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A B S T R A C T

Microplastics (MPs) pollution in the ocean is an area of growing concern. Marine fauna subject to MPs exposure
from various environmental sources are most likely to have detrimental effects on their immune system.
However, studies of potential risks of MPs on marine ecosystems in light of environmental concentrations are
largely limited. To this end, we presented an approach for assessing potential impact of MPs on marine eco-
systems based on marine mussel Mytilus-based probabilistic risk assessment framework. The immunotoxic-based
biomarkers of Mytilus were used to assess the impact of MPs on marine environment appraised with datasets by
compiling oceanic region-specific and comprehensive MPs−environment studies along with published toxicity
experiments. The immunological effects of MPs on lysosomal destabilization and phagocytosis in hemocytes of
Mytilus were reconstructed as the concentration–response functions. We assessed the risk for marine environ-
ment exceeding a threshold of Mytilus-based immunological toxicity based on the benchmark concentration
(BMC) approach corresponding to a 10% inhibition effect (BMC10). We estimated BMC10 values for inhibitions of
lysosomal membrane stability and phagocytosis to be 1.4 and 0.4 mg L−1, respectively. Here we showed that the
overall MPs-associated impact potential was low among South Pacific Ocean, Mediterranean Sea, and South
Atlantic Ocean. However, we found that MPs from North Pacific Ocean were very likely (> 90% probability) to
pose a potential threat to marine mussels. Our findings have important implications for understanding the linked
relationships between environmental MPs and likelihood of exposure risk for marine organisms in different
oceanic regions around the world. We suggest that Mytilus-based risk indicator for estimating risk metrics of
essential marine ecosystems posed by environmentally relevant MPs concentrations can help inform practices for
the sustainable management and for mitigating the environmental MPs-induced negative impact on marine
organisms.

1. Introduction

Worldwide plastic production has dramatically increased in decades
and reached 359 million tons in 2018 (PlasticsEurope, 2019). Tre-
mendous mass of mismanaged plastics has been generated with an
annual estimate of 1.15–12.7 million metric tons entering the ocean,
resulting in an accumulation of plastic wastes in marine (Jambeck et al.,
2015; Lebreton et al., 2017). Plastic debris that exist in environments
have been degraded into tiny plastic particles referring to as micro-
plastics (MPs). Based on the National Oceanic and Atmospheric Ad-
ministration (NOAA) marine debris program, MPs are defined as plastic
particles with size< 5 mm in diameter (Dp < 5 mm) (Arthur et al.,
2009). In the past decade, MPs have been found in vast quantities and
become an emerging issue of international concern.

van Sebille et al. (2015) estimated that 15–51 trillion MP particles

were afloat at the global ocean in 2014. It is known that prevailing
winds and surface current systems can transport buoyant MPs to a long
distance (Lusher et al., 2017a; Wichmann et al., 2019). Places where
plastic pollutants drawn into a massive vortex turn into six plastic-filled
subtropical gyres of the North Pacific and South Pacific Oceans, the
North Atlantic and South Atlantic Oceans, the Indian Ocean, as well as
the Mediterranean Sea gyres (van Sebille et al., 2015). While the overall
accumulation patterns are consistent, MP concentrations show large
differences at regional scales due partly to complexity of the ocean
dynamics (Law et al., 2014).

The laboratory-based studies indicated that MPs burden was highly
likely to pose significant effects on the development, fecundity, and
mortality among invertebrates, shellfish, fish, and other organisms
(Balbi et al., 2017; Beiras et al., 2019; Naidoo and Glassom, 2019;
Sussarellu et al., 2016). However, little has been explored for potential
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toxicity of MPs based on environmentally relevant concentrations as to
address the real exposure risks. To provide a more reliable prediction of
risk assessment, employing environmentally realistic data of MPs con-
centrations is potentially practical to estimate the extent of adverse
effects and health risks in marine biota.

By virtue of its widespread geographical distribution, abundance,
and fundamental role in the functioning of the marine ecosystem, the
mussel is the most commonly preferred biological indicator in field-
monitoring and model organism among the experimental studies of MPs
(Browne et al., 2008; Green et al., 2019; Li et al., 2019; Salazar and
Salazar, 1996). In this study, we employed mussel Mytilus gallopro-
vincialis as a model organism. This species is dominant intertidal or-
ganism in temperate regions, considered highly invasive all around the
globe (CABI, 2020). Field investigations on MPs in mussels evidenced
the susceptibility to MPs uptake from surrounding waters (Digka et al.,
2018; Li et al., 2015; Sparks, 2020; Wakkaf et al., 2020). Therefore, M.
galloprovincialis is virtually ideal for being a bioindicator of coastal MPs

pollution.
A positive correlation was found between MPs in field-collected

mussels and ambient waters (Li et al., 2019; Wakkaf et al., 2020). Their
blood cells, hemocytes, represent the backbone of the mussel immune
system and are highly responsive to the recognition of microbe-asso-
ciated molecular patterns (Pipe and Coles, 1995). In recent years, the
Mytilus cellular immunotoxicity in response to MPs exposure has been
broadly reported (Canesi et al., 2015, 2016; Pittura et al., 2018). Thus,
there is a strong need for a practical framework to provide an effective
tool to rapidly assess the potential impacts of MPs pollution on marine
environment. Although excellent progress has been made in specific
regions, at the global scale this is not yet feasible.

We therefore derived ecological indicators based on marine mussel
biomarkers covering relevant drivers of MPs exposure-associated cel-
lular immunotoxicity. We combined data on the oceanic region-specific
and comprehensive MPs − environment studies along with the pub-
lished toxicity experiments to understand the potential impact posed by

Fig. 1. Schematic showing the algorithm for data selection and treatment of oceanic region-specific microplastics (MPs).
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environmental MPs based on marine mussel biomarker-based risk in-
dicator. The purpose of this study was fourfold: (1) to derive the con-
centration–response functions to obtain Mytilus-based biomarkers as
risk indicators, (2) to estimate thresholds of MPs appraised with the
Mytilus-based immunological toxicity data, (3) to estimate exceedance
risks and risk quotients of MPs among different oceanic regions
worldwide, and (4) to implicate the potential impact of environmental
MPs on marine ecosystems.

2. Materials and methods

2.1. Study data

The toxicity experimental data of mussels adopted from Canesi et al.
(2015) were used to evaluate the immunological effects in M. gallo-
provincialis induced by polystyrene (PS)-MPs exposures. The PS is a
common polymer type MPs debris in the marine environment and
mussels (Enders et al., 2015; Kazour and Amara, 2020; Rudduck et al.,
2017). In experimental studies, PS is commonly used as a representative
MP since it is readily available with uniform size and specific surface
properties (Sun et al., 2020; Ward et al., 2019). Despite the use of nano-
size primary PS, agglomeration of PS particles with a Z-average of
200.3 nm in solution was indicated a real exposure condition (Canesi
et al., 2015). Strictly speaking, aggregated PS were referred to as PS-
MPs based on a general definition of nanomaterials in size range of
1–100 nm (European Commission, 2011).

The particle characteristics of 50 nm tested PS-MPs at 50 mg L−1 in
artificial sea water were adopted to rederive the particle size distribu-
tion of PS-MPs. The frequency distribution values in percentage of size
were calculated based on the intensity values at specific Z-average ex-
tracted from the particle size measurements (Table S1). A four-para-
meter log-normal (LN) function model was used to fit the experimental
data (Table S1) to estimate particle size distribution with a geometric
mean (gm) and a geometric standard deviation (gsd).

Given the lack of antigen–antibody-mediated immune responses,
the hemocytes are regarded as the main immune cells in marine mussels
(Shi et al., 2020). The common endpoints of the immune functional
assays for mussels were lysosomal membrane stability (LMS) and pha-
gocytosis. In brief, hemocytes were extracted from mussels and in-
cubated at three PS-MPs concentrations of 1, 5, and 50 mg L−1 in ar-
tificial sea water (ASW) at 16 °C. Meanwhile, aliquots of hemolymph
were incubated with the same PS-MPs concentrations in filtered he-
molymph serum for LMS evaluation to mimic in vivo condition. The
incubation times were 30 and 60 min for LMS and phagocytosis assays,
respectively. The short-term in vitro effects of PS-MPs were normalized
to control group and denoted as inhibition percentage (Table S2).

2.2. Oceanic region-specific microplastics estimation

To reflect the real abundances of MPs that organisms were most
likely to expose in marine ecosystems, environmental concentrations of
MPs could be obtained from abundantly related literature based on the
proposed data search algorithm (Fig. 1). Generally, mussels most live in
rocky coasts or intertidal zones in the shallow-water marine domain
(Morton, 2019). As suspension-feeders, they are likely to filter pelagic
particles and to deposit wastes in surface waters down to 10 m depth
(Loo and Rosenberg, 1989; National Research Council, 2010).

Therefore, coastal environments were preferred as potential ex-
posure sites of MPs for mussels rather than those sampled sites far from
the shore. MPs abundances reported for surface oceanic waters across
the world could be extracted from numbers of published literature and
reports in the period 1974–2019. All data were collected by Google
Scholar search with keywords of MP, marine, ocean, and surface water.

In response to the keyword queries, there were 81 papers that
conducted ocean plastics debris sampling. As taking a holistic view of
global MPs contamination without being biased toward specialization,

an algorithm was designed subjecting to the following constraints
(Fig. 1). The first criterion was that the size range of sampled plastics
must meet the definition of MPs (Dp < 5 mm), because some studies
included MPs counts during sampling. Secondly, literature had to be
published in recent years, dated from 2014 to 2019 for the marine
system.

Moreover, these extracted data were in various formats and units.
Considering the use of selected data in the following risk assessment,
environmental concentration expressed as the mean number of items
per cubic meter or liter need to be converted into a metric unit of area
by multiplying sampled depth. We assumed half of high of MPs-col-
lected trawl net as sampled depth which was not provided in articles.
This approach has been commonly used in MPs sampling studies
(Eriksen et al., 2018; Gewert et al. 2017). If neither the sampled depth
nor the dimension of sampling net could be found in studies, they
would be rejected due to the difficulty in unit conversion. Data with
unclear information such as a single value of concentrations without
uncertainty would also be excluded. For those studies that were unable
to meet the constraints would be rejected.

After the screening of 81 papers based on the above criteria, the
remaining 39 studies with 41 values quantified as mean and standard
deviation in an “amount” unit data need to be converted into a “mass”
unit by using a linear regression model adopted from Cózar et al. (2014)
as,

log M = 1.21 × log A – 3.99, (1)

where M is the mass concentration (g km−2) and A is the amount
concentration (items km−2) given a depth value (Fig. 1). Finally, a
volumetric measurement in “mg L−1” was obtained by using sampled
depth to express the unit of environmental concentration. The last
process was to pool those concentration data sampling at the same
ocean, classified into the North Pacific, South Pacific, North Atlantic,
South Atlantic, Indian Oceans, and Mediterranean Sea. The Monte Carlo
(MC) simulation was employed to simulate six predicted environmental
concentrations (PECs) that would be furtherly incorporated into the risk
characterization scheme.

2.3. Effect analysis

To mathematically describe the non-linear concentration–response
relationships of inhibitions of LMS and phagocytosis, a pharmacodya-
mically-based three-parameter Hill model was used,

= × +I C I C IC C( ) ( )/( 50 )n n n
max (2)

where I(C) is the inhibition of LMS or phagocytosis (%) posed by a
given exposure concentration (C, mg L−1) of PS-MPs, Imax is the max-
imum inhibition in the presence of PS-MPs (%), IC50 is the estimated
exposure concentration at which the inhibition is half-maximal re-
sponse (mg L−1), and n is the Hill coefficient that characterizes the
curvature of concentration–response, showing the potency of PS-MPs to
the endpoint.

Moreover, to set an acceptable level of PS-MPs for the hemocyte
immune function in mussel, the benchmark methodology has been used
as an alternative to the no-observed-adverse-effect-level (NOAEL) in
toxicological studies (Crump, 1995). The benchmark concentration
(BMC) approach involves specifying the benchmark change in effect
level. Based on the guidance from U.S. EPA, a level of 10% excess re-
sponse has been commonly used as the benchmark change (EPA, 2012).
Therefore, PS-MPs concentration corresponding to a 10% inhibition
effect (BMC10) could be estimated based on fitted parameters in the Hill
model.

2.4. Risk characterization

A probabilistic risk model and a risk quotient (RQ) model were used
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to quantitatively generate the numerical risk estimates. The variability
and uncertainty in factors that influence risk were involved in risk es-
timates that were in terms of the probability and magnitude of immune
responses based on a qualitative understanding of in vitro cytotoxicity
testing. Given the environmental concentration data of MPs in sea
water, the immunological effects as biomarkers in hemocytes incubated
in ASW would be used for risk assessment. Based on the Bayesian in-
ference, PECs of oceanic region-specific MPs and the Hill-based con-
centration–response analysis were integrated into exceedance risk (ER)
estimations. Therefore, risks of MPs-induced immunotoxicity in mussel
(Φ(R)) could be obtained by jointing prior probabilities of PECs and
conditional probabilities of P(I|PEC), resulting in a posterior probability
as,

= ×R P PEC P I PEC( ) ( ) ( | ) (3)

The ER can then be estimated as 1 – Φ(R), describing an exceeding
probability of a particular degree of effect at a certain exposure con-
centration.

Furthermore, we used RQ, the most commonly used risk index, to
capture impact potential of oceanic regional specific MPs on marine
environment. The mussel biomarker-based RQ can be written as

=RQ PEC/BMC10 (4)

where PEC and BMC10 were treated probabilistically. RQ > 1 in-
dicates MPs posing a potential threat to the immune system of mussel,
whereas RQ < 1 reveals no significant risk.

Fig. 2 summarizes the overall study framework for quantifying the
oceanic region-specific potential impacts of MPs on marine environ-
ment based on marine Mytilus biomarkers-based risk indicators.

2.5. Uncertainty analysis

This study employed the TableCurve 2D (Version 5.01, AISN
Software Inc., Mapleton, OR, USA) to simulate size-distribution of PS-
MPs and the concentration–response model fittings to the published
data adopted from Canesi et al. (2015). The Oracle® Crystal Ball soft-
ware (Version 11.1, Oracle Corporation, Redwood Shores, CA, USA)
was employed to implement the MC simulation performed with 10,000
iterations to sufficiently ensure the uncertainties of simulation results.
Percentiles of 2.5th and 97.5th were generated as the 95% confidence
intervals (CIs) for all model fittings.

3. Results

3.1. Size distribution

The size distribution of PS-MPs particle measured in Canesi et al.
(2015) was well fitted by a LN function (r2 = 0.9, p-value < 0.001)
(Fig. 3; Table S1). The gm diameter of PS particles applied in toxicity
experiments for mussels was 216.18 nm with a gsd of 2.19, denoted as
LN(216.18 nm, 2.19). Based on the size definition of nanomaterials, for
50% or more of the particles in the number size distribution with at
least one dimension < 100 nm (European Commission, 2011), results
indicated that aggregation of PS-MPs in ASW resulted in micro-scale PS
particles rather than primary particle diameter of 50 nm.

3.2. Concentration-effect relationship

The relationships between PS-MP concentrations and inhibitions of
LMS and phagocytosis in mussels fitted with a three-parameter Hill
model showed a good fitness (r2 > 0.9; p-value < 0.001) (Fig. 4A–C).
The effect assessment of PS-MPs incubation obtained in ASW showed
that Imax estimates of LMS and phagocytosis were 48.0 ± 10.8%
(mean ± SE) and 50.6 ± 3.6%, respectively (Fig. 4A,B; Table S3).
The fitted IC50s of inhibited LMS and phagocytosis were 7.9 ± 5.3 and
1.9 ± 0.4 mg L−1, respectively (Fig. 4A,B; Table S3). Moreover,

BMC10s of LMS and phagocytosis inhibitions were 1.4 ± 1.8 and
0.4 ± 0.2 mg L−1, respectively (Table S3). In comparison, inhibition
of phagocytosis was more sensitive to PS-MPs exposure than that of
LMS, suggesting that PS-MPs with a less concentration were likely to
cause the significant reaction.

On the other hand, mean estimates of Imax and IC50 of LMS in-
hibition induced by PS-MPs suspension in serum were 67.3% and
1.4 mg L−1, respectively (Fig. 4C; Table S3). In addition, BMC10 of LMS
in hemocytes with the presence of hemolymph serum was
0.15 ± 0.04 mg L−1, appearing as the lowest BMC10 among three
assays. All n values were> 1, implicating cooperative inhibitions of
both biomarkers to the internalization process of PS-MPs in hemocytes
of mussels (Fig. 4A–C; Table S3). Due to limited information on tox-
icokinetics of PS-MPs in mussels, a simple statistical relationship be-
tween PS-MPs concentrations in ASW and serum
( =C ln C0.647 ( ) 0.313serum ASW , r2 = 0.88) may improve our ability to
predict consequences of impacts of environmental MPs on mussels
(Fig. 4D). A mechanistic relationship of how PS-MPs affect mussels
representing as LMS inhibition can be further constructed (Fig. 4E).

3.3. Oceanic region-specific exposure risk estimates

Based on the systematic review and algorithm analysis, there were
41 sites of oceanic samples sorted by six open ocean surface regions
(Fig. S1; Table S4). We showed that the North Pacific Ocean covered the
most MPs data that were extracted from 12 papers, followed by the
Mediterranean Sea (9 papers) and the North Atlantic Ocean (7 papers)
(Fig. S1; Table S4). However, oceanic regions in the southern hemi-
sphere were less investigated in that only 4 to 5 studies had provided
valuable measurements (Fig. S1; Table S4). We found that three en-
vironmental concentrations of MPs in the North Pacific Ocean were
higher than both BMCs, potentially contributing to a substantial frac-
tion of ecological impacts (Fig. S1).

Moreover, PECs of MPs in six oceanic regions were predicted via the
10,000 iterative MC simulations with a LN distribution. The values of
PECs among oceans were in the following order of the North Pacific,
Indian, North Atlantic, South Atlantic Oceans, Mediterranean Sea, and
South Pacific Ocean (Fig. 5A). We found that the maximum gm estimate
of PEC was ~ 70 mg L−1 in the North Pacific Ocean, much greater than
those in the others, whereas the South Pacific Ocean had the minimum
gm estimate of PEC of 2.51 × 10−4 mg L−1 (Fig. 5Aiii, iv).

Results showed that the patterns of ER curves and their orders in
both effects were the same, depending on the slopes and skewness of
PEC distributions of MPs in different oceanic regions (Fig. 5B). The
probabilities were above 50% (ER = 0.5) in that LMS and phagocytosis
inhibitions ranged from 45.71 to 2.85 × 10−5 and
50.32–9.52 × 10−5%, respectively, that the highest and lowest in-
hibitions were appeared at the North Pacific and South Pacific Oceans,
respectively (Table S5).

We further showed that only the North Pacific Ocean had RQ ex-
ceeding 1 even at the 2.5th percentile, indicating the significant risk of
mussel immunity posed by MPs (Fig. 6). Whereas the South Pacific,
South Atlantic Oceans, and Mediterranean Sea had RQs far< 1, im-
plicating that MPs were less likely to pose potential risk on mussels. For
LMS-based RQ, median RQs were in the order of 82.36 for the North
Pacific Ocean, 0.81 for the Indian Ocean, 0.30 for the North Atlantic
Ocean, 6.55 × 10−3 for the South Atlantic Ocean, 2.28 × 10−3 for the
Mediterranean Sea, and 2.88 × 10−4 for the South Pacific Ocean
(Fig. 6A; Table S6). A similar fashion of RQ rank was also found based
on BMC10 of phagocytosis inhibition among global oceans with median
values of 187.1, 1.87, 0.67, 1.52 × 10−2, 5.25 × 10−3, and
6.53 × 10−4, respectively (Fig. 6B; Table S6).
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Fig. 2. Schematic showing framework for the oceanic region-specific potential impacts of MPs on marine environment based on Mytilus biomarker-based risk
indicator.
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4. Discussion

4.1. Immunotoxicity in mussels posed by microplastics

In comparison to conventional animal-based approach, hemocyte
exposure assays become powerful tools as surrogates for acute toxicity
testing, detecting inherent toxicological properties (Figueras et al.,
2019). Immunotoxicity is primarily governed by lysosomal destabili-
zation and frustrated phagocytosis, decreasing the ability of animals to
defend themselves against exogenous substances (Jovanović and Palić,
2012). Lysosomes, known to enclosure and detoxification of xenobiotics
to prevent toxic injury, have been deemed as sensitive organelles to-
ward micro-/nanoplastics (Avio et al., 2015; Pittura et al., 2018). Pre-
vious studies evidenced that MPs caused a significant reduction of LMS
in mussels within hours (Avio et al., 2015; von Moos et al., 2012). Due
to high exposure concentrations of PS-MPs adopted in this in vitro as-
sessment of the mussel system, phagocytosis significantly declined in an
hour. This is in consistence with the observations of a dose-dependent
decrease in phagocytic activity under the same exposure condition
(Canesi et al., 2016).

In natural conditions, MPs are bioavailable to mussels via their filter
activity and adherence (Kolandhasamy et al., 2018). Uptake MPs are
found to be translocated from the gut to the open circulatory system
where hemolymph and hemocytes mediate the physiological responses
to environmental stress (Browne et al., 2008; Fernández and Albentosa,
2019). An in vivo experiment evidenced the uptake, accumulation, and
translocation of 3 and 9.6 μm PS-MPs in hemolymph and hemocytes
(Browne et al., 2008). Due to the sensitive immune system against non-
self-particles and the internalization of MPs by hemocytes, a molecular-
level information of mechanism of immune dysfunction induced by MPs
is essential for the interpretation of toxicity assessment (Figueras et al.,
2019).
In vitro tests with hemocytes are the cornerstone of ecotoxicological

studies, providing an in depth understanding of the mode of action to
the response and the adaptation of mussels to environmental pollution
(Figueras et al., 2019). Evidence showed that PS-MPs in size of 30 μm
significantly stimulated total extracellular reactive oxygen species
(ROS) production which may damage the membrane and cytoskeleton
of hemocytes (Sun et al., 2020). Lysosomal membranes are highly
susceptible to the over-production of ROS generated throughout me-
tabolic process (Regoli et al., 2004). In addition, significant increase of
the acid phosphatase activity inMytilus exposed to 0.008 and 10 μg L−1

indicated the lysosomes overload, resulting in the release of hydrolases
in extracellular environment (Revel et al., 2019). Hence, the lower LMS
of hemocytes could be reasonably related to an overburden of lyso-
somes with MPs and the oxidative damage (Jovanović and Palić, 2012).

Moreover, the over-expression of several proteins involved in en-
dosomes maturation, endocytic trafficking, and lysosomal degradation
indicated MPs internalization via endolysosomal system (Avio et al.,

2015; von Moos et al., 2012). The up-regulation of genes and the in-
hibition of those coding for lysosomal enzymes showed a coordinated
increase modulated by MPs in M. galloprovincialis (Avio et al., 2015;
Capolupo et al., 2018). Their findings of high variability in immune-
related genes could explain the adaptation of mussel immune system to
MPs-contaminated environment. Understanding the mode of action of
MPs on hemocytes, the in vitro-to-in vivo correlation in the effect as-
sessment could be enhanced by using toxicokinetic modeling or the
application of quantitative structure activity relationships (Bale et al.,
2014).

The present work was built on the valuable data from Canesi et al.
(2015), providing the mathematical insight on the dynamics of cellular
damage in marine mussels exposed to PS-MPs. Our findings implicated
that phagocytosis was highly susceptible to PS-MPs than LMS with
lower EC50 of approximately 4-fold. Smaller MPs are easily phagocy-
tosed by phagocytosis for accommodating more particles (Browne et al.,
2008). On the other hand, several notable immunological effects in
mussels have been found in the recent MPs studies. Induction of
apoptotic processes were responsible for cell-mediated immunity
against the PS-MPs exposure (Canesi et al., 2015). Exposure to PE-MPs
led to increased abundance of immune-responsive proteins in the hae-
molymph of mussels (Green et al., 2019). Significant immunological
alterations in terms of strong inflammatory responses, formation of
granulocytomas, and granulocytes/hyalinocytes ratio were also ob-
served in Mytilus (Pittura et al., 2018; von Moos et al., 2012).

4.2. Toxicity thresholds for marine mussels

Generally, the ecotoxicological studies performed toxicity thresh-
olds for test organisms with endpoint values in EC10 or EC20 directly
based on the model fit (Azimonti et al., 2015; Beiras et al., 2019). The
no observed effect concentrations (NOECs) of MPs also could be used as
effect thresholds (Everaert et al., 2018). However, it is rough to select
the critical thresholds from the experiments constrained by limited and
discrete doses to responses. In this study, the benchmark modeling in
the dose–response assessment was first provided for estimating the ef-
fect threshold of MPs concentration for mussels. This scientific and
pragmatic approach has already been used to determine a biological
threshold in many toxicological studies (Hsieh et al., 2017; Wang et al.,
2019a).

A rapid boost of laboratory researches has documented the effects
exerted by MPs in mussels. Based on the different experiment scenarios
and the biomarker responses, selected critical concentrations of MPs
varied among all present systems. Nonetheless, few studies analyzed
their toxicity data for further evaluating the dose–response relation-
ships along with deriving threshold values. To date, only one study
calculated a 48-h EC50 of 0.142 mg L−1 on embryo development of M.
galloprovincialis in response to 0.2 µm PS-MPs, similar to the size of used
particles in this work (Balbi et al., 2017).

As for immunological effects in mussels, phagocytosis with a three-
fold lower BMC10 was more easily inhibited by PS-MPs in medium of
ASW than LMS. Notably, changing the exposure medium from ASW to
hemolymph serum made BMC10 for LMS attenuate approximately a ten-
fold decrease. Results of hemocytes incubated in hemolymph serum
implicated that PS-MPs would cause more harm to mussels in case of
higher bioavailability, although, large commitments of resources will
be required to organize, standardize, and validate (Kroll et al., 2009).

4.3. Risk assessment of microplastics in marine ecosystems

As a sessile filter-feeder, mussel effectively reflects ambient en-
vironmental pollution and plays a crucial role in early warning for
monitoring contaminants (Li et al., 2019). M. galloprovincialis has been
recorded in Europe, South America, South Africa, China, Japan, Cali-
fornia, and Australia whether wild caught or farm raised (Beyer et al.,
2017). Our study had scanned all the available scientific literature and

Fig. 3. Reanalyzed fraction of 50 mg L−1 polystyrene microplastics (PS-MPs)
size distribution with particle diameter (Dp) with a lognormal (LN) distribution.
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Fig. 4. Constructed the concentration–response profiles for relationships between PS-MP concentrations and inhibitions of (A) lysosomal membrane stability (LMS)
and (B) phagocytosis in hemocytes that were incubated in artificial sea water (ASW). (C) The concentration–response relationship between PS-MP concentrations and
inhibition of LMS in hemocytes incubated in serum of mussels. (D) Relationship between PS-MPs concentrations in ASW and serum. (E) A 3D scatter plot showing the
inhibited LMS response to PS-MPs exposure in artificial sea water (ASW) and serum.
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extracted the eligible data for risk assessment at a global scale. We
found that MPs from North Pacific Ocean were very likely (> 90%
probability) to pose a potential threat to marine mussels. Meanwhile,
the North Pacific Ocean has the maximal data whether prior or post
algorithm-based selection. Interestingly, most of them were sampled
near East Asia including Japan, Korea, and China (Isobe, 2016; Song
et al., 2015; Wang et al., 2019b).

There are some literature indicating severe MPs contamination oc-
curred in the North Pacific Ocean. Boucher and Friot (2017) reported
that the total losses of MPs from China and East Asia were 462 kilotons
that account for over 30% global emission. These densely populated
land-based sources are mainly around the North Pacific Ocean known
as the Great Pacific Garbage Patch. Among the major delivery channels,
the Taiwan Strait is the most important pathway of the export of near-
surface floating MPs from the East China Sea (Zhang et al., 2020). MPs
account for 8% of the total mass, whereas 94% of the estimated 1.8
trillion pieces are floating in this area, potentially contributing a large
fraction of MPs as a threat to biota (De Wolff, 2014; Lebreton et al.,
2018). Another study also estimated a weight of 21,290 metric tons of
floating MPs in the North Pacific Ocean (Law et al., 2014).

Contrastingly, MPs in the South Pacific and South Atlantic Oceans

showed no significant risks to the immune system of mussels based on
the present risk estimates. It is likely due to relatively lower MPs release
in South America and Africa (Boucher and Friot, 2017). Eriksen et al.
(2014) also suggested the same order of MPs weight in the world sur-
face oceans, with the highest and lowest occurred in the North Pacific
and South Pacific Oceans, respectively. However, limited information
of MPs concentrations in the Indian and South Atlantic Oceans is a
potential reason for certain reservations on health risks for marine or-
ganisms.

The model organism used in this study has commonly named
Mediterranean mussel due to its native habitat. The Mediterranean Sea
has the second most environmental concentration data with values
most in the range of 10−3−10−4 mg L−1 based on our PEC dataset.
Therefore, no significant risk of MPs was presented. However, coastal
species and those with larger home ranges were more at risk posed by
plastic pollution than open-sea species and local ones in the
Mediterranean Sea (Compa et al., 2019).

As we scrutinized the 41 data from each study, only five mass
concentrations from Geoje and Jinhae Bays of Korea, Coastal British
Columbia, North Atlantic Ocean, and the south-eastern coastline of
South Africa were higher than threshold values of MPs for mussel
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immunotoxicology (Desforges et al., 2014; Nel and Froneman, 2015;
Poulain et al., 2019; Song et al., 2014, 2015). Sources and types of MPs
sampled in these areas have much in common. Desforges et al. (2014)
and Song et al. (2014, 2015) demonstrated that marine-based sources
including fisheries and aquaculture were dominant due partly to high
abundance of paint resin particles. Synthetic fibers originated from
sewage effluent were also identified with a preponderant percentage of
MPs (Desforges et al., 2014; Nel and Froneman, 2015). Otherwise, MPs
types collected in the South and Northwestern Pacific Ocean were
dominated by fragments (Eriksen et al., 2018; Pan et al., 2019; Rudduck
et al., 2017).

Whereas MPs concentrations in other sample locations were far less
than the present thresholds, governments and relevant units should not
trifle with MPs pollution and impacts on regional biota under no cir-
cumstances. A bioassessment showed that 75% of sampled mussels had
ingested MPs from estuarine waters in Southern Brazil in which no
significant health risk of MPs on mussels presented based on our as-
sessment (Santana et al., 2016). Nevertheless, based on our effect
analysis, acute toxicity was induced less than one hour. Once a massive
pulse of MPs flowed into ocean, it is highly likely to pose a serious risk
to mussel immunity.

4.4. Limitations and implications

The main reason of broadening the scope of risk analysis from PS-
MPs to MPs was that few field studies have categorized MPs types from
sampled locations, let alone PS-MPs observations. On the other hand, a
previous report demonstrated that adverse effects of MPs on marine
organisms potentially arise as the physical impacts (GESAMP, 2015).
Similar immunological effects were found to different materials of MPs,
indicating that responses might be triggered by physical abrasion of the
tissue (Avio et al., 2015; Green et al., 2019; von Moos et al., 2012). Our
study framework shed light on the potential impact and the estimated
risks which could be improved in case more robust in vivo testing and
environmental concentrations of MPs are available. We therefore
strongly suggest that future researches of MPs impact on marine or-
ganisms should be required for adopting documented environmental
concentrations for risk assessment to yield more realistic estimates.

In this study, the used PS-MPs in adopted animal experiments from
Canesi et al. (2015) were all spherical MPs. Many laboratory studies
regarding MPs exposure rely solely on pre-produced plastics that are
easily purchased; however, these are not representative of the diverse
forms currently present in the environment (Lusher et al., 2017b). MPs
identified in both seawater and wild M. galloprovincialis showed that
fragments and fibers were the predominant type (Digka et al., 2018;
Sparks, 2020; Wakkaf et al., 2020). The exposure to irregular MPs with
sharp surfaces could potentially contribute to exacerbate the adverse
effects (von Moos et al., 2012). Therefore, further studies are required
to introduce varied shapes of MPs in the toxicological experiments.

Based on our reanalyzed size distribution, the occurrence of ag-
glomeration leading to micro-scale PS particles was confirmed as a real
exposure condition. MPs tend to agglomerate due to the physiochemical
properties, salinity, and particle size, as well as the collision probability
between MPs and natural organic substances (Choi et al, 2020;
Summers et al., 2018). Since the degradation of plastic particles during
short-term bioassays is highly unlikely, the agglomeration process in-
fluences the physical properties of MPs which largely determine the
mobility, bioavailability, and toxicity of particles during exposure
(Karami, 2017; Ward and Kach, 2009). A study in mussels demon-
strated that MP aggregates could enhance uptake and internal exposure
(Ward and Kach, 2009).

In light of the exposure risk assessment, it is essential to acquire size
and number of MPs per unit volume of water taken in by organisms
(Syberg et al., 2015). Particle size of MPs found in wild M. gallopro-
vincialis varied from 5 to 5000 μm which were corresponding to the size
of environmental MPs in our PEC dataset (Li et al., 2019). However,
among all selected PECs in aquatic systems, lower size limits of sampled
MPs fixed by mesh size cutoff of the plankton nets were larger than
those of modeled MPs in size of 0.2 μm in the present study. We found
that the smallest MPs among 39 studies was 7 μm in the Northest
Atlantic Ocean (Enders et al., 2015). On the other hand, the most
dominant size ranges of MPs were found predominantly in the interval
of smallest particle size. In addition, MPs abundance showed a power
law negative relationship with net mesh size regardless of sampling
region and time (Lindeque et al., 2020; Shim et al., 2018). Currently, it
is difficult to reflect the real abundance of MPs in environments due

Fig. 6. Box and whisker plots of risk quotient (RQ) distributions in the criteria of (A) LMS and (B) phagocytosis-based threshold for inhibition in hemocytes of mussels
exposed to PECs of MPs at different oceanic regions (NP: North Pacific Ocean; SP: South Pacific Ocean; NA: North Atlantic Ocean; SA: South Atlantic Ocean; Ind:
Indian Ocean; and Med: Mediterranean Sea). The red line indicates RQ = 1.
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partly to their small size and lack of standard methods for sample
collection, characterization, and quantification.

Furthermore, the abundance and distribution of MPs in marine
environment are believed to be driven by peculiar morphodynamic
variability and oceanographic features, such as prevailing surface cur-
rents and winds (Isobe et al., 2017; Rudduck et al., 2017). A complex
seasonal pattern of MPs concentration was exhibited along coastlines of
the Indian Ocean and the Red Sea (Martin et al., 2019; Veerasingam
et al., 2016). Hence, implementation of recording surveillance data is of
great importance in improving risk assessment of MPs. Given that the
spatiotemporal variation and other environmental stressors are still
difficult to be dealt with, more field data are needed to establish a ro-
bust database of worldwide environmental concentrations of MPs to
comprehensively assess the health risks that marine organisms confront
with.

A broad evidence has demonstrated bioaccumulations of MPs in
marine species and trophic transfer effects in food chains of aquatic
ecosystem (Browne et al., 2008; Cole et al., 2011; Farrell and Nelson,
2013; Rochman et al., 2014). It was reported that 0.05–7.2 and
2.1–10.5 items of MPs per gram soft tissue of wild caught and fishery
market bought mussels, respectively (Li et al., 2015, 2019). It is ex-
pected that annual dietary exposure for European shellfish consumers is
likely to reach 11,000 MPs per year (Van Cauwenberghe and Janssen,
2014). Miranda and de Carvalho-Souza (2016) indicated that the po-
tency of MPs transferring through food chain was more likely to pose
ecological and health-related risks. In finding MPs in mussels and other
seafood, the consumption risks of MPs to human health need further
explored (Hossain et al., 2020; Yang et al., 2019).

5. Conclusions

In this study we presented an approach for assessing potential im-
pact of MPs on oceanic-specific marine ecosystems based on a marine
mussel Mytilus-based probabilistic risk assessment framework. The ex-
tremely high exposure risk of MPs in the North Pacific Ocean where
scientists showed a great concern evidenced the heavy MPs pollution
having the potential to induce the significant toxicity effects on marine
organisms. Our findings have important implications for understanding
the linked relationships between environmental concentrations and
likelihood of exposure risk of marine organisms in different oceanic
regions around the world. We suggest that Mytilus-based indicator for
estimating risk metrics of essential marine ecosystems posed by en-
vironmentally relevant MPs concentrations can help inform practices
for the sustainable management and for mitigating the environmental
MPs-induced negative impact on marine organisms. This work re-
commends that there is an urgent need to take immediate actions to
minimize the detrimental consequences of marine MPs pollution, such
as source control and removal management.
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