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Abstract 8 

Microplastic and nanoplastic pollution in aquatic environments is a topic of emerging concern 9 

due to the internalization, retention time and effects of these particles in aquatic biota. 10 

Bivalves are considered bioindicators due to their wide distribution, sessile behaviour, 11 

occupation of ecological niches and ability to filter a large water volume. The study of 12 

microplastics and nanoplastics in bivalves has revealed the uptake mechanisms, 13 

internalization, distribution and depuration of these particles as well as their effects on 14 

physiological parameters, morphological alterations, immunotoxicity and changes in gene 15 

expression and proteomic profiles. In this review, we examine the primary characteristics of 16 

microplastics and nanoplastics (type of material, size, coating, density, additives and shapes) 17 

involved in their possible toxicity in bivalves. Furthermore, secondary characteristics such as 18 

the suspension media, aggregation stage and adsorption of persistent pollutants were also 19 

recorded to assess the impact of these materials on bivalves. Here, we have highlighted the 20 

efforts exerted thus far and the remaining gaps in understanding the extent of microplastic 21 

and nanoplastic impacts on bivalves on the basis of laboratory experiments and mesocosm 22 

bioassays and in the field. Furthermore, further microplastic and nanoplastic toxicological 23 

studies are proposed to facilitate the realistic assessment of environmental risk. 24 

Keywords: Bivalves, bioindicators microplastics, nanoplastics, accumulation, effects 25 



2 
 

 26 

1. Introduction 27 

Because plastic pollution is a topic of emerging concern, the number of publications and cited 28 

articles on this topic has experienced a large increase in the last 15 years. The number of data 29 

analyses addressing the production, demand and waste of plastic around the world is 30 

overwhelming. Worldwide plastic production reached almost 359 million tonnes in 2018 31 

(PlasticsEurope, 2018). More than 30% of plastic production involves polypropylene (PP) and 32 

polyethylene (PE) (Figure 1, A). In addition, despite the high production of plastic, only 33 

approximately 6% of plastic production is being recycled, and most of this plastic reach the 34 

environment. Between 70–80% of the plastics in marine environments is produced on land (Alimi 35 

et al., 2018) and the 90% is carry up to the benthic compartments (Ramirez-Llodra et al., 2013). 36 

The plastic items that are most frequently found in aquatic environments (Figure 1, A) are 37 

fragmented to smaller size by weathering, photodegradation and physical abrasion. The consensus 38 

classification of plastic litter was established according to origin (primary and secondary origin) 39 

and size [macroplastics (>1 cm), mesoplastics (1-10 mm), microplastics (1-1000 µm; MPs) and 40 

nanoplastics (1-1000 nm; NPs)]; (Hartmann et al., 2019). Most of the articles on this topic have 41 

not used this terminology for plastic classification and have instead classified MPs as plastics 42 

smaller than 5 mm; therefore, in this work, MPs are identified as fragments <5 mm. The count of 43 

MPs floating at sea is estimated to be 5.25 trillion pieces, mainly found in subtropical gyres (Cózar 44 

et al., 2014; Eriksen et al., 2014). 45 

Most of the recent efforts to collect plastic litter in water and sediment compartments have been 46 

undertaken in Europe, Asia and along the west coast of the EEUU. The highest concentrations of 47 

plastic litter have been found in Arabian Bay (Abayomi et al., 2017), Mediterranean and Adriatic 48 

Seas (Gajšt et al., 2016; Pedrotti et al., 2016), China (Pan et al., 2019) and Korea (Song et al., 49 

2015; Wu et al., 2019) (Figure 1, B and Table S1). The type of plastic collected is related to the 50 

proximity to the coast, with a higher abundance of polystyrene (PS) and polyacrylic fibres being 51 

found close to coasts and a higher percentage (86-97%) of polyethylene (PE) and polypropylene 52 
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(PP) being found at any greater distance sampled (Pedrotti et al., 2016). Furthermore, higher 53 

plastic concentrations are found close to land and in offshore regions, and the most abundant 54 

plastic fragments are smaller than 2 mm. Sediment is the major destination of plastic litter and it 55 

is characterized by a high plastic concentration and diversity of the polymer composition 56 

(Schwarz et al., 2019) (Figure 1, B and Table S1). The highest concentrations of MPs found in 57 

sediments have been reported in the Maowei Sea and Huatulco Bay (Retama et al., 2016). Plastic 58 

litter in the sediment is related to the sediment grain according to the sampling site, in fact, MPs 59 

seem to be more widespread on beaches with sand, compared to that with gravel (Covernton et 60 

al., 2019). 61 

Plastic litter is not only found in abiotic compartments, it has been found in a wide variety of 62 

aquatic biota from microalgae to large mammals (Ferreira et al., 2019). An organism used as a 63 

bioindicator of plastic polluted areas should exhibit three characteristics: i) ubiquitous occurrence, 64 

including relatively easy collection, ii) significant interaction with the surrounding environment 65 

through particle-feeding and iii) the ingestion of the majority of plastic particles to which it is 66 

exposed without bias (Ward et al., 2019). Recently, studies have been focused on the uptake of 67 

MPs by suspension-feeding bivalve molluscs due to their ability to filter large volumes of water 68 

and their high efficiency of capturing small particles (Rosa et al., 2018) (Figure 1, B and Table 69 

S2). Plastic fibres have been found to be the most abundant in bivalves independent of the location 70 

and species (see Table S2). The identification of the materials of these polymers has not always 71 

been conducted; however, when the polymers have been identified, the most frequent types have 72 

been PE, PET, PP and PS. Acids such as nitric acid that are used for the digestion of tissue can 73 

decompose a few polymer types, such as polyamide, whereas most other types (including PE, PP 74 

and PVC) are stable (Claessens et al., 2013); this could result in a bias in MP identification in 75 

bivalves. In relation to MP size, most of these studies have recorded a size greater than 100 µm, 76 

which may be due to the complexity of the identification of smaller pieces (Table S2). Some 77 

studies have compared the concentration, types and shapes of plastics between wild and farmed 78 

bivalves, and most of the time, they did not find substantial differences (Murphy, 2018). However, 79 
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in a study by Mathalon and Hill (2014), differences were observed between wild-type and farmed 80 

Mytilus edulis along the Eastern Shore of Nova Scotia, with 34 plastic items recorded in wild 81 

mussels versus 178 items in farmed individuals. Although MPs have been recorded in commercial 82 

bivalves, there is no legislation addressing MPs and NPs as contaminants in food (EFSA, 2016). 83 

Despite the growing interest in this subject, the number of publications in recent years including 84 

“bivalves and nanoplastics” in their keywords is quite low compared to those including 85 

microplastics. In this review, we summarize the knowledge (and gaps therein) about MPs and 86 

NPs in bivalves according to the tested species (Figure 3, A) and the primary characteristics of 87 

MPs and NPs such as the types of plastics that are most frequently analysed in bivalves (Figure 88 

3, B), the range of plastic sizes examined under laboratory conditions (Figure 3, C) and the shape 89 

of these plastics (Figure 3, D). In addition, the experimental conditions and assays performed to 90 

date are summarized, including a comparison between in vitro and in vivo assays (Figure 4, A), 91 

the time of exposure for studying acute and chronic effects (Figure 4, B), experiments involving 92 

bivalves exposed to plastic additives (Figure 4, C) and bivalves exposed to MPs and NPs in 93 

combination with other surrounding persistent pollutants (Figure 4, D). Furthermore, the 94 

toxicological responses recorded in the literature are summarized in Figure 4, E and Table S3. 95 

2. Uptake, accumulation, translocation and depuration of MPs and NPs in bivalves 96 

2.1 Uptake mechanism of plastic fragments in bivalves  97 

 98 

In general, the basis of selection in particle feeders can be described as being either passive or 99 

active. Passive or mechanical selection can be thought of as an autonomous process occurring in 100 

the feeding organs as a consequence of their structure and morphology. Interactions between the 101 

surfaces of particles and feeding organs, such as the adhesion of stickier particles, are responsible 102 

for passive selection. In contrast, active or behavioural selection is initiated by subtle changes in 103 

the shape or movement of feeding organs (muscular contractions) or changes in the activity of 104 

cilia or cirri covering these organs (Ward and Shumway, 2004). The uptake of MPs has been 105 

clarified by the large number of studies provided in the literature. In bivalves, two routs of MP 106 
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uptake have been proposed: i) the gills are the first organ contacted by MPs, in which they will 107 

be trapped, and ii) MPs can be inhaled via the siphon, transported to the mouth and then further 108 

translocated and transported to other organs and tissues. The first uptake pathway is mediated by 109 

the gill surface (by microvilli). Once in contact with the gills, MPs are transported by endocytosis, 110 

which is probably considered the main pathway for dust and small particle transport. The second 111 

uptake pathway involves ciliary movement, which transfers the MPs to the digestive system 112 

(stomach and intestine) and, consequently, the primary and secondary ducts in the digestive 113 

tubules. From the gills and other tissues, MPs reach the mouth and seldomly the haemolymph. 114 

From there, MPs can be transported to the digestive gland, and the introduction to the 115 

haemolymph can occur. Therefore, the haemolymph could receive MPs transported from the gills 116 

and digestive gland via both single and combined routes (Ribeiro et al., 2017). 117 

 118 

The results of the abundant literature related to the uptake of MPs can be classified according to 119 

i) size, type of polymer, density, and shape of the plastics, ii) in the organs of bivalve species and 120 

iii) during larval development. In relation to size, some authors have shown differences in the 121 

uptake MPs of different sizes. Some studies have revealed that the diameter of particles between 122 

3-38 µm is not a major factor in selection (Ecol Ser et al., 1983), although retention efficiency is 123 

dependent on the morphology of the latero-frontal cilia of the ctenidium (Møhlenberg and 124 

Riisgård, 1978). Therefore, different species of bivalves can show differences in the percentage 125 

of gut retention according to the particle size involved and the type of their latero-frontal tracts 126 

(Davidson and Dudas, 2016; Sussarellu et al., 2016; Ward and Shumway, 2004). For instance, the 127 

diameters at which 90 % particle retention was observed were reported to be 5.2 µm for 128 

Argopecten irradians, 5 µm for Crassostrea virginica, 3.2 µm for Mytilus edulis and 2.6 µm for 129 

Geukensia demissa.  130 

The retention time is also related to the density of MPs, with Placopecten magellanicus retaining 131 

lighter particles for a longer amount of time than denser ones (Brillant and MacDonald, 2000). In 132 

relation to shape; fibres with a length of 500 µm was determined to be the limit for internalization 133 

in clams (Li et al., 2019). Furthermore, a rough or irregular shape of MPs can result in longer 134 



6 
 

retention times in the guts of animals (Huvet et al., 2016). Differences in MPs internalization 135 

between field and laboratory experiments have also been found. While a strong correlation 136 

between the size and shape of MPs has been found in water and mussels collected from field sites 137 

with a high content of fibres, laboratory mussels have not shown this correlation (internalizing a 138 

higher content of MP spheres than fibres) (Qu et al., 2018). These authors proposed hypotheses 139 

to explain the obtained results: i) beads may be more easily internalized than fibres in laboratory 140 

conditions due to their smaller sizes; ii) the plastics employed were different in their shapes, 141 

compositions, colours and additives; iii) the long period of exposure in the field differed from the 142 

time of exposure in the laboratory, and iv) the MPs interacting with the biological interfaces in 143 

the laboratory may have represent novel substances for the mussels. According to the type of 144 

plastic material involved, internalization has been also related to the softness and smoothness of 145 

the material. Among MP fibres, polyester (PET) fibres are smoother than, polyester-amide (PEA), 146 

acrylic (AC), polyamide (PA), rayon (RA), and polyvinyl alcohol (PVA) fibres, and smoother 147 

fibres are easier to bend and pass through narrow openings more easily (Li et al., 2019). The 148 

examination of the differences between heterorhabdic (e.g. oysters) and homorhabdic gills (e.g. 149 

mussels) has shown that oysters exhibit two organs of particle selection: the gills and labial palps, 150 

whereas mussels exhibit only one: the labial palps (Ward et al., 2019). The internalized MPs are 151 

limited by size, and a 1000 μm spherical diameter seems to represent an upper size limit of the 152 

MPs that can be handled and ingested (Ward et al., 2019).  153 

 154 

The ingestion of MPs according to the stage of larval development has been investigated. The 155 

interaction and ingestion of MPs in planktonic larvae might be influenced by their progressive 156 

morpho-functional development (e.g., from free-swimming to sessile forms). Free-swimming 157 

larvae are more sensitive to MPs ingestion than sessile-stage larvae (Capolupo et al., 2018). 158 

The most of the study to understand the mechanisms of uptake plastic fragments have been 159 

addressed with MPs, therefore there is a gap of knowledge in the study of the small particles (NPs) 160 

uptake and the possible differences respect to MPs. 161 
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 162 

2.2 Uptake of MPs according to secondary characteristics and the surrounding 163 

environment. 164 

 165 

MP stock preparation, the behaviour of MPs in the surrounding environment and the mode of 166 

MPs exposure can affect the internalization and effects of MPs and NPs. The form of MPs such 167 

as free particles or agglomerates, can influence gut retention times. Agglomerates with higher 168 

sinking rates increase the flux of NPs to the benthos and therefore increase the gut retention times 169 

(Ward and Kach, 2009). Feeding conditions can also influence the internalization of MPs, with 170 

the amounts of MPs ingested by mussels over a short time (6 h) being higher under starvation 171 

(Chae and An, 2020). 172 

The recreation of real scenarios under laboratory conditions will help us to better understand the 173 

behaviour of MPs and, thus, their internalization and effects. For instance, the isolation of MPs 174 

from commercial products such as personal care products can give added value to the research, 175 

however limited studies have been addressed. Some commercial toothpaste has MPs as a scrub 176 

and these spheres are a risk for the environment being found at high concentration in coastal areas 177 

(Duis and Coors, 2016). The isolation of MPs from personal care products and test its toxicity as 178 

aging MPs is a topic of emergent concern. In the study of Bråte et al., (2018a) was revealed that 179 

weathered PE particles isolated from a commercial toothpaste was more internalized than virgin 180 

PE.   Probably, these differences in internalization are due to changes in density, hydrophilicity 181 

and early biofilm formation related to the ageing index. 182 

Due to the functional groups that surround the surface of plastic particles under real scenarios, 183 

some studies have investigated the interaction of particles covered with COOH- and NH2
+ with 184 

membrane residues. The easier interaction between these two types of interfaces induced 185 

membrane disruption and the internalization of MPs and NPs (Cho et al., 2019; Rossi et al., 2014). 186 
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Furthermore, the possibility of a chemical effect of functionalization cannot be excluded, which 187 

will be dependent on the commercial products and their manufacturers. 188 

2.3 MPs and NPs expelled by bivalves and the depuration processes related to MPs and NPs 189 

elimination. 190 

Bivalves have been demonstrated to expel a low percentage of small particles and a high 191 

percentage of large particles and to expel more spherical MPs than MP fibres (Tamburri and 192 

Zimmer-Faust, 1996; Ward et al., 2019). Bivalves can accumulate MPs and NPs that are destined 193 

for rejection in mucous boluses, which are expelled periodically by contracting their valves to 194 

expel the material from the mantle cavity (Sendra et al., 2019; Ward et al., 2019). This finding 195 

about biodeposits provides a new point of view for studying the internalization of MPs that are 196 

destined to be rejected in pseudofaeces, increasing its production under MPs and NPs exposure 197 

(Baudrimont et al., 2020). The study of pseudofaeces is important to study rejected and egested 198 

MPs. Buoyant plastics become negatively buoyant when contained in faeces/pseudofaeces, and 199 

the new properties of MPs in pseudofaeces could determine their bioavailability to marine 200 

organisms, sinking and therefore carbon cycle (Khan and Prezant, 2018). Furthermore, 201 

pseudofaeces sometimes undergo a change in appearance by adopting the characteristics of MPs 202 

(e.g., showing changes in pseudofaeces colour) (Santana et al., 2018). The production of 203 

pseudofaeces and elimination through labial palps limits the retention of MPs and NPs in tissue 204 

of bivalves such as gills (Woods et al., 2018; Xu et al., 2017). 205 

At the micro- and nanoscale, particles are rapidly depurated from bivalves. However, there is 206 

evidence of an incomplete depuration of particles, with 10% of the internalized MPs remaining 207 

inside the mussels (Woods et al., 2018). Recently, three routes for MP elimination have been 208 

proposed: i) via exhalant siphons, ii) via tissues and cells after MP translocation through the 209 

haemolymph and digestive gland and iii) directly from the digestive gland after mouth transport 210 

(Ribeiro et al., 2019). MP depuration is related to MP size and the tissue and bivalve species 211 

involved, and total depuration of MPs has not been recorded after 7 days in clean water (Al-Sid-212 

Cheikh et al., 2018; Gonçalves et al., 2019; Ribeiro et al., 2017; Woods et al., 2018). The feeding 213 
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regime can also influence MP depuration; MPs are egested faster in starved mussels (98.2%) than 214 

in well fed mussels managed under a feeding regime (75.2%) (Chae and An, 2020). 215 

Despite a rich body of results from the literature concerning the particle-selection abilities and the 216 

internalization and depuration rates of many bivalve species, Ward et al. (2019) suggested that 217 

bivalves are not robust indicators of MP pollution, because the amount of MPs identified in 218 

bivalves is typically low compared to that in the environment and revealed a bias between species 219 

in MP internalization (Bråte et al., 2018b; Van Cauwenberghe et al., 2015; Ward et al., 2019; 220 

Zhao et al., 2018). However, despite this bias, bivalves have wide distribution and they have 221 

intimate connection with aquatic predators and human health (Li et al., 2019). 222 

2.4 Tissue accumulation and translocation of MPs and NPs in bivalves. Endocytic pathways 223 

of MPs and NPs in cells. 224 

According to the large number of studies performed in recent years, the target organ of MPs and 225 

NPs in bivalves is the digestive gland (Al-Sid-Cheikh et al., 2018; Gonçalves et al., 2019; Sendra 226 

et al., 2019; Sussarellu et al., 2016; Ward and Shumway, 2004). However, some differences in 227 

the internalization of particles according to size have been found. Particles larger than 1 µm are 228 

internalized in the lumen of the stomach, with practically no representation of these MPs in the 229 

gills (Gonçalves et al., 2019; González-Soto et al., 2019; Pedersen et al., 2020; Sussarellu et al., 230 

2016), although some studies revealed that MPs larger than 1 µm  can transfer to gills during 231 

depuration (Fernández and Albentosa, 2019). The target organ of MPs and NPs is the digestive 232 

gland, and the characteristics of MPs will determine the site of accumulation. This was revealed 233 

in the study of (Ward and Shumway, 2004), where lighter MPs enter the ducts of the digestive 234 

diverticula, whereas denser material passes into the intestinal groove and transported to the 235 

midgut being incorporated into faecal pellets. Therefore, stomach have efficient function in 236 

particles selection, directing the particles into the diverticula for more complete intracellular 237 

digestion. Although MPs can be internalized, large amount of these particles adhere to the tissue 238 

surface for a long period, possibly as long as the depuration time (Kolandhasamy et al., 2018). 239 

Therefore, these MPs adhered in the surface tissue could be considered as MPs accumulated? they 240 
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MPs are susceptible to be incorporated in the food web from predators of bivalves. With respect 241 

to plastic particles smaller than 1 µm, recent studies have recorded NPs in the gills, visceral mass, 242 

muscle, hepatopancreas, foot and mantle, in addition to the intestine and stomach (Al-Sid-Cheikh 243 

et al., 2018; Gaspar et al., 2018; Li et al., 2020; Sendra et al., 2019). Although MPs and NPs have 244 

been recorded in several parts of bivalves with special attention in the digestive gland, a recent 245 

research propose the siphon as sentinel site to study plastic from different sizes (Merzel et al., 246 

2020). 247 

The confirmation of MP and NP translocation provides some idea about the time of MP and NP 248 

residence in tissues and its relationship to the effects of plastics in bivalves. Translocation has 249 

been recorded in particles ranging from MPs (Browne et al., 2008) to NPs (Sendra et al., 2019). 250 

In a study by Sendra et al. (2019), was revealed the translocation of different size of NPs into 251 

haemolymph, however cellular internalization of NPs was faster for smaller particles (50 nm) in 252 

comparison to the higher ones (1 µm).  253 

The internalization of MPs and NPs and the related endocytic pathways have been recorded in 254 

different types of cells, such as hepatopancreas cells, haemocytes and endothelial cells (Gaspar et 255 

al., 2018; Sendra et al., 2019). Different endocytic pathways were confirmed to be involved in 256 

mussel haemocytes, where phagocytosis was the main uptake mechanism for 1 µm NPs, and the 257 

caveolae and clathrin routes were shown to play important roles in the uptake of 50 and 100 nm 258 

NPs (Sendra et al., 2019). 259 

 260 

3. MPs and NPs as carriers of pollutants 261 

Plastic debris recovered globally is associated with measurable amounts of pollutants such as 262 

persistent organic pollutants [POPs, including polychlorinated biphenyls (PCBs), polycyclic 263 

aromatic hydrocarbons (PAHs) and polybromodiphenyl ethers (PBDEs)], other types of persistent 264 

bioaccumulative and toxic substances (PBTs, including halogenated flame retardants, pesticides 265 

and nonylphenols) (Endo et al., 2005; Hirai et al., 2011; Mato et al., 2001; Ogata et al., 2009) and 266 

metals (lead, copper and cadmium) (Ashton et al., 2010; Holmes et al., 2012; Rochman et al., 267 
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2014). A total of 78% of the pollutants listed as priority pollutants by the US EPA are associated 268 

with plastic debris, with plastics being considered a “cocktail of chemicals” that may be 269 

bioavailable to aquatic organisms (Rochman et al., 2013). The study of MPs in combination with 270 

other pollutants in aqueous systems is mandatory to understand the behaviour of plastic litter in 271 

its surrounding environment. Plastic litter, particularly MPs and NPs due to their high ratio surface 272 

area/volume ratio, can serve as “a trojan horse” for bioaccumulation and effects of other pollutants 273 

in aquatic environments (Sendra et al., 2017a). Hence, the assessment of the interaction between 274 

the two types of pollutants can trigger additive, synergetic and antagonist effects on organisms. 275 

The characteristic of plastic litter acting as a carrier of emerging pollutants results from the 276 

primary characteristics of MPs, the interactions and colloidal forces between MPs and organic 277 

pollutants, the specific MP uptake mechanism according to bivalve characteristics and the 278 

behaviour of pollutants under environmental conditions. Studies have been performed i) with MPs 279 

and other pollutants suspended in the same aqueous suspension and ii) with MPs previously 280 

treated with persistent pollutants and adsorbed onto surfaces. 281 

Exacerbated effects on oxidative biomarkers have been recorded when low-density polyethylene 282 

(LDPE) and benzo-a-pyrene (BaP) are combined, probably due to higher accumulation of BaP in 283 

combination with MPs (O’Donovan et al., 2018; Pittura et al., 2018). There have been studies in 284 

bivalves in which some effects were exacerbated (such as reduced lysosomal membrane stability) 285 

and other effects were mitigated (such as decreases in phagocytic capacity or the 286 

granulocyte/hyalinocyte ratio) upon exposure to MPs in combination with BaP (Pittura et al., 287 

2018). Tang et al. (2020) observed two trends according to MP size. Under exposure to 500 nm 288 

particles in combination with BaP and E2, the toxicity of the organic pollutant was exacerbated, 289 

with alterations in the haemocyte count (increases in basophils and hyalinocytes with respect to 290 

eosinophils), while the combination of NPs+POPs resulted in decreased phagocytic activity and 291 

alterations in ROS, Ca+2, and lysozyme activity. Additionally, decreases in immune-related genes 292 

(TLR4, TRAF6, IKKα, NFkB), an increase in BCL2 and decreases caspase 3 and CaM were 293 

observed (Tang et al., 2020). Furthermore, the effects were exacerbated under exposure to 30 µm 294 
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particles in combination with BaP and E2 (Tang et al., 2020). In a study by Gandara e Silva et al. 295 

(2016), Perna perna mussel embryos were exposed to virgin and beached PP pellets. The results 296 

showed higher toxicity of the leachate from beached pellets than virgin pellets. Personal care 297 

products such as triclosan (TCS) was also more accumulated in gills of Perna canaliculus when 298 

it was adsorbed to PE MPs than triclosan alone, and also the effects on antioxidative enzymes 299 

was higher in combination  TCS with MPs (Webb et al., 2020). The synergistic effects of 300 

persistent pollutants and MPs in bivalves are not always accompanied by plastic functioning as a 301 

vector, but as an accumulated or synergistic effect due to the mixture of pollutants (Guilhermino 302 

et al., 2018; Rist et al., 2016). 303 

On the other hand, MPs can act by decreasing the bioavailability of persistent organic pollutants 304 

and therefore act as antagonists when they are present in combination (Brandts et al., 2018; Tang 305 

et al., 2020). Some studies have suggested that MPs exert a potential protective effect against 306 

antibiotics and metals according to Integrated Biological Responses version 2 (IBRV2) analysis 307 

(Brandts et al., 2018; Oliveira et al., 2018). 308 

Another important approach is to assess not only the role of MPs as carriers in the internalization 309 

of persistent organic pollutants but also the role that these MPs play in the depuration of organic 310 

pollutants due to the impairment of the filtration rate or proteins involved in pollution excretion, 311 

such as p-glycoproteins (Paul-Pont et al., 2016). 312 

The desorption of persistent organic pollutants from MPs will be influenced by the surrounding 313 

media (Bakir et al., 2014). The stimulation of the gut by a lower pH has been shown to result in 314 

30 times higher desorption of persistent pollutants from MPs than is observed in seawater (Bakir 315 

et al., 2014). 316 

4. Internalization and effects of plastic leaching in bivalves 317 

The release of hazardous substances such as plasticisers, flame retardants, stabilizer antioxidants, 318 

UV stabilizers, slip agents, lubricants, curing agents, blowing agents, biocides, colorants, 319 

pigments, fillers and reinforcers has been recorded from plastic products (Hahladakis et al., 2018). 320 
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The additive ingredients constitute a large proportion (>50%) of plastic products (Bauer and 321 

Herrmann, 1997). In bivalves, there is a lack of knowledge about the effects of plastic leachates 322 

and hazardous substances used in plastic production. However, some studies have addressed this 323 

topic. Products such as tributyltin and copper chloride, added as catalysers during plastic 324 

production, cause endocrine disruption in molluscs (Oehlmann et al., 1996). PE plastic bag 325 

leachates have demonstrated effects on larval development, survival and deformities and the 326 

height of the shell in the bivalve Meretrix meretrix. These effects were associated with additives 327 

such as calcium carbonate, fatty acids and pigments (Ke et al., 2019). 328 

Bisphenol A (2,2-bis[4-hydroxyphenyl]propane, BPA) is used in the plastics factory as a 329 

monomer for synthesis of polymeric materials, primarily epoxy resins and polycarbonate plastic. 330 

Also, it is used as additives for other products such as flame retardants (Staples et al., 1998). In 331 

the study of Yang et al. (2011) was study the release of estrogenic substances from plastics, and 332 

in this study was found that in more than 15 products researched were found estrogenic substances 333 

as BPA in all of them. The concentration of BPA reported in aquatic environment are between 334 

0.0005 and 12 µg·L-1 (Flint et al., 2012).  335 

The concentration of BPA from plastics has been detected in different bivalve species (Hiatula 336 

diphos, Crassostrea rivularis and Perna viridis) and shown to range from 49.7 to 102.3 ng·g-1 dw 337 

(Liu et al., 2009). Several effects have been recorded in mussels under BPA exposure, such as 338 

impairments of lysosomal function in the mussel hepatopancreas. With respect to metabolism, an 339 

increase in the expression of MeER2, a downregulation of antioxidant genes, the enzyme 340 

activities of catalase and metallothioneins have observed (Canesi et al., 2007). Environmental 341 

concentrations of BPA also trigger effects in the early development (trocophora and D-veliger) 342 

of Mytilus galloprovincialis, with a downregulation of oestrogen receptors, serotonin receptors 343 

and genes involved in biomineralization and the alteration of shell formation (Balbi et al., 2016). 344 

Even when bivalves are not directly exposed to BPA and their only exposure occurs through the 345 

consumption of a diet containing microalgae contaminated with BPA, they are affected by BPA 346 

toxicity (Esperanza et al., 2020). Bivalves fed microalgae contaminated with BPA showed a 347 
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significant decrease in the filtration rate and an increase in lipid peroxidation with an increase in 348 

antioxidant enzyme activity (Esperanza et al., 2020). 349 

5. Effects of MPs and NPs on bivalves 350 

5.1 Physiological responses triggered by plastic exposure. 351 

The mortality of bivalves induced by MP exposure has not been recorded in the literature, even 352 

for bivalves exposed to high concentrations of MPs. In a study by Redondo-Hasselerharm et al. 353 

(2018), the mortality and growth of 6 macroinvertebrates exposed to 20−500 μm PS MPs over 28 354 

days were studied. In the bivalve Sphaerium corneum, no significant mortality was observed even 355 

when the PS MP concentration reached 40% in the sediment. 356 

Other types of responses more sensitive have been reported. In a study by Green (2016), Oyster 357 

edulis was subjected to repeated exposure to MPs over two months. Although the filtration and 358 

growth rates of O. edulis were not significantly altered, respiration rates were more highly 359 

elevated than in the controls in response to MPs. In other studies, such as the work of Xu et al. 360 

(2017), the respiration rate and absorption efficiency did not show shifts when Atactodea striata 361 

was exposed to MPs. However, a significant reduction in the clearance rate was recorded in the 362 

cited study and in Pedersen et al., (2020), probably due to a reduction in energy intake. Although 363 

the energy budget was not studied by Xu et al. (2017), Sussarellu et al. (2016) suggested a 364 

significant shift in energy allocation from reproduction to structural growth and elevated 365 

maintenance costs of oysters exposed to MPs. These conclusions were obtained from dynamic 366 

energy budget model supported by transcriptomic profiles. 367 

The results regarding the alteration of the ingestion rate when bivalves are exposed to MPs have 368 

been controversial. These studies have revealed significantly higher algal consumption and 369 

absorption efficiencies in exposed oysters (Sussarellu et al., 2016). However, alterations in the 370 

condition index were not found, and similar results regarding a lack of alteration of the condition 371 

index were found in Scrobicularia plana (Ribeiro et al., 2017). Contrary results concerning the 372 

ingestion rate were found in the work of Gardon et al. (2018). In their study, pearl oysters exposed 373 



15 
 

to MPs did not show alterations in the ingestion rate, although a decrease in the assimilation 374 

efficiency was recorded. This means that when an equal volume of water was filtered by the 375 

oysters, the assimilation of microalgae was decreased by the presence of micro-PS, and the energy 376 

provided by food intake was lower in exposed oysters. Respiration and metabolic rates were not 377 

impacted by MPs. Therefore, the only possibility for the exposed oysters to compensate for the 378 

decrease in the energy balance seems involve feedback to reproduction, by altering reproductive 379 

effort and/or gametogenesis. However, in this study, gonadal tissue development was not altered, 380 

although a regression phase in the gonadal tubules with haemocyte infiltration could support an 381 

influence on gonadal development. The consumption of Nannochloropsis oculata microalgae did 382 

not affect any stage of M. galloprovincialis larvae when they were exposed to MPs. This could 383 

indicate that mussel D-veligers may express food preferences by selecting prey with relatively 384 

high nutritional value. 385 

 386 

In relation to the filtration rate, the response can be altered under MP exposure. In the work of 387 

Woods et al. (2018), Mytilus edulis was exposed to PET microfibres shorter than 0.5 mm over 9 388 

h. A decrease in the filtration rate was observed under exposure to a concentration of 3 MPs·mL-389 

1. Some differences between filtration rate strategies are found according to the bivalve species. 390 

While M. edulis shows a significant decrease in its filtration rate, O. edulis significantly increases 391 

it filtration rate under MP exposure (Green et al., 2017). Different species apply distinct strategies 392 

to cope with high concentrations of particles. For example, under increased microalgal 393 

concentrations, mussels often decrease their filtration rates to maintain a constant consumption 394 

rate, while oysters increase their filtration rate because of pseudofaeces production (Green et al., 395 

2017). 396 

 397 

A key characteristic of the bivalves is their sessile status, along with their associated tenacity and 398 

byssus production. In a study by Green et al. (2019), M. edulis mussels exposed to PLA and HDPE 399 

MPs over 52 days showed a decrease in tenacity, as indicated by decreases in attachment strength 400 



16 
 

and byssal threads. Recent studies have revealed a loss of byssus production after 48 h of PE MPs 401 

exposure to Perna canaliculus (Webb et al., 2020). 402 

 403 

5.2 Impacts of particle plastic on bivalve life cycle 404 

 405 

To understand the real impact of MPs and NPs on bivalves, it is important to study the effects of 406 

MPs during their life cycle from gametogenesis, fertilization, embryogenesis, larval development 407 

(trochophore and D-veliger) and metamorphosis to the adult stage. The direct effects on early life 408 

stages should be integrated into the “adverse outcome pathway” (AOP) to understand toxicity 409 

pathways in aquatic organisms (Galloway and Lewis, 2016). The toxicity assessment in the first 410 

stages of life from reproduction is key for the development of the species and ecosystems. The 411 

most of the literature is focussed in the effects and impacts of MPs and NPs in adult organisms, 412 

however the sensitivity to pollutant can be different according to life cycle. Therefore, the 413 

suggestion to study the toxicity of pollutant of emergent concern in early stage should be a practise 414 

in ecotoxicology more frequent. In the following paragraphs are discussed some works about the 415 

impacts of MPs and NPs in the gametes, fertilization and early stage of life in bivalves. These 416 

works pioneers could serve as a basis for future deeper research in this line due to a lack of 417 

knowledge in this context.  418 

 419 

Effects on spermatozoa and oocytes under MP exposure have been recorded in the literature. 420 

Studies have shown that the total number of oocytes collected by stripping and oocyte diameter 421 

as well as sperm velocity are significantly lower in bivalves exposed to MPs (Sussarellu et al., 422 

2016). Furthermore, was revealed that pathways responsible of germ cell proliferation, 423 

differentiation and maturation were altered Sussarellu et al. (2016). The adhesion of MPs in 424 

spermatozoa was observed, leading to an increase in relative cell size and complexity, however 425 

oocytes were less impacted (González-Fernández et al., 2018). The MPs coating was essential in 426 

the reproduction phase, a significant increase in ROS production in spermatozoa was 427 

demonstrated under PS-COOH exposure but not under exposure to PS-NH2 (González-Fernández 428 
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et al., 2018). Successful fertilization demonstrates good quality and maturity of gametes; however, 429 

the impacts of MPs on gametes have been shown, and lower fertilization rates have been recorded 430 

in the literature. In a study by Tallec et al. (2018), the effects of 50 and 500 nm particles with 431 

different coatings (COOH and NH2) on Crassostrea gigas were studied. Lower fertilization was 432 

observed under exposure to both 500 and 50 nm particles with respect to the controls. However, 433 

no significant changes in the fertilization rate were found between groups exposed to 50 nm 434 

particles with different coatings. In a study by Balbi et al. (2017), fertilized M. galloprovincialis 435 

eggs were exposed to 50 nm PS NPs-NH2, and a significant decrease in lysozyme mRNA levels 436 

was induced. 437 

Effects on embryogenesis have also been observed (Luan et al., 2019). The effects on hatching 438 

rates, malformation of the eggs, shell height and length and the morphology of umbo larvae 439 

(including indistinct shell edges, concave shells and jagged shells) were not unexpected. 440 

Furthermore, the electrostatic attraction of positive PS-NH2 MPs in the lipid bilayer of embryos 441 

was greater than negative PS-COOH MPs (Luan et al., 2019). 442 

In relation to the changes in larval development and growth responses caused by MPs, 443 

controversial results are found. While authors have not recorded microscopic abnormalities in 444 

larval growth and development (Bråte et al., 2018a; Capolupo et al., 2018; Rist et al., 2019), 445 

significant reductions in the D-larval yield and extent of growth have been observed after MP 446 

exposure (Balbi et al., 2017; Gardon et al., 2018; Sussarellu et al., 2016). 447 

Shell malformation and altered shell growth are the main impacts of MP and NP exposure in early 448 

bivalve stages (Balbi et al., 2017; Luan et al., 2019; Rist et al., 2019; Sussarellu et al., 2016). In a 449 

study by Balbi et al. (2017), 50 nm PS-NH2 resulted in the dysregulation of the transcription of 450 

genes involved in early shell formation, such as those encoding the chitin synthase, carbonic 451 

anhydrase and extrapallial proteins. The effects of MPs on the growth and length of shells have 452 

also been observed in the progeny of bivalves from genitors exposed to MPs (Sussarellu et al., 453 

2016). 454 
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Despite the impact of MPs and NPs on gametogenesis, fertilization, embryo-larval development 455 

and shell formation, no changes in metamorphosis have been recorded (Tallec et al., 2018). In a 456 

study by Tallec et al. (2018), the effects on the metamorphosis on C. gigas were studied under 457 

exposure to 2 µm, 500 nm or 50 nm plain PS beads or 50 nm PS beads together with COOH-NPs 458 

and NH2-NPs; however, no significant impacts on metamorphosis were recorded. 459 

5.3 Histopathological alterations 460 

The organs that are most affected by MP exposure are the digestive gland and gills with significant 461 

alterations such as decrease in the number of contacts between adjacent filaments as well as 462 

thickening and disorganization of the gills epithelium, and infiltration of haemocytes in these 463 

tissues, squamous shape and a clear decrease in the number of cilia (Bråte et al., 2018a) and 464 

decrease in the mean epithelial thickness (Bråte et al., 2018a¸González-Soto et al., 2019). 465 

Bivalves are organisms that are constantly exposed to natural particles in the marine environment, 466 

and no such histopathological alterations were found in the controls. Therefore, the question arises 467 

of why MPs and NPs are able to trigger more structural changes than natural particles under 468 

realistic scenarios? This is a question that remains unresolved and should be addressed in future 469 

studies. The intestine and stomach are the target tissues of MP and NP accumulation, as mentioned 470 

in the previous section. Intestinal inflammation indicated by DAO and lactate analyses as well as 471 

fibrosis, haemocytic infiltration and the accumulation of brown cells in the connective tissue and 472 

epithelium of the digestive tract have been revealed in bivalves (González-Soto et al., 2019; Li et 473 

al., 2020). 474 

The formation of granulocytomas is an inflammatory cellular response associated with 475 

environmental pollution. Granulocytomas are a bioindicator of the haemocytic response to 476 

pollutants as well as a general loss of health in bivalves. Granulocytomas have been observed 477 

around MPs accumulated in the gastric epithelium and the epithelia of the gills in bivalves (Bråte 478 

et al., 2018a; Gonçalves et al., 2019; Von Moos et al., 2012). The main cells forming 479 

granulocytomas under MP exposure are eosinophilic granulocytes. In addition to granulocytomas, 480 
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ceroids (stress-induced lipofuscin pigments) are found in the gills, gonads and digestive glands 481 

of bivalves exposed to MPs (Paul-Pont et al., 2016). 482 

5.4 Biomarker alterations 483 

Biomarkers responses are commonly used in ecotoxicology bioassays. They are relevant, 484 

however mostly are based in antioxidant biomarkers leaving aside other types of biomarkers that 485 

could be analysed. For instance, changes in biomarkers related to oxidative stress when bivalves 486 

are exposed to MPs have been recorded in a large number of studies (Brandts et al., 2018; Li et 487 

al., 2020; Magni et al., 2018; Paul-Pont et al., 2016; Ribeiro et al., 2017). Independent of the 488 

bivalve species, plastic composition, size of MPs or time of exposure, biochemical changes in 489 

catalase (CAT), superoxide dismutase (SOD), glutathione S-transferase (GST), glutathione 490 

peroxidase (GPx) and total glutathione (TG) have been observed. Furthermore, significant 491 

changes in the total oxidant status (TOS), total antioxidant capacity (TAC), esterase activity (EA) 492 

and lipid peroxidation (LPO) have been recorded in the digestive gland, gills and haemolymph 493 

(Brandts et al., 2018; Paul-Pont et al., 2016). Some authors have compared oxidative stress 494 

according to the tissue examined. Digestive gland is the sentinel tissue to study antioxidant 495 

enzymes in comparison to the responses found in gills and mantle (Li et al., 2020; Ribeiro et al., 496 

2017). 497 

In addition to the analysis of antioxidant enzymes, another of the most analysed biomarkers in the 498 

literature was AChE activity as neurotoxic biomarker (Brandts et al., 2018; Magni et al., 2018; 499 

Ribeiro et al., 2017). In some studies, AChE activity has been shown to be reduced in bivalves 500 

under MP exposure and during the MP depuration period (Ribeiro et al., 2017; Brandts et al., 501 

2018). In a study by Magni et al. (2018), Dreissema polymorpha showed neurotoxicity over 6 502 

days of PS MPs, as recorded by the analysis of changes in dopamine and serotonin. 503 

 504 

The study of some biomarkers gives relevant information when these pathways are affected 505 

pollutant exposure. A priori plastics are not active substances to generate acute toxic episodes, so 506 

determine the sensitivity and effects on organisms are not easy task in the ecotoxicology studies. 507 
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The better recommendation to explore the biological pathways affected through genes modulation 508 

is the RNA-seq analysis, however the inconvenience of this type of study is the high cost. The 509 

pollutant in the environment have changed and the toxicity of this pollutants can be silent at the 510 

moment for conventional biomarkers but maybe not  for other biochemical routes less explored 511 

in the laboratory.   512 

5.5 Impairment of the immune system 513 

Biocorona formation on plastic particle surfaces by serum haemolymph proteins 514 

MPs and NPs interact at the molecular level with the surrounding environment, leading them to 515 

adopt a new identity. These new types of particles can interact with cells. Different types of 516 

nanoparticles can create an interface with serum soluble components referred to as a “protein 517 

corona”, which affects particle interactions with target cells (Monopoli et al., 2011; Sendra et al., 518 

2018). In a study by Canesi et al. (2016), the biological protein corona on 50 nm PS-NH2 NPs in 519 

the serum of M. galloprovincialis haemolymph was investigated. The results of this study 520 

identified a putative C1q domain-containing protein (MgC1q6) as the only component of the hard 521 

PS-NH2 protein corona in mussel haemolymph. In a study by Sendra et al. (2019), PS NPs 522 

suspended in filtered seawater and haemolymph serum showed differences in the agglomeration 523 

stage and zeta potential. In the haemolymph serum, the particles exhibited lower agglomeration 524 

than PS NPs suspended in filtered seawater, and the zeta potential in the haemolymph serum was 525 

less electronegative than that of particles suspended in ultrapure and filtered seawater. These 526 

results could indicate a new identity of NPs in biological fluids, and therefore unexplored 527 

pathways of MPs and NPs internalization and effects in haemocytes. 528 

Functional responses of haemocytes exposed to MPs and NPs. 529 

Cell viability, ROS production, phagocytosis activity, apoptosis, lysosome membrane stability 530 

and the granulocyte/hyalinocyte ratio are the most common responses measured in haemocytes 531 

in ecotoxicological studies (Canesi et al., 2016, 2015; Paul-Pont et al., 2016; Sendra et al., 2019; 532 

Sussarellu et al., 2016). In vitro short-term experiments involving haemocytes have revealed the 533 
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acute toxicity of MPs and NPs as well as toxicity according to the particle size, endocytic 534 

pathways and effects (Canesi et al., 2016, 2015; Paul-Pont et al., 2016; Sendra et al., 2019). The 535 

culture media used in in vitro assays with haemocytes can determine NP toxicity. In a study by 536 

Canesi et al. (2016), haemocytes were exposed to 50 nm PS-NH2 NPs in different environments, 537 

including filtered seawater and haemolymph serum, to study the importance of the surrounding 538 

environment for NP behaviour and toxicity. The results showed that in the haemolymph serum, 539 

the presence of PS-NH2 increased cellular damage and ROS production with respect to those in 540 

filtered seawater media, and the effects were apparently mediated by the dysregulation of p38 541 

MAPK signalling, an increase in lysosomal membrane stability and a decrease in the phagocytic 542 

capacity. 543 

Morphological and motility alterations in haemocytes under MP and NP exposure have been 544 

recorded; however, the trend of these responses is related to NP particle size. A loss of filopodia, 545 

the presence of plasma membrane blebs and large vacuoles inside haemocytes, changes in the 546 

actin conformation and cytoskeleton damage are some of the morphological alterations observed 547 

in haemocytes exposed to NPs (Canesi et al., 2016; Sendra et al., 2019). These results can be 548 

explained by the role of actin implicated in the uptake mechanics of endocytic pathways involved 549 

in the endosomal movements responsible for NP uptake (Smythe and Ayscough, 2006). In the 550 

case of phagocytosis, the importance of actin in pseudopod extension and engulfment is well 551 

established, which could be the cause of the significant decrease in the phagocytic capacity. With 552 

respect to motility, the velocity and accumulated distance of haemocytes showed significant 553 

changes under NP exposure and it was related to NP size (Sendra et al., 2019). The velocity and 554 

accumulated distance were found to be greater in cells exposed to 50 nm PS NPs, while 555 

haemocytes exposed to 1 µm PS NPs showed a significant decrease in both responses (Sendra et 556 

al., 2019). Furthermore, a recent study showed different responses  and sensitivity of haemocytes 557 

population under NPs exposure, being the granulocytes population more sensitive than 558 

hyalinocytes to NPs exposure (Sendra et al., 2020).  559 
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Knowledge about the resilience capability of immune cells and the ability to cope with the new 560 

stress scenario after MP/NP exposure episodes contributes to the understanding of the ability of 561 

an organism to recover its initial state under this type of disturbance and face a second stressor. 562 

Haemocytes previously exposed to NPs show some degree of resilience in coping with bacterial 563 

infection and recovering their phagocytic capacity (Sendra et al., 2019). 564 

Concerning haemocyte plastic memory, some studies have revealed the development of 565 

immunological memory in haemocytes to establish tolerance mechanisms in immune defences 566 

under acute and chronic repetitive MP and NP exposure (Auguste et al., 2020; Détrée and 567 

Gallardo-Escárate, 2018). In a study by Détrée and Gallardo-Escárate (2018), after two periods 568 

of exposure to 1-50 µm of HDPE MPs, mussels were found to show significant changes between 569 

the first and second MP exposures and significant changes between the transcriptomes of different 570 

tissues. After the first exposure, a majority of genes were involved in signal transduction related 571 

to the immune system. Notably, a contrasting response of the immune system was observed 572 

between tissues exhibiting the positive regulation of immune-related genes (PRR and AMPs) in 573 

the digestive gland and their negative regulation in the mantle, suggesting a tissue-dependent 574 

response. Despite the physiological impairment triggered by the first exposure to MPs, a 575 

diminution of stress- and immune-related gene expression was observed in the digestive gland of 576 

mussels exposed a second time to MPs. 577 

5.6 Genotoxicity and omics analyses 578 

Some studies have demonstrated that MP and NP exposure can provoke DNA damage (Brandts 579 

et al., 2018; Capolupo et al., 2018; Faggio et al., 2018; Ribeiro et al., 2017). 580 

Modulation of the expression of genes involved in immune responses (lys, mytc and mytlb) and 581 

shell biogenesis (ca, ep, cs), lysosomal-related genes (hex, gusb, ctsl) and the hsp70 gene has been 582 

revealed after MP exposure (Brandts et al., 2018; Capolupo et al., 2018). The development of the 583 

immune system is linked with the formation of the digestive system in bivalves, and immune cells 584 

act as digestive system cells, with an increase in the expression of abcb and p-gp (Balbi et al., 585 

2017). 586 
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In a study by Détrée and Gallardo-Escárate (2017), changes in gene expression were studied via 587 

transcriptomic analysis of the mantle, gills, digestive gland and haemocytes of mussels exposed 588 

to MPs. The analysis showed the upregulation of genes related to carbon metabolism, oxidative 589 

stress, immune responses and apoptosis in the mantle and digestive gland, while a global 590 

downregulation of genes involved in carbon metabolism was observed in the haemolymph and 591 

gills. In the study by Sussarellu et al. (2016), variations in the mRNA levels of lipid-related 592 

proteins, such as enzymes involved in fatty acid oxidation and hormonal pathways were shown 593 

in oysters under MP exposure. Information about changes in the protein profile is scarce in 594 

bivalves exposed to MPs and NPs; nevertheless, we discuss the work on this topic published to 595 

date here. The analysis of the proteome of oocytes exposed to MPs revealed two abundant protein 596 

spots identified as arginine kinasenand the severin protein key in the embryo biosynthesis 597 

activities and cytoskeletal dynamics (Sussarellu et al., 2016). Furthermore, alterations in the 598 

haemolymph proteome under MP exposure revealed that the affected proteins were involved in 599 

key biological processes such as immune regulation, detoxification, metabolism and structural 600 

development (Green et al., 2019). 601 

6. Experiments under real scenarios and micro- and mesocosms assays with plastic litter 602 

The mesocosms and microcosms approaches are aimed at creating a complex model to accurately 603 

simulate real environmental scenarios. Under these approaches, the incorporation of several 604 

natural compartments is suggested. Aquatic systems incorporate water and soil compartments in 605 

addition to groups of organisms from different trophic levels. Due to the lack of buoyancy of 606 

plastic litter associated with organic matter such as faeces and pseudofaeces, sediment-dwelling 607 

bivalves could be affected. Some effects on the energy reserves of sediment-dwelling bivalves 608 

with a lower lipid content exposed to MPs have been recorded (Auclair et al., 2020; Bour et al., 609 

2018). The effects of MPs on the drifting and structure of marine organisms could be influenced 610 

by chronic MP exposure. Alterations in the structure, diversity, abundance and biomass of several 611 

taxa in vegetated oyster habitats were recorded under MP exposure, and this can be directly 612 

induced by the ingestion of MPs and their effects on mortality and the reduction of reproductive 613 
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feeding behaviour (Green, 2016). Reductions in the abundance and biomass of organisms can be 614 

directly induced by the ingestion of MPs and their effects on mortality and the reduction of 615 

reproductive feeding behaviour. Additionally, these changes could be indirectly caused by the 616 

alteration of the behaviour, interactions or abundance of organisms by MPs. Green et al. (2016) 617 

showed a reduction in the recruitment (number of juveniles) of periwinkles and isopods such as 618 

Idotea balthica, indicating that changes in the abundance of several key grazers could reduce the 619 

abundance of other groups. Not all habitats of bivalves are influenced by MP exposure to the 620 

same extent. In another study by Green et al. (2017), the effects of biodegradable and PLA MPs 621 

on ecosystem functioning and the associated invertebrate assemblages were studied over time (50 622 

days) under two bivalve scenarios (one with M. edulis and the other with O. edulis). The oyster 623 

habitat showed higher sensitivity than M. edulis habitat. Oyster habitat exposed to MPs showed 624 

porewater ammonium, a decrease in the benthic cyanobacteria biomass, and shifts in the 625 

associated infaunal invertebrates (a decrease in polychaetes and an increase in oligochaetes) in 626 

treatments exposed to MPs. The sensitivity of organisms is related to MP internalization; for 627 

instance, free-swimming organisms show higher sensitivity than benthic animals (Setälä et al., 628 

2016). 629 

In the past, MP exposure was assumed to be associated with water or sediment; however, under 630 

natural conditions, the constant resuspension of sediments can alter the bioavailability of MPs. 631 

Rist et al.  (Rist et al., (2016) were the first to simulate MP resuspension from sediment in a long-632 

term bioassay. Mussels were exposed to resuspended PVC, and alterations in the physiological 633 

characteristics of the mussels such as decreases in the clearance rate, respiration rate and byssus 634 

production were found (Rist et al., 2016). 635 

Recent studies have tested the toxicity of MPs collected from North Atlantic oceanic gyre and 636 

subalpine great lakes in freshwater bivalves (Baudrimont et al., 2020 and Binelli et al., 2020). The 637 

use of environmental plastic litter in the bioassays give to the research an extra value, due to 638 

adsorbed substances onto its surface such as metals (Ti, Cu, Al, Fe, Ni, Zn and Cd among others), 639 

(Baudrimont et al., 2020). 640 
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Real scenarios are susceptible to global warming with high temperature of the water, in a recent 641 

study was study the combined effects of thermal stress with episodes of MPs pollution (Weber et 642 

al., 2020). In the work the combined effects of thermal stress and MPs was not exacerbated 643 

compared to thermal stress alone for Dreissena polymorpha (Weber et al., 2020).  644 

In nature, good interactions in the trophic web are essential for the proper performance of 645 

ecosystems. Therefore, any change in the natural population of the first trophic level can affect 646 

the structure of the aquatic biota at higher levels (Sendra et al., 2017b). Bivalves are the food 647 

source of a great variety of aquatic carnivores. Studies have demonstrated that mussels exposed 648 

to MPs that are used as the diet of crabs are able to transmit MPs to the crabs, which are then 649 

translocated to the crab’s circulatory system, and the depuration period takes more than 7 days 650 

(Farrell and Nelson, 2013). In a study by Rochman et al. (2017), the effects of MPs on prey-651 

predator interactions were assessed. In this study, the freshwater prey species Corbicula fluminea 652 

and the predator Acipenser transmontanus were exposed to different types and sizes of MPs. 653 

Exposure to MPs caused subtle direct effects on the clams such as histological abnormalities and 654 

subtle indirect effects on the fish predators. In fish fed with clams exposed to PE and PS were 655 

found lower levels of vitellogenin proteins than control group. Furthermore, fish fed with clams 656 

exposed to MPs showed a change in their dietary intake, as they ingested more food than the 657 

control group (Rochman et al., 2017). 658 

7. Impact on human health of the bivalve intake of MPs and NPs 659 

The current studies concerning the accumulation of plastic litter in bivalves in natural 660 

environments has been recorded in the present review. Plastic accumulation in oysters, mussels, 661 

scallops and clams has been revealed, indicating the high levels of plastic ingestion by bivalves 662 

to which humans are directly and indirectly exposed via trophic webs and biomagnification 663 

(Carbery et al., 2018). However, in a recent review from Gouin (2020) was identified 664 

gastrointestinal tract as target site of MPs accumulation. They propose that gastrointestinal tract 665 

is not consistent site to suggest bioaccumulation and biomagnification for human consumed fish, 666 

as gut is not a edible part of fish, however gut in bivalves is edible for humans (Gouin et al., 667 
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2020). 668 

Regarding the MPs accumulated in bivalves at the time of human consumption and taking into 669 

consideration MP bioaccumulation and the annual dietary exposure of European shellfish 670 

consumers, humans potentially ingest approximately 11000 MPs·year-1 (Van Cauwenberghe and 671 

Janssen, 2014). Another important consequence of MP ingestion is related to the role of MPs as 672 

carriers of chemicals, including intentional additives added during their manufacturing as well as 673 

environmental contaminants that may be adsorbed on the MP surface, such as styrene, toxic 674 

metals, phthalates, BPA, PCB and PAHs (Barboza et al., 2018). In addition to chemicals, bacteria 675 

and other microorganisms that have been found on plastic debris affect the human microbiota 676 

(Keswani et al., 2016). The consumption of MPs by humans can provoke severe damage related 677 

to translocation to the circulatory system, liver lipid metabolism disorders, amino acid metabolism 678 

disorders in the kidney, gut-related diseases such as gut microbiota dysbiosis and gut barrier 679 

dysfunction (Wang et al., 2020). However, Catarino et al. (2018) studied the exposure of humans 680 

to household dust fibres over the course of a meal, and the results were compared to the amounts 681 

of MPs present in edible mussels. The results of this work showed that MP ingestion by humans 682 

was 123 MP particles/y/capita in the UK and 4620 particles/y/capita in countries with high 683 

recorded rates of shellfish consumption, while fibre exposure during a meal via dust fallout in a 684 

household was in the range of 13731-68415 particles/y/capita. Therefore, these authors concluded 685 

that the amounts of MPs ingested via the consumption of wild mussels were minimal compared 686 

to exposure via household fibres. 687 

8. Further research 688 

An important point that must be addressed to understand the behaviour and effects of plastic litter 689 

is the adoption of common terminology with respect to the material, size, colour and origin of 690 

plastics (Hartmann et al., 2019). The use of the common terminology according to the REACH 691 

guidelines will allow the comparison of data among studies and the establishment of effective 692 

concentrations for assessing the toxicological responses to and effects of aquatic plastic litter. 693 

There is a large difference between studies about MP and NP effects in bivalves. Therefore, efforts 694 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/styrene
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phthalates
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should be made to determine the effects of these imperceptible pollutants (not visible to the eye 695 

as MPs) and their interactions at the cellular and molecular levels. Large differences also exist 696 

between studies in bivalves involving bead particles with respect to those involving plastic fibres 697 

and films or irregular plastic fragments. The properties of the particle surface could be a key factor 698 

in the particle gut retention, inflammation, tissue damage and attraction of substances and 699 

microorganisms from the surrounding environment. In this review authors suggests further studies 700 

about the effects of irregular and fibers MPs and NPs in bivalves. Colour is also an important 701 

characteristic of plastics that should be considered in future studies to assess organisms’ feeding 702 

preferences. Secondary MPs and NPs under real scenarios as well as biodegradable plastics and 703 

their subproducts are topics that should be considered in the field of ecotoxicology to achieve a 704 

proper weighting of evidence in analyses aimed at assessing the real impact of plastic litter. 705 

Furthermore, to assess the impact of MPs and NPs under real scenarios, it is necessary to assess 706 

the impact of MPs and NPs in biological fluids to determine the interactions and interfaces that 707 

form between soluble proteins of serum and cells. Biomagnification experiments with bivalves 708 

feeding with primary producers exposed to MPs and NPs is a topic of emergent concern, and also 709 

experiments under real scenarios with fragments of MPs degradation, representative organisms 710 

of different trophic levels and the combination of two natural compartments; soil and water.  711 

The effective depuration of bivalves by ejection and depuration MPs and NPs by pseudofaeces 712 

and faeces should be an interest topic for further researches. Changes in pseudofaeces 713 

composition can determine changes and alteration biomineralization of nutrients and could be 714 

new scenario for new biofilms formations as well as zooplankton organisms.  715 

New studies have been addressed to check the resilience of mussel immune system after NPs and 716 

bacterial infection. The resilience of immune systems was revealed; however, this short-term 717 

study could show different results if chronic assays are developed. Furthermore, the use of 718 

different species of bivalves with different morphological characteristics in their gills can give us 719 

new insights about sensitivity of bivalve’s species to microplastics and understand their toxicity 720 

mechanisms more deeply. 721 
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In addition, through this review, we realized that studies in bivalves involving a dose-response 722 

methodology are scarce. The realization of dose–response exposure experiments is recommended 723 

as an appropriate approach for evaluating the high spatiotemporal variability of pollutant 724 

concentrations expected at different distances with respect to coastal ecosystems (Huvet et al., 725 

2016). 726 

Plastic litter has been identified as a carrier of persistent pollutants including organic substances, 727 

metals and pharmaceutical drugs. However, large amounts of emergent pollutants are recorded 728 

along our coasts, and they should be evaluated in combination with plastics as well as studies on 729 

the adsorption/desorption mechanisms acting in the natural environment and within bivalves. 730 

Studies aimed at understanding the changing ecological effects of plastic litter exposure in aquatic 731 

ecosystems including the integration of different trophic levels as well as multistressor assays 732 

could help to better determine the impacts of plastic contamination. 733 
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Figures 1219 

 1220 

Figure 1. Panel A shows the percentage of the total production of different plastic types and the 1221 

most abundant types of plastic litter found in the marine environment. Data about CA 1222 

production are not available, therefore there is not bar for this material. PP: polypropylene, PE-1223 

LD: Polypropylene Low density, PE-LLD: polypropylene linear low density, PVC: polyvinyl 1224 

chloride, PUR: polyurethane, PET: polyethylene terephthalate, PS: polystyrene and CA: 1225 

cellulose acetate. Panel B shows the field surveys of plastics in water (blue), sediment (brown) 1226 
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and bivalves (green). The maps were generated with qGIS software. The data shown in these 1227 

figures were extracted from Table S1 and S2. 1228 
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Figure 2. Panels A and B show the number of publications and citations for bivalves and plastics, 1231 

bivalves and microplastics and bivalves and nanoplastics. The number of publications and 1232 

citations were recorded from the Web Of Science (WOS). 1233 
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Figure 3. Panels A, B, C and D show the percentages of studies that have tested MPs and NPs 1235 

in bivalves according to the bivalve species and the type, size and shape of plastics, 1236 
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respectively. The data shown in these figures were extracted from Table S3. The number above 1237 

each column means the number of publications related with each one. 1238 
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Figure 4. Panels A, B, C, D and E show the percentages of tests according to their type, time of 1240 

exposure, experiments involving plastic additives, plastics in combination with pollutants and 1241 

toxicological responses measured, respectively. The data shown in these figures were extracted 1242 

from Table S3. The number above each column means the number of publications related with 1243 

each one. 1244 
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