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In the category of marine molluscs, the oyster is an essential species of our French coasts and has strong economic
and heritage stakes. An ingenious species, it provides many services in coastal ecosystems. However, oysters undergo
strong pressures, including pollution of human origin. Among these pollutions, we will detail in this article, chemical
pollutions, biological pollutions such as natural toxic microalgae whose proliferation can have an anthropic origin,
and new chemical and particulate contaminants, microplastics, thus completing the previous article showing the
ecological importance of oysters and the threats related to global warming which weigh on them

(See Qysters: these unknown architects of coastal environments). The oyster, as a sentinel species indicating the state of health (or
degradation) of the coastal ecosystem, is therefore in the position of an alarm bellwether requiring strong measures to protect coastal
habitats.

1. The oyster: an essential and threatened marine mollusc
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Figure 1. Cupped oysters on the foreshore of Brest [Source: © IFREMER / Stéphane Pouvreau]

Oysters (Figure 1) have always played an important role in our coastal marine ecosystems and are essential to their functioning.
They are also a delicacy on our plates. Unfortunately, they are subject to anthropogenic pressures that disrupt their ecology
and threaten their existence. By working on two complementary biological models, the native oyster Ostrea edulis and its
introduced closed taxa Crassostrea gigas, we aim to understand the effects of anthropogenic contaminants — and there are many
of them — on their functioning, reproduction, growth and defence. These major functions determine their ecology and thus the
maintenance of populations in natural environment as well as their performance in farming, the oyster having this double role,
species engineer of the ecosystem, and feeder of humans.

2. Oysters are victims of all the evils

Overexploitation, habitat destruction, and the presence of diseases or parasites, some of them being accidentally introduced by
human activity, are real scourges for oysters (See Oysters : the unknown architects of coastal environments). Recent studies
show that changes linked to coastal urbanization, global warming and ocean acidification could affect oyster reproduction with
consequences for the oyster industry [1]. Moreover, coastal areas, which are the closest to human activities, gather a quantity of
pollutants such as pesticides, drug residues, heavy metals and hydrocarbons.

For example, in the Arcachon basin at the beginning of the 1980s, recruitment (i.e. the abundance of Crassostrea gigas oyster
larvae) had become null and the renewal of natural stocks was threatened. It was only at the end of a multi-year research
program that researchers demonstrated the responsibility of tributyltin [2] in antifouling paints [3] in the mortality of young
larvae.

To this long list, we should add biological pollution from pathogenic bacteria and viruses, or toxic micro-algae.

2.1. Toxic micro-algae

A bloom of marine micro-algae is defined by the very rapid multiplication of these photosynthetic unicellular organisms,
favoured by environmental conditions (Figure 2). It is particularly favoured and amplified by eutrophication_[4] linked to
discharges from urban areas and intensive agriculture, known in Brittany to stimulate green tides (see Nitrates in the environment
& Phosphorus and eutrophication). However, among the thousands of species of microalgae, which are essential because they are
at the base of the marine food chain and produce part of the oxygen we breathe, at least 300 are known to be toxic when they
proliferate. These are known as Harmful Algal Blooms (HABs).

In recent decades, the number, intensity and geographical distribution of HAB events have been increasing, partly due to global
change and eutrophication of coastal areas. Some of them are harmful because of the mass effect produced during blooms.
Indeed, extreme variations (temperature, salinity) during the 2018 and 2019 heat waves in the Thau lagoon modified the
planktonic communities by favouring very small species that are not

assimilated by the oyster, which generated a green water phenomenon. The origin was a bloom of Picochlorum, a phytoplankton
of a few micrometres that tolerates great environmental variations but has no food interest for the oyster. These micro-algae
literally suffocate the environment where they proliferate. This can lead, for example, to occlusion of the gills in filter-feeder
animals or deprive surrounding species of oxygen and cause massive deaths by anoxia.
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There are, moreover, a hundred of toxic micro-algae that produce phycotoxins. Some of them present a danger for human
health by their accumulation in marine organisms consumed by humans. Several types of toxins are listed and classified
according to the syndromes they cause in humans, including PSP (paralytic), DSP (diarrheic), ASP (amnesic), NSP (neurotoxic),
and CFP (Ciguatera).

Figure 2. red tide in October 2017 in the port of Iwaki, Japan, caused by a toxic microalgae bloom. [Source: melvil, CC BY-SA 4.0, via
Wikimedia Commons]

Monitoring networks have been deployed in many countries to ensure high frequency monitoring of toxic microalgae species and
shellfish contamination. In France, the Ifremer REPHY network (Réseau d'Observation et de Surveillance du Phytoplancton et
de I'Hydrologie dans les Eaux Littorales [5])

analyses the concentration of ASP, DSP and PSP toxin-producing microalgae and the level of toxins in several shellfish species
along the coastline. This network provides local authorities with a decision-making tool, namely the prohibition by prefectural
decree of the recreational fishing, and the fishing and sale of shellfish when the toxin content in the shellfish exceeds the health
threshold established at the European level.

In France, blooms of paralytic toxin-producing micro-algae, in particular the dinoflagellates Alexandrium minutum and
Alexandrium catenella, have been regularly recorded since the 1980s. In the Bay of Brest, several A. minutum blooms have
occurred since the summer of 2012, whereas they had never been recorded before [3]. In July 2012, the concentration of A.
minutum even reached record levels, causing the closure of the sale of shellfish exceededing the health toxin threshold by 10
times.

Larve d'huitre témoin non exposée  Larve d'huitre exposée

Figure 3. lllustration of a malformation of the velum, a ciliated swimming organ (black arrow), in an oyster larva exposed to the toxic
microalga Alexandrium minutum (right) compared to an unexposed control oyster larva (left) [Source: © UBO / Justine Castrec]
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In addition to human health risks, toxic microalgae can affect coastal species causing multiple symptoms. In response to the
Alexandrium genus, oysters show disruptions in their biological rhythm [6], in their valve and filtration behaviour [7]. Lesions
and inflammations of different organs (gills, muscle, digestive system) are observed up to a disturbance of the immune system
modifying their response to pathogens. This broad spectrum of effects extends to reproduction and can be transmitted to the next
generation: oysters exposed to Alexandrium minutum during gamete formation produce young larvae, some of which are
malformed (Figure 3), while others grow more slowly than those whose parents were not exposed [10]. Recently, it has been
discovered that oysters are not so sensitive to paralytic shellfish toxins as mammals, but that they are much more sensitive to
compounds excreted by Alexandrium minutum, which would explain most of the symptoms observed in oysters. It is urgent to
identify the chemical nature of these new compounds.

2.2. Chemical pollution

The oyster is used as a sentinel of environmental contamination in the framework of the chemical contamination observation
network (ROCCH) operated by the French Research Institute for Exploitation of the Sea (Ifremer). Like mussels and other
organisms, this mollusc has the property of concentrating some of the chemical pollutants present in its environment in
proportion to its exposure. Since 1974, within the framework of the ROCCH, metals such as cadmium, copper, mercury or lead,
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs) and
certain pesticides such as lindane, aldrin and DDT residues have been analysed once a year in the flesh of oysters in order to
provide information on the quality of the marine environment.

This approach is not specific to France and in many countries of the world, oysters are used to evaluate the chemical
contamination of the environment either within the framework of perennial monitoring networks or during specific scientific
studies. The latter allow the search for emerging pollutants, as in a recent study carried out on the Portuguese coast in which, in
addition to the pollutants described above, 29 flame retardants, 35 pesticides including pyrethroid insecticides and 13 care
products such as musks and UV filters were measured [8].

Beyond its role as a sentinel species, the oyster is also a model species in environmental toxicology, a discipline that studies
the effects of pollutants on organisms:

Short-term exposures to plant protection products (at concentrations similar to those found in the marine environment) alter
their DNA structure and repair processes. These effects can reach the germ cells and be transmitted to the offspring [9].

Pesticides also affect the oyster's immune defences and metabolism, especially energy metabolism [10].

Finally, heavy metals, PAHs or even some drugs have the capacity to alter the physiology of the oyster; the effects of these
molecules being closely linked to their mechanism of action. For example, it has been demonstrated that antidepressants have the
capacity to disrupt the embryonic development of oysters (embryotoxicity) until the metamorphosis of the larvae.

The validity of these laboratory results must now be evaluated in the more complex conditions of the natural environment. Work
carried out on organisms taken directly from the natural environment makes it possible to establish the link between
environmental contamination, the bioaccumulation of pollutants in animal’s tissues and the state of health of the organisms. An
Indian study, carried out on several sites of the Arabian Sea coast, characterized by a contamination by PAHs and heavy metals,
highlighted a correlation between the bioaccumulation of various PAHs and the damage to the DNA integrity in Saccostrea
cucullata oysters; damage whose capacity to disturb the progeny of exposed organisms in oysters is now known [11]. These
results raise the question of the repercussion of the individual effects observed on populations and, more broadly, on ecosystems:
a field of research that remains largely unexplored to this day...

2.3. New particulate contaminants: microplastics
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Figure 4. The yoghurt pot, a new habitat for the oyster in the Anthropocene period? [Source: © IFREMER / Stéphane Pouvreau]

Microplastics are plastic particles smaller than 5 mm. This pollution of the marine environment was detected in 1972 in the
Sargasso Sea, when annual global plastic production was less than 5 million tonnes. Since then, this production of plastics has
continued to increase to meet our daily needs. It now exceeds 300 million tonnes per year and several thousand tonnes end up
in the oceans each year due to poor end-of-life management (Figure 4). Microplastics constitute a pollution found in all marine
compartments (water column, sediment, fauna and flora) and in every zones of the Ocean, from coastal areas to ocean gyres,
from the surface ocean to deep sediments, from populated areas to uninhabited areas such as the poles (See Plastic pollution at
sea: the seventh continent).

On average, 80% of plastic debris found at sea comes from land (wind, rivers, runoff, wastewater) and the rest from maritime
activities (tourism, boating, fishing, aquaculture). The impacts of plastics at sea can be presented in two main areas.

Firstly, they promote the transport of species. Once at sea, plastics constitute a habitat favourable to the colonisation of
micro-organisms (bacteria, fungi, protozoa, viruses) called the “plastisphere”. Some of these species are toxic or pathogen, such
as families of bacteria known to be pathogen to oysters. The question then arises as to whether these pathogen species
disseminated on the surface of plastics can transmit diseases?

The second major category of impacts of plastic waste at sea is only visible on large marine animals (birds, mammals or
turtles) trapped in plastic waste or obstructing their respiratory or digestive tracts. However, this is only the tip of the iceberg as
more than 90% of plastic waste floating at sea is smaller than 5 mm, known as microplastics (Figure 5). Because of their small
size, these microplastics are easily ingested through the food chain. The first to be exposed are filter feeders, including oysters.
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Figure 5 et 6. Detection of fluorescent polystyrene microspheres in the digestive tract of oyster after experimental exposure [Source: ©
IFREMER]

Once ingested, these microplastics can either clog the digestive system or simply transit through it, this latter being the main
issues demonstrated in laboratory (Figure 6). But even a simple transit of microplastics in the digestive tract causes disturbances
on the biology of the animal that ingested them. We have shown that oysters exposed experimentally to 2 and 6 um polystyrene
microparticles for two months had a disrupted reproduction [12] : fewer oocytes were produced (40% reduction) and
spermatozoa were less mobile, which is an indicator of their quality as in humans. And indeed, once fertilized, these gametes
produced 40% fewer young larvae, with the remaining larvae showing a 6-day growth delay. This means 6 more days of larval
life during which mortality or predation can occur when in the natural environment.

As for the smallest ones, the nanoplastics, whose quantities in Ocean are still unknown due to the lack of innovative methods,
their small size allows them to interact with the biological membranes. Since oysters fertilize externally, their gametes, once
released into the sea, are subject to environmental hazards. While polystyrene microbeads have no effect (under our
experimental conditions) on oyster gametes, embryos and larvae, the 50 nanometer nanobeads strongly disturb them. How do you
tell me?

WD spol] HFW | —— 10 i
0.7 mm| 2.5 21.3 pm M2

Figure 7. Oyster spermatozoa observed by scanning electron microscopy after 1 h of exposure to 50 nm polystyrene nanobeads. The white
arrows indicate the adhesion of nanoplastics on the head (red frame) and flagellum (green frame) of the spermatozoon [Source: ©
IFREMER / Kevin Tallec]

Nanoplastics have been observed by electron microscopy stuck to the surface of oyster spermatozoa (Figure 7), which would
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prevent their mobility necessary for their fertilizing ability [13].

Exposed for 24 hours to these nanobeads, oyster embryos show malformations up to complete developmental arrest at high
doses.

Finally, the diet of oysters, and more broadly of bivalves, may also be impacted since the life cycle of diatom micro-algae also
appeared to be disrupted by these nanoplastics, showing the importance of understanding the effects of micro- and nano-plastics
at the complex scale of ecosystems.

3. What can be done? Are there any solutions?

Many solutions exist or are to be discovered to decrease or stop the main anthropogenic pressures. We can cite the example of
tributyltin, which was banned in France in 1982 and then generalized worldwide in 2001 due to its proven toxicity and
environmental risks. However, finding alternatives to tributyltin, which are non-toxic and therefore without risk to the
environment, is a complex issue requiring research and technological innovation. And this reasoning becomes more complex
when considering the diversity of pollution, its sources and uses. No single solution can solve the problems.

Scientific monitoring and research are necessary to understand pollution and its effects in nature, and just as much to raise
awareness among the general public and decision-makers. They are notably framed at the European level in the Marine Strategy
Framework Directive (MSFD) [14], the objective of which is to achieve a "good ecological status" of European marine waters by
2020, a goal that will be extended in the years to come.

A juxtaposition of solutions along the entire value chain is and will therefore be necessary to limit and stem pollution at source.
This involves :

Sobriety from the extraction of raw materials and production to their use (for example, for plastics, see the French
parliamentary report [15]), and therefore changes in our industrial, agricultural and citizen behaviour;

A much better management of the end-of-life of products and waste;

Technological developments in industry, especially for new processes, products, materials such as bio-sourced and/or
biodegradable, in any case without impacting the environment and human health (concept of safe-by-desing);

Legislation, in particular environmental law, for the development of legal rules aimed at protecting the environment. Protecting
our coastal marine areas, so precious, is a way to strengthen the integrity of the ocean system, a common good of humanity.

4. Messages to remember

Many pollutants, pesticides, drug residues, heavy metals, microplastics, have effects on the entire life cycle of the oyster.
Some toxic effects can be propagated to the next generation of young oysters (embryotoxicity, endocrine disruption).

The "cocktail" effect of these pollutants (and more broadly the exposome) remains to be studied for the understanding of the
evolution of oyster populations.

Opysters, present on our coasts for millions of years, are now alerting us to the need for strong measures to protect coastal
habitats.
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