in lipids are consistent
with what would be expected of a cell that needed to accommodate the
mechanical disturbances caused by nanoparticles, and could, in the
long term, represent a chronic danger.® Importantly, this work focused
on subcellular changes and does not necessarily translate into effects
to the entire holobiont. On the other hand, the short exposure time
(24 h) simulated a condition of acute contamination only; it remains
to be evaluated the effects of these nanoparticles on corals in tourist
regions during an entire holiday season with bathers.

The work of Corinaldesi et al.®® addressed the influence in
coral bleaching of the two inorganic oxides most used in sunscreen
formulations, nanoparticulated ZnO and TiO,. It was observed that
ZnO caused an extensive release of zooxanthellae. With only 24 h of
exposure, a considerable loss of photosynthetic pigments was already
detected, which indicates that the bleaching induced by ZnO occurs
very quickly. At the end of the exposure time (48 h), 67% of the coral
surface was already bleached. Titanium dioxide did not cause similar
effects. These observations indicate that ZnO-NPs can induce total and
irreversible bleaching of corals and zooxanthellae mortality.* This is
in agreement with other works that have suggested, for example, that
Zn?** can lead to manganese deficiency in higher algae,”® damage to
mitochondria and DNA,” oxidative stress” and damage to the plasma
membrane 7 in concentrations that exceed physiological usefulness.

Neither of the two previous works evaluated the toxicity of
dissolved zinc ions alone. This would be important to assess how the
dissolution of zinc from ZnO-NPs played a part in its toxicity to the
corals. Also, in some works very high concentrations of ZnO-NPs
(mg L'level) are studied,® therefore their environmental relevance
should be discussed.

Another approach to monitoring zinc toxicity to Acropora aspera
corals was proposed by Deschaseaux and colleagues.®® They evaluated
the concentration of dimethylsulfonipropionate (DMSP), one of the
compounds that may be involved in metal detoxification mechanisms
both in the host and in the symbionts, after zinc overload. The decrease
in DMSP levels occurred first in coral tissue and later in zooxanthellae,
which is an indication that these microalgae may be more resistant to
zinc than the cnidarians. DMSP is a possible marker of oxidative stress
caused by zinc overload, since the decrease in DMSP concentration

may be a consequence of an increase in the production of ROS or
of the cessation of DMSP synthesis due to the consumption of its
precursor cysteine for metal detoxification.®® This study provides a
possible parameter for monitoring zinc contamination in A. aspera
corals, and it would be interesting to apply this method with other
screlactinian corals to determine DMSP levels would also answer
to zinc overload.

Fel and coworkers® studied the photochemical response of
Stylophora pistillata after chronic exposure to several UV filters,
including ZnO, pesticides, and herbicides. To monitor this response,
the authors verified changes in PSII in a manner similar to the work
already discussed by Kuzminov and collaborators®2. However, in this
case, corals and symbionts were treated at the same time. The main
observations were that, while organic UV filters only caused changes
in PSII at the highest concentrations, ZnO induced 38% reduction in
its activity at ca. 100 pg L. This suggests that the organic components
of UV filters are less toxic than ZnO to the PSII of the symbionts,
with possible consequences for other coral physiological parameters.*

Again, Tang er al.®, Deschaseaux ef al.®® and Fel et al.* focused
on subcellular alterations that may not be translated into cellular death
or bleaching when considering the holobiont in macroscale. Yet, these
works provide interesting aspects to be evaluated when studying the
toxicity mechanisms of Zn** and ZnO-NPs to corals.

The study of the toxicity of zinc to anemones, which are also
zooxanthelated organisms subject to bleaching, can serve as a basis
for future works that address the toxicity of zinc to corals. Duckworth
and collaborators®” investigated the correlation between ocean
acidification conditions and zinc and nickel absorption by E. pallida.
Co-exposure of metals and high levels of carbon dioxide caused the
anemone to accumulate more metals in its tissues. Since these levels
of CO, caused a 0.2 unit decrease in pH, it was concluded that ocean
acidification can make metal cations more bioavailable, which could
potentiate their toxic effects.” However, in a similar work carried out
with the coral S. pistillata lower pH values decreased zinc uptake
in tissue and skeleton.” This difference in behavior between both
organisms under similar conditions deserves to be further investigated
in order to understand which biochemical mechanisms and strategies
make corals more resistant than anemones to zinc absorption when
this metal is more bioavailable.

Howe, Reichelt-Brushett and Clark published several works
addressing the toxic effects of metals in solution for asexual
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reproduction of A. pulchella anemones (Table 2).%%77 Under ca.
500 mg L' Zn after 22 days, A. pulchella expelled its zooxanthellae,
bleached and died. As in other studies,’*>’® the loss of zooxanthellae
was attributed to an attempt by the hosts to remove symbiotic cells
with high metal loads.® Zinc caused a time-dependent inhibition in
the development of new individuals.*®*”’

Brock and Bielmyer also worked with A. pulchella, exposing
them to a mixture of metals (copper, zinc, nickel and cadmium) in
solution. Zinc started to accumulate in the organisms at concentrations
of 50 and 100 pg L', but it was completely cleared after a recovery
period, which may have been due to the loss of zooxanthellae. Itis also
interesting to note that GR activity increased in individuals exposed
to concentrations of 50 and 100 pg L' of cations, which indicates an
excess in the production of hydrogen peroxide. The authors suggest
that the activity of this enzyme may be a possible marker of metal-
induced stress in anemones.” This multi-metal exposure approach can
offer valuable leads in identifying markers of zinc toxicity to corals.

Parameters such as effective concentrations (EC) are typically
found for zooxanthellae (Table 1) or anemones (Table 2), but not for
screlactinian corals, which may reflect the different time scale of the
toxicity response and the difficulty to handle and determine death
in the latter. Addressing these shortcomings would be important in
order to have better comparative information to assess threats to reef
communities. In fact, the most comprehensive studies on zinc toxicity
to cnidarians were performed in anemones; hence, we suggest that
further work with corals could benefit from the same multiparameter
approach (EC10 and EC50, LOEC, enzyme inhibition, effect on
growth). We believe this would allow for a better informed choice
of the parameters relevant for adult corals.

THE USE OF THE TERM “REEF SAFE” FOR SUNSCREENS
AND THE DIFFICULTY OF STANDARDIZING
TOXICOLOGICAL TESTS FOR CORALS

In the last year, two reviews were published on personal care
products for sun protection, the active compounds used as sunscreens,
and their possible toxicity to corals.

Miller and coworkers* carried out a bibliographic survey about
sunscreens banned in some countries on the grounds of containing
compounds deemed toxic to corals. In addition, it was surveyed if
there were studies on coral toxicity of the ingredients of sunscreens
marketed as “reef safe” (or similar).* One of the motivators for their
review was the recent, widespread claims of coral-safe formulas for
sunscreens. Of all the products presented as “reef safe”, 79% used
inorganic UV filters as the main component and, of these, 78% used
ZnO only and 20% used a mixture of ZnO and TiO,. Moreover, the
authors noticed that only organic compounds were included in any
of the bans, especially oxybenzone (benzophenone-3; (2-hydroxy-
4-methoxyphenyl)-phenylmethanone), whose dermatological
and ecotoxicological risks, including bleaching of corals,>” have
already been extensively investigated. However, ZnO is classified
as hazardous to aquatic life by the Globally Harmonized System of
Classification and Labeling of Chemicals (GHS)® and the European
Chemical Agency (ECHA).*' In fact, as discussed above, there are
abundant indications of the toxicity of ZnO-NPs specifically to
corals.%-6

Therefore, it is debatable whether sunscreens should be
considered “reef safe” if most of them contain zinc oxide filters.
Furthermore, it would be necessary to encourage a reduction in the
amount of sunscreen released into the seas, since in addition to the
compounds that act as UV filters, there are several other ingredients
that can contribute to the bioavailability of filters to corals. It was
indicated the need to establish scientific criteria for the use of the
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terminology “coral-/reef-safe”. Also, it would be important to review
the banning of sunscreens due to the different treatments granted to
organic and inorganic filters,* and to the possible risks to public health
by decreased use of sunscreens, or by the use of less efficient or even
dangerous home-made concoctions.®

In this context, the question arises whether there would be any
substitute for metallic oxides in the formulations of safe sunscreens
for coral reefs. The answer may be the defense strategies of marine
microorganisms against UV radiation.®® In addition to DNA repair
mechanisms and behavioral patterns, dinoflagellates, diatoms and
cyanobacteria produce photoactive substances and antioxidants
that protect them from direct exposure to UV light. One class of
compounds produced is the so-called mycosporine-like amino acids
(MAAs), based on a cyclohexenone or cyclohexemine conjugated
to an amino acid residue, which absorb in the UV between
310-362 nm.%*3¢ Some cyanobacteria also produce scytonemin, a
lipid-soluble dye with an indole and a phenolic subunit that absorbs
mainly in the UVA region.’”#® These two classes of compounds
have the potential to be used in sun protection products, but they
should be further studied regarding their extraction, stability and
sun protection factor.®

The second review focuses on aspects necessary for the
standardization and regulation of ecotoxicology tests of UV filters in
scleractinian corals. Toxicological test results may not be adequate
if obtained using non-standardized and non-validated methods.' For
the practical and immediate purpose of preventing/reversing damage
to reef ecosystems, this is probably the most urgent need. Besides
the main points raised by the authors (appropriate choice of species
and their life stage, appropriate exposure duration and appropriate
choice of endpoints), which should be internationally agreed upon,
we would like to add that the consideration of chemical speciation
should also be included in such tests. As pointed out throughout the
review, particle size matters, and zinc form (soluble or solid) affects
bioavailability. In addition, standardization of proper concentration
units such as molarity rather than mass per volume should be
preferred. Although less intuitive for the general population, molarity-
described toxicity parameters are directly comparable across different
chemical substances.

In addition, zinc oxide is already considered toxic to aquatic
life by agencies such as ECHA, meaning that it has been tested
in fish, algae and daphnia, which are already part of standardized
ecotoxicology methodologies. Therefore, it is likely that even to
non-standard species, such as corals, the apparent toxicity would
be like that of standard species. The authors then conclude by
suggesting that all the data obtained on the toxicity of ZnO to corals
are preliminary because they did not follow a standardized and
validated method that is necessary to develop a specific test system. '8
Notwithstanding, not only the data referring to ZnO are preliminary.
Burns and Davies,* applying reliability approach, assessed published
results from ecotoxicity tests with corals and organic UV filters used
for environmental risk assessment (ERA) and regulatory decisions.
None of the then published works were considered reliable for
higher tier ERA or regulatory decision making, hence all evidence
for the toxicity of organic UV filters is also preliminary. This
work brings up the urgency to achieve greater quality toxicity data
regarding corals, whichever would be possible with robust standard
methodologies.*!84%890

It is evident that the development of standardized toxicity
assessment methods would facilitate the execution of tests on
an international scale and aid the decision-making of health and
regulatory authorities on, for example, which UV filters would be
allowed or not, without departing from scientific rigor.'® Efforts
in this sense have been published by Miller et al. in 2022.*° Using
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benzophenone-3 as a test compound, this work aimed to contribute
to the standardization of an acute coral larvae toxicity test. The test
system with larvae, test duration (48 h) and endpoints were aspects
suitable for validation. Yet, the selection of representative species
remains an obstacle, which is made more complicated by the high
lipophilicity of sunscreens and subsequent difficulty in securing
homogeneous distribution in the test compartments.*

CONCLUSIONS

Literature parameters for the determination of the toxicity of
zinc or zinc oxide nanoparticles to zooxanthellae and corals are
quite diverse. The species tested, the concentrations of zinc or
ZnO-NPs, and exposure times are different among studies. This
situation hinders scientific and/or regulatory consensus. However,
even under these conditions, there is an indication that zinc ions and
ZnO-NPs may present toxicity to some species of zooxanthellae and
corals. Thus, it is urgent to validate and standardize methodologies
for toxicological tests in these organisms, to establish the toxicity
of ZnO-NPs (and other constituents of sunscreens) to corals and
their maximum allowed levels in reef environments. A standardized
ecotoxicological methodology would also give the “reef safe” label
an evidence-based meaning. Until then, it is important to continue
the work aimed at unraveling the mechanisms of Zn** and ZnO-NPs
toxicity to corals and zooxanthellae, in addition to the development
of models that predict the behavior and destination of compounds
used in sunscreens in the marine environment.

ACKNOWLEDGMENTS

The authors thank Sao Paulo Research Foundation (FAPESP)
for financial support (Processes 2021/07153-3 and 2021/10894-5).

REFERENCES

1. Marangoni, L. E. B.; Calderon, E. N.; Marques, J. A.; Duarte, G. A. S.;
Pereira, C. M.; e Castro, C. B.; Bianchini, A.; Coral Reefs 2017, 36,
1133. [Crossref]

2. Downs, C. A.; Kramarsky-Winter, E.; Segal, R.; Fauth, J.; Knutson, S.;
Bronstein, O.; Ciner, F. R.; Jeger, R.; Lichtenfeld, Y.; Woodley, C. M.;
Pennington, P.; Cadenas, K.; Kushmaro, A.; Loya, Y.; Arch. Environ.
Contam. Toxicol. 2016, 70, 265. [Crossref]

3. Forestier, S.; J. Am. Acad. Dermatol. 2008, 58, S133. [Crossref]

4. Miller, 1. B.; Pawlowski, S.; Kellermann, M. Y.; Petersen-Thiery, M.;
Moeller, M.; Nietzer, S.; Schupp, P. J.; Environ. Sci. Eur. 2021, 33, 74.
[Crossref]

5. Narla, S.; Lim, H. W.; Photochem. Photobiol. Sci. 2020, 19, 66.

[Crossref]

. Osmond, M. J.; McCall, M. J.; Nanotoxicology 2010, 4, 15. [Crossref]

. Ma, Y.; Yoo, J.; J. Cosmet. Dermatol. 2021, 20, 1044.

. Dransfield, G. P.; Radiat. Prot. Dosimetry 2000, 91, 271. [Crossref]

. Mancebo, S. E.; Hu, J. Y.; Wang, S. Q.; Dermatol. Clin. 2014, 32, 427.

[Crossref]

10. Gelabert, A.; Sivry, Y.; Ferrari, R.; Akrout, A.; Cordier, L.; Nowak, S.;
Menguy, N.; Benedetti, M. E.; Environ. Toxicol. Chem. 2014, 33, 341.
[Crossref]

11. Reed, R. B.; Ladner, D. A.; Higgins, C. P.; Westerhoff, P.; Ranville, J.
E.; Environ. Toxicol. Chem. 2012, 31, 93. [Crossref]

12. Mancuso, J. B.; Maruthi, R.; Wang, S. Q.; Lim, H. W.; Am. J. Clin.
Dermatol. 2017, 18, 643. [Crossref]

13. Adler, B. L.; DeLeo, V. A.; Curr. Dermatol. Rep. 2020, 9, 1. [Crossref]

14. Bocca, B.; Caimi, S.; Senofonte, O.; Alimonti, A.; Petrucci, F.; Sci. Total
Environ. 2018, 630, 922. [Crossref]

ReRecIIEN BNeN

Toxicity of zinc oxide to scleractinian corals and zooxanthellae: a brief review 271

15. Lu, P. J.; Huang, S. C.; Chen, Y. P.; Chiueh, L. C.; Shih, D. Y. C.; J. Food
Drug Anal. 2015, 23, 587. [Crossref]

16. Mohammed, Y. H.; Holmes, A.; Haridass, I. N.; Sanchez, W.Y.; Studier,
H.; Grice, J. E.; Benson, H. A. E.; Roberts, M. S.; J. Invest. Dermatol.
2019, 139, 308. [Crossref]

17. Newman, M. D.; Stotland, M.; Ellis, J. L.; J. Am. Acad. Dermatol. 2009,
61, 685. [Crossref]

18. Moeller, M.; Pawlowski, S.; Petersen-Thiery, M.; Miller, 1. B.; Nietzer,
S.; Heisel-Sure, Y.; Kellermann, M. Y.; Schupp, P. J.; Front. Mar. Sci.
2021, 8, 1. [Crossref]

19. Titlyanov, E. A.; Titlyanova, T. V.; Russ. J. Mar. Biol. 2020, 46, 307.
[Crossref]

20. Apprill, A.; Ann. Rev. Mar. Sci. 2020, 12, 291. [Crossref]

21. Rodriguez, I. B.; Lin, S.; Ho, J.; Ho, T. Y.; Front. Microbiol. 2016, 7, 1.
[Crossref]

22. Ferrier-Pages, C.; Sauzéat, L.; Balter, V.; Global Change Biol. 2018, 24,
3145. [Crossref]

23. Garren, M.; Azam, F.; ISME J. 2012, 6, 1159. [Crossref]

24. Krediet, C. J.; Ritchie, K. B.; Paul, V. J.; Teplitski, M.; Proc. R. Soc. B
2013, 280, 20122328. [Crossref]

25. Nguyen-Kim, H.; Bouvier, T.; Bouvier, C.; Bui, V. N.; Le-Lan, H.;
Bettarel, Y.; J. Mar. Sci. Eng. 2015, 3, 1272. [Crossref]

26. Blanckaert, A. C. A.; Omanovi¢, D.; Fine, M.; Grover, R.; Ferrier-Pages,
C.; Global Change Biol. 2022, 28, 2341. [Crossref]

27. Cuajungco, M. P.; Ramirez, M. S.; Tolmasky, M. E.; Biomedicines 2021,
9, 1. [Crossref]

28. Crichton, R. In Biological Inorganic Chemistry, 3" ed.; Crichton, R.,
org.; Academic Press: Cambridge, 2019, ch. 12.

29. Czyzowska, A.; Barbasz, A.; Int. J. Environ. Health Res. 2022, 32, 885.
[Crossref]

30. Jarvis, T. A.; Bielmyer-Fraser, G. K.; Comp. Biochem. Physiol., Part C:
Toxicol. Pharmacol. 2015, 171, 28. [Crossref]

31. Ramos, A. A.; Inoue, Y.; Ohde, S.; Mar. Pollut. Bull. 2004, 48, 281.
[Crossref]

32. Barakat, S. A.; Al-Rousan, S.; Al-Trabeen, M. S.; Environ. Monit.
Assess. 2015, 187, 1. [Crossref]

33. Jones, R. J.; Mar. Pollut. Bull. 2011, 62, 1362. [Crossref]

34. Jones, R. J.; Mar. Pollut. Bull. 2007, 54, 905. [Crossref]

35. Smith, L. D.; Negri, A. P.; Philipp, E.; Webster, N. S.; Heyward, A. J.;
Mar. Biol. 2003, 143, 651. [Crossref]

36. Negri, A. P.; Smith, L. D.; Webster, N. S.; Heyward, A. J.; Mar. Pollut.
Bull. 2002, 44, 111. [Crossref]

37. Noventa, S.; Rowe, D.; Galloway, T.; Environ. Sci. Nano 2018, 5, 1764.
[Crossref]

38. Baysal, A.; Saygin, H.; Ustabasi, G. S.; Environ. Health Eng. Manage.
J. 2019, 6, 73. [Crossref]

39. Baysal, A.; Saygin, H.; Ustabasi, G. S.; Environ. Monit. Assess. 2020,
192, 276. [Crossref]

40. Esteban-Tejeda, L.; Palomares, F. J.; Cabal, B.; Lopez-Piriz, R.;
Ferndndez, A.; Sevillano, D.; Alou, L.; Torrecillas, R.; Moya, J. S.;
Materials (Basel) 2017, 10, 167. [Crossref]

41. Jiang, C.; Aiken, G. R.; Hsu-Kim, H.; Environ. Sci. Technol. 2015, 49,
11476. [Crossref]

42. Lai, R. W. S.; Yung, M. M. N.; Zhou, G. J.; He, Y. L.; Ng, A. M. C.;
Djurisi¢, A. B.; Shih, K.; Leung, K. M. Y.; Environ. Sci. Nano 2020, 7,
2995. [Crossref]

43. Li, L.; Zhang, C.; Ren, Y.; Pala, F.; Wang, X.; Zhen, X.; Liu, J.; Shi, X.;
Mar. Chem. 2020, 221, 10. [Crossref]

44. Li, M.; Zhu, L.; Lin, D.; Environ. Sci. Technol. 2011, 45, 1977.
[Crossref]

45. Miao, A. J.; Zhang, X. Y.; Luo, Z.; Chen, C. S.; Chin, W. C.;
Santschi, P. H.; Quigg, A.; Environ. Toxicol. Chem. 2010, 29, 2814.
[Crossref]


https://doi.org/10.1007/s00338-017-1605-6
https://doi.org/10.1007/s00244-015-0227-7
https://doi.org/10.1016/j.jaad.2007.05.047
https://doi.org/10.1186/s12302-021-00515-w
https://doi.org/10.1039/c9pp00366e
https://doi.org/10.3109/17435390903502028
https://doi.org/10.1093/oxfordjournals.rpd.a033216
https://doi.org/10.1016/j.det.2014.03.011
https://doi.org/10.1002/etc.2447
https://doi.org/10.1002/etc.708
https://doi.org/10.1007/s40257-017-0290-0
https://doi.org/10.1007/s13671-020-00284-4
https://doi.org/10.1016/j.scitotenv.2018.02.166
https://doi.org/10.1016/j.jfda.2015.02.009
https://doi.org/10.1016/j.jid.2018.08.024
https://doi.org/10.1016/j.jaad.2009.02.051
https://doi.org/10.3389/fmars.2021.665548
https://doi.org/10.1134/S1063074020050107
https://doi.org/10.1146/annurev-marine-010419-010641
https://doi.org/10.3389/fmicb.2016.00082
https://doi.org/10.1111/gcb.14141
https://doi.org/10.1038/ismej.2011.180
https://doi.org/10.1098/rspb.2012.2328
https://doi.org/10.3390/jmse3041272
https://doi.org/10.1111/gcb.16074
https://doi.org/10.3390/biomedicines9020208
https://doi.org/10.1080/09603123.2020.1805415
https://doi.org/10.1016/j.cbpc.2015.03.005
https://doi.org/10.1016/j.marpolbul.2003.08.003
https://doi.org/10.1007/s10661-015-4275-2
https://doi.org/10.1016/j.marpolbul.2011.01.021
https://doi.org/10.1016/j.marpolbul.2007.02.018
https://doi.org/10.1007/s00227-003-1107-7
https://doi.org/10.1016/S0025-326X(01)00128-X
https://doi.org/10.1039/c8en00175h
https://doi.org/10.15171/ehem.2019.08
https://doi.org/10.1007/s10661-020-08254-w
https://doi.org/10.3390/ma10020167
https://doi.org/10.1021/acs.est.5b02406
https://doi.org/10.1039/d0en00467g
https://doi.org/10.1016/j.marchem.2020.103775
https://doi.org/10.1021/es102624t
https://doi.org/10.1002/etc.340

272

46.

47.

48.

49.

50.
SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Freitas Netoa and Espdsito

Reich, H. G.; Rodriguez, 1. B.; Laleunesse, T. C.; Ho, T. Y.; Coral Reefs
2020, 39, 915. [Crossref]

Rodriguez, 1. B.; Ho, T. Y.; Front. Microbiol. 2018, 9, 1. [Crossref]
Klaine, S. J.; Alvarez, P. J. J.; Batley, G. E.; Fernandes, T. F.; Handy, R.
D.; Lyon, D. Y.; Mahendra, S.; McLaughlin, M. J.; Lead, J. R.; Environ.
Toxicol. Chem. 2008, 27, 1825. [Crossref]

Mitchelmore, C. L.; Burns, E. E.; Conway, A.; Heyes, A.; Davies, 1. A.;
Environ. Toxicol. Chem. 2021, 40, 967. [Crossref]

Stauber, J. L.; Florence, T. M.; Mar. Biol. 1990, 105, 519. [Crossref]
Goh, B. P. L.; Chou, L. M.; Environ. Monit. Assess. 1997, 44, 11.
[Crossref]

Kuzminov, F. I.; Brown, C. M.; Fadeev, V. V.; Gorbunov, M. Y.; J. Exp.
Mar. Biol. Ecol. 2013, 446, 216. [Crossref]

Hardefeldt, J. M.; Reichelt-Brushett, A. J.; Mar. Pollut. Bull. 2015, 96,
294. [Crossref]

Franklin, N. M.; Rogers, N. J.; Apte, S. C.; Batley, G. E.; Gadd, G. E.;
Casey, P. S.; Environ. Sci. Technol. 2007, 41, 8484. [Crossref]

Aruoja, V.; Dubourguier, H. C.; Kasemets, K.; Kahru, A.; Sci. Total
Environ. 2009, 407, 1461. [Crossref]

Miller, R. J.; Lenihan, H. S.; Muller, E. B.; Tseng, N.; Hanna, S. K.;
Keller, A. A.; Environ. Sci. Technol. 2010, 44, 7329. [Crossref]

Zhang, C.; Wang, J.; Tan, L.; Chen, X.; Aquat. Toxicol. 2016, 178, 158.
[Crossref]

Baek, S.; Joo, S. H.; Su, C.; Toborek, M.; Environ. Toxicol. 2020, 35, 87.
[Crossref]

Spisni, E.; Seo, S.; Joo, S. H.; Su, C.; Int. J. Environ. Sci. Technol. 2016,
13, 2485. [Crossref]

Anzecc & Armcanz, 2019, available at https://www.waterquality.gov.
au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000,
accessed in November 2022.

Reichelt-Brushett, A. J.; Harrison, P. L.; Mar. Pollut. Bull. 1999, 38, 182.
[Crossref]

Reichelt-Brushett, A. J.; Harrison, P. L.; Coral Reefs 2005, 24, 524.
[Crossref]

Deschaseaux, E.; Hardefeldt, J.; Jones, G.; Reichelt-Brushett, A.; Mar.
Pollut. Bull. 2018, 126, 93. [Crossref]

Fel, J. P; Lacherez, C.; Bensetra, A.; Mezzache, S.; Béraud, E.; Léonard,
M.; Allemand, D.; Ferrier-Pages, C.; Coral Reefs 2019, 38, 109.
[Crossref]

Corinaldesi, C.; Marcellini, F.; Nepote, E.; Damiani, E.; Danovaro, R.;
Sci. Total Environ. 2018, 637, 1279. [Crossref]

Tang, C. H.; Lin, C. Y.; Lee, S. H.; Wang, W. H.; Aquat. Toxicol. 2017,
187, 72. [Crossref]

Duckworth, C. G.; Picariello, C. R.; Thomason, R. K.; Patel, K. S.;
Bielmyer-Fraser, G. K.; Aquat. Toxicol. 2017, 182, 120. [Crossref]
Howe, P. L.; Reichelt-Brushett, A. J.; Clark, M. W.; Ecotoxicology 2014,
23, 1593. [Crossref]

69.

70.

71.
72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

Quim. Nova

Howe, P. L.; Reichelt-Brushett, A. J.; Clark, M. W.; Ecotoxicol. Environ.
Saf. 2014, 100, 138. [Crossref]

Brock, J. R.; Bielmyer, G. K.; Comp. Biochem. Physiol., Part C: Toxicol.
Pharmacol. 2013, 158, 150. [Crossref]

Harrison, P. L.; Wallace, C. C.; Coral Reefs. Ecosyst. World 1990, 133.
Ferrier-Pages, C.; Houlbreque, F.; Wyse, E.; Richard, C.; Allemand, D.;
Boisson, E.; Coral Reefs 2005, 24, 636. [Crossref]

Sharma, V.; Anderson, D.; Dhawan, A.; Apoptosis 2012, 17, 852.
[Crossref]

Xia, T.; Kovochich, M.; Liong, M.; Médler, L.; Gilbert, B.; Shi, H.; Yeh,
J.1.;Zink, J. I.; Nel, A. E.; ACS Nano 2008, 2, 2121. [Crossref]

Song, W.; Zhang, J.; Guo, J.; Zhang, J.; Ding, E.; Li, L.; Sun, Z.; Toxicol.
Lett. 2010, 199, 389. [Crossref]

Houlbreque, F.; Rodolfo-Metalpa, R.; Jeffree, R.; Oberhinsli, F.;
Teyssié, J. L.; Boisson, F.; Al-Trabeen, K.; Ferrier-Pages, C.; Coral
Reefs 2012, 31, 101. [Crossref]

Howe, P. L.; Reichelt-Brushett, A. J.; Clark, M. W.; Mar. Freshwater
Res. 2014, 65, 551. [Crossref]

Reichelt-Brushett, A.; McOrist, G.; Mar. Pollut. Bull. 2003, 46, 1573.
[Crossref]

DiNardo, J. C.; Downs, C. A.; J. Cosmet. Dermatol. 2018, 17, 15.
[Crossref]

Regulation (EC) 1272/2008; available at https://eur-lex.europa.eu/
legal-content/EN/TXT/PDF/?uri=CELEX:32008R 1272, accessed in
December 2022.

ECHA; available at https://echa.europa.eu/registration-dossier/-/
registered-dossier/16139/1/1, accessed in November 2022.

Couteau, C.; Dupont, C.; Paparis, E.; Coiffard, L. J. M.; J. Cosmet.
Dermatol. 2021, 20, 1788. [Crossref]

Amador-Castro, F.; Rodriguez-Martinez, V.; Carrillo-Nieves, D.; Sci.
Total Environ. 2020, 749, 141576. [Crossref]

Rastogi, R. P.; Incharoensakdi, A.; J. Photochem. Photobiol., B 2014,
130, 287. [Crossref]

Gao, Q.; Garcia-Pichel, E.; Nat. Rev. Microbiol. 2011, 9, 791. [Crossref]
Singh, D. K.; Pathak, J.; Pandey, A.; Singh, V.; Ahmed, H.; Rajneesh;
Kumar, D.; Sinha, R. P; Ultraviolet-Screening Compound Mycosporine-
Like Amino Acids in Cyanobacteria: Biosynthesis, Functions, and
Applications; INC, 2020.

Rastogi, R. P.; Sonani, R. R.; Madamwar, D.; Appl. Biochem.
Biotechnol. 2015, 176, 1551. [Crossref]

Balskus, E. P.; Case, R. J.; Walsh, C. T.; FEMS Microbiol. Ecol. 2011,
77,322, [Crossref]

Burns, E. E.; Davies, 1. A.; Environ. Toxicol. Chem. 2021, 40, 3441.
[Crossref]

Miller, I. B.; Moeller, M.; Kellermann, M. Y.; Nietzer, S.; Di Mauro, V.;
Kamyab, E.; Pawlowski, S.; Petersen-Thiery, M.; Schupp, P. J.; Toxics
2022, 10, 244. [Crossref]

This is an open-access article distributed under the terms of the Creative Commons Attribution License.


https://doi.org/10.1007/s00338-020-01911-z
https://doi.org/10.3389/fmicb.2018.00142
https://doi.org/10.1897/08-090.1
https://doi.org/10.1002/etc.4948
https://doi.org/10.1007/BF01316323
https://doi.org/10.1023/A:1005703700303
https://doi.org/10.1016/j.jembe.2013.05.017
https://doi.org/10.1016/j.marpolbul.2015.04.055
https://doi.org/10.1021/es071445r
https://doi.org/10.1016/j.scitotenv.2008.10.053
https://doi.org/10.1021/es100247x
https://doi.org/10.1016/j.aquatox.2016.07.020
https://doi.org/10.1002/tox.22845
https://doi.org/10.1007/s13762-016-1077-1
https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000
https://www.waterquality.gov.au/anz-guidelines/resources/previous-guidelines/anzecc-armcanz-2000
https://doi.org/10.1016/S0025-326X(98)00183-0
https://doi.org/10.1007/s00338-005-0013-5
https://doi.org/10.1016/j.marpolbul.2017.10.070
https://doi.org/10.1007/s00338-018-01759-4
https://doi.org/10.1016/j.scitotenv.2018.05.108
https://doi.org/10.1016/j.aquatox.2017.03.021
https://doi.org/10.1016/j.aquatox.2016.11.014
https://doi.org/10.1007/s10646-014-1299-2
https://doi.org/10.1016/j.ecoenv.2013.10.024
https://doi.org/10.1016/j.cbpc.2013.07.001
https://doi.org/10.1007/s00338-005-0045-x
https://doi.org/10.1007/s10495-012-0705-6
https://doi.org/10.1021/nn800511k
https://doi.org/10.1016/j.toxlet.2010.10.003
https://doi.org/10.1007/s00338-011-0819-2
https://doi.org/10.1071/MF13195
https://doi.org/10.1016/S0025-326X(03)00323-0
https://doi.org/10.1111/jocd.12449
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008R1272
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32008R1272
https://echa.europa.eu/registration-dossier/-/registered-dossier/16139/1/1
https://echa.europa.eu/registration-dossier/-/registered-dossier/16139/1/1
https://doi.org/10.1111/jocd.13783
https://doi.org/10.1016/j.scitotenv.2020.141576
https://doi.org/10.1016/j.jphotobiol.2013.12.001
https://doi.org/10.1038/nrmicro2649
https://doi.org/10.1007/s12010-015-1676-1
https://doi.org/10.1111/j.1574-6941.2011.01113.x
https://doi.org/10.1002/etc.5229
https://doi.org/10.3390/toxics10050244

	_Hlk104649312
	_Hlk95768261

