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Abstract

The present study was conducted to assess, for the first time, the effects of a 14 days experimental exposure to polyethylene
(PE) based MPs (4048 um) on the clam Ruditapes decussatus. Clams were exposed to three different concentrations of MPs
in controlled laboratory conditions: 10 ug/L (low), 100 pg/L (medium), and 1000 pg/L (high). The effects of MPs were
assessed using a multi-marker approach, including the filtration rate, growth, and the integrity of immune cells (such as
haemocyte numbers, viability, and lysosomal membrane destabilization). The results revealed that as the concentration of
PE-MPs increased, the filtration rate decreased, indicating that PE-MPs hindered the clams’ ability to filter water.
Furthermore, there was a noticeable decrease in the overall weight of the clams, particularly in the group exposed to
1000 pg/L. This decrease could be attributed to the impairment of their nutrient filtration function. In terms of immune
system biomarkers, exposure to PE-MPs led to immune system disruption, characterized by a significant increase in the
number of haemocytic cells, especially in the group exposed to the high concentration. Additionally, there was a notable
reduction in the viability of haemocytes, resulting in the destabilization of their lysosomal membranes, particularly in the
groups exposed to medium and high PE-MPs concentrations. The findings of this study indicate that the sensitivity of
hemolymph parameter changes and filtration rate in R. decussatus exposed to PE-MPs (100 and 1000 pg/L), surpasses that of
growth performance and can serve as reliable indicators to assess habitat conditions and contaminant levels.
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Introduction

Marine litter encompasses persistent waste materials, either
manufactured or transformed into solid substances, which
ultimately find their way into the ocean. Among the various
materials falling under the category of marine litter, plastics
have emerged as significant contaminants of concern (Barnes
et al. 2009). Plastics are synthetic organic polymers that
possess the ability to be molded into diverse shapes and
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products (Worm et al. 2017), exhibiting high durability and
light weight. The continuous surge in synthetic plastic pro-
duction, coupled with inadequate waste management prac-
tices, has led to a substantial accumulation of these materials
in aquatic environments. It has been indicated that the annual
entry of plastic waste into the ocean ranges from 4.8 to 12.7
million tons (Jambeck et al. 2015), with approximately 80%
originating from land-based activities (Andrady 2011). Plas-
tics production is undergoing an unparalleled surge, with an
exponential growth that contrasts with its relatively modest
levels from 1910 to 1950. During that period, global plastics
production remained around 1.7 million tons. However, since
the conclusion of World War II, the production has sky-
rocketed, culminating at approximately 390.7 million tons in
2021, according to PlasticsEurope (2022).

Microplastics (MPs), which vary in size from 100 nm to
5Smm (Ng et al. 2018), have garnered significant attention
from the scientific community and society due to their
emergence as a global contaminant. They are categorized
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into two groups based on their origin. Primary MPs, con-
stituting approximately 15-31% of naturally occurring
MPs, are manufactured for industrial purposes. On the other
hand, secondary MPs, accounting for up to 69% of the total
MPs, are formed through the fragmentation of larger plastic
items due to exposure to UV rays, heat, biological activity,
or mechanical forces such as waves and wind (Cole et al.
2011). These microparticles have become pervasive in the
marine environment, being found across various locations
such as water surfaces, water columns, sediments, and
organisms worldwide (Qu et al. 2018).

Marine organisms have multiple pathways through which
they uptake MPs, such as mistaking them for prey or
ingesting them through filtration trophic transfer (Nelms et al.
2019; Rist et al. 2019). The potential ecotoxicological effects
of MPs have been investigated in a wide range of organisms,
revealing that the ingestion of these emerging pollutants by
marine organisms can lead to detrimental consequences
including physical damage, by blocking or wearing down the
food organs and digestive tract, reducing feeding rates, inhi-
biting growth, causing starvation and death. Additionally, the
presence of sharp MPs can inflict damage on the gills or
intestinal tissues (Abidli et al. 2021b; Talvitie et al. 2015;
Saud et al. 2023). Furthermore, MPs can pose direct toxicity
to aquatic organisms through the plastic material itself, and
they may also carry toxic substances to these organisms.
These substances include toxic additives, heavy metals, and
persistent organic pollutants (Al Marshoudi et al. 2023; He
et al. 2023; Tiwari et al. 2019; Digka et al. 2018).

Emerging research indicates that MPs have been
detected in human blood and organs, as indicated by
recent studies (Revel et al. 2018; Leslie et al. 2022).
Furthermore, there is a substantial body of literature
reporting the harmful effects of MPs on various marine
organisms, including bivalve species (Abidli et al. 2021b;
Bringer et al. 2020; Sussarellu et al. 2016; Jiang et al.
2022; Rodrigues et al. 2022; Shi et al. 2020; Tang et al.
2020, 2022). In fact, due to their sedentary nature, high
capacity for pollutant accumulation, widespread dis-
tribution, and ease of sampling (Stankovic et al. 2014),
bivalves are frequently utilized as sentinel organisms in
ecotoxicological investigations. These filter-feeding
organisms are commonly employed as bioindicators in
ecotoxicological studies due to their potential to ingest
significant quantities of pollutants (Faggio et al. 2018).

The evaluation of the immune system is crucial in ecotox-
icological studies focusing on bivalves due to their heightened
sensitivity to pollutants (Fournier et al. 2005). Various factors,
such as the type and concentration of contaminants, as well as
the duration of exposure (acute or chronic), can influence the
impact on this system (Fournier et al. 2005; Salo et al. 2005).
Pollution-induced disruption of the immune system has been
found to result in diverse effects, including

immunosuppression, immunostimulation, and hypersensitivity,
thereby increasing the risk of infection (Pipe and Coles 1995;
Gagné et al., 2015; Shi et al. 2020; Tang et al. 2020, 2022),
autoimmune diseases, or cancers (Brousseau et al. 2012).
Notably, excessive disturbances can render bivalves susceptible
to pathogens like Vibrio sp., which are typically harmless
(Gagné et al. 2015). The immune responses of bivalves can
manifest in cellular and humoral forms, depending on the
encountered risk (Gueguen et al. 2003; Tanguy et al. 2013).
Key parameters assessed following contamination include the
overall count and viability of haemocytes, their phagocytic
capability, and the release of degradative or lysosomal
enzymes, cytokines, and reactive oxygen intermediates (Pipe
and Coles 1995; Brousseau et al. 2012; Gagné et al. 2015).

The present investigation aimed to assess the potential
toxicity of polyethylene (PE) MPs in the clam species
Ruditapes decussatus. This particular bivalve species was
chosen as a model organism due to its economic sig-
nificance in the marine industry and previous evidence of
MP accumulation in its body (Abidli et al. 2019). The
selection of PE polymer for this study was based on prior
findings, which revealed that the majority of MPs found
in sediments and tissues of molluscs and fishes along the
northern coast of Tunisia consist of this polymer type
(Abidli et al. 2018, 2019, 2021a; Toumi et al. 2019).

The ecological and toxicological implications of pollu-
tants are typically assessed by examining various physio-
logical, biochemical, and immune parameters in aquatic
organisms (Palanikumar et al. 2012). Among these para-
meters, the filtration rate holds significant importance as it
reflects the bivalves’ ability to feed on suspended particles
in the water column (Oliveira et al. 2018). Additionally, the
measurement of immunological biomarkers is commonly
employed in studies investigating the mechanisms of
environmental toxicity in organisms exposed to pollutants
(Regoli and Giuliani 2014; Faggio et al. 2016).

As MP concentrations in marine environments continue to
rise, it is crucial to understand their impact on the biological
systems of marine organisms. In this regard, a multi-marker
approach was adopted to evaluate the effects of MPs on clams.
Specifically, the filtration rate and several immunological bio-
markers such as the number and viability of hemocytes and the
lysosomal membrane’s stability were measured in the haemo-
lymph of R. decussatus after 14 days of exposure to PE-MPs at
concentrations of 10 ug/L, 100 pug/L, and 1000 pg/L.

Material and methods
Animal sampling

A total of 200 adults of the clam species R. decussatus were
manually collected from the sandy sediments of the Menzel
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Jemil site in the Bizerte lagoon, located in Northern Tunisia
(latitude 37° 22’ N and longitude 9° 93* E) at a depth of
0.5m. The collection took place on July 10th, 2020. To
reduce stress on the clams, they were promptly transferred
to the laboratory in an ice chest container immediately after
sampling.

In the laboratory, the clams were placed in a large glass
aquarium with a volume of 50 L. The aquarium was filled
with filtered surface seawater obtained from the sampling
site using Whatman® GF/C filters with a pore size of
approximately 10 um. To ensure optimal conditions, the
seawater (T=22°C, S=33.3 psu, and pH=7.8) was
continuously aerated. The clams were allowed to acclimate
in this environment for a period of four days before the start
of the experiment. After the acclimation period, biometric
measurements were taken, revealing an average length of
20.45 £ 1.27 mm and an average weight of 4.62 + 1.04 g for
the clams. The decision to use filtered seawater was based
on a preliminary analysis of MPs in the seawater at the
sampling station indicated a concentration of 5 items per
liter with MP sizes ranging from 0.5 to 2mm in length
(Unpublished data). Therefore, during the acclimation per-
iod, the seawater was filtered using 10 um filters to remove
MPs while allowing the passage of micro-algae such as
Phaeodactylum tricornutum, Isochrysis galbana, and Tet-
raselmis sp, which were consumed by the clams. It is worth
noting that no mortality was observed during the acclima-
tion period.

Experimental design

Characterization of MPs in seawater from the Open Sea of
Bizerte

Given the proximity of the laboratory to the Open Sea of
Bizerte (latitude 37° 26’ N and longitude 9° 88’ E) and to
avoid the need for frequent trips to the sampling site during
the contamination period to bring seawater, an analysis of
the level of MP pollution in the seawater from the Open Sea
of Bizerte was carried out. To achieve this, three separate
1-liter replicates of surface seawater were collected in glass
bottles and promptly transported to the laboratory. In the
laboratory, the seawater samples underwent filtration using
Whatman® GF/C filters with a pore size of 1.2 ym. A
Millipore vacuum pump was employed for this filtration
process. Subsequently, the filters were carefully placed in
covered glass petri dishes and left to dry overnight at room
temperature. Under a ZEISS KL 1500 LCD stereomicro-
scope, the characterization of MPs was conducted. Pre-
cautions were taken to prevent external contamination,
especially from airborne particles. The equipment used for
MP extraction was thoroughly rinsed with bi-distilled water
prior to use. Furthermore, blank filters without seawater
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were tested to evaluate potential airborne contamination,
and the analysis under the stereomicroscope did not reveal
any signs of such contamination. The results of the MP
characterization in the seawater from the Open Sea of
Bizerte indicated a concentration of 12 MPs per liter, with
sizes ranging from 0.2 to 3 mm.

Following the completion of the acclimatization period,
on July 14th, 2020, a total of 45 adult clams per treatment
(15 individuals per replicate) underwent measurements for
total length and weight. Subsequently, they were transferred
to separate glass aquaria with a capacity of 10L. Each
aquarium was filled with 5L of filtered seawater obtained
from the Open Sea of Bizerte (S =34.7 psu, and pH = 8),
using filters with a pore size of 1.2 um. To ensure sufficient
oxygen supply, continuous aeration was provided through
air diffusers positioned in the middle of each aquarium. The
temperature was maintained at 22 °C within a designated
acclimatized room, with lighting following the natural
photoperiod.

In this study, clams were exposed to PE-MPs, which are
the most widely produced plastic polymer according to
PlasticsEurope (2022), and also the most commonly
encountered type in Tunisian seawater based on previous
studies by Abidli et al. (2018, 2019, 2021a). The PE-MPs
used in this study were commercially purchased from Sigma
Aldrich, USA, and were free of additives. They had a
particle size ranging from 40 to 48 um and possessed an
ultra-high molecular weight.

To prepare the stock solution of MPs, 100 mg of PE-MPs
were added to 100 ml of filtered seawater (1.2 um) and mixed
for 30 minutes, resulting in a concentration of 1 g/L. Along-
side a control group that consisted of filtered seawater without
any added PE-MP, three different concentrations of PE-MP
were selected for the experimental groups: 10 pg/L, 100 pg/L,
and 1000 pg/L. Each concentration was replicated three times.
The chosen concentrations were based on the consideration
that concentrations below 23 pg/L. were deemed representa-
tive of coastal areas. Therefore, in this study, a concentration
of MPs (10 pg/L) lower than 23 pg/L was selected, as well as
two higher concentrations (100 ug/L and 1000 pug/L). To
minimize potential airborne contaminants, all aquariums were
covered with glass lids throughout the experiment. The sea-
water in the aquariums was renewed and contaminated with
the appropriate concentration of PE-MP three times per week.
The physicochemical properties of the filtered seawater used
in the experiment were assessed during each water renewal,
and no significant changes were observed throughout the
contamination period. To prevent interactions between
microalgae and MPs, a protocol was implemented during
each seawater renewal and contamination event. Specifically,
one hour before each renewal, the clams were provided with a
feeding of brown microalgae Isochrysis galbana, which has a
particle size of 5 um. The feeding amount was set at 40 uL/L
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of seawater, following the method described by Revel et al.
(2019).

The overall exposure period for the clams lasted for
14 days. At the conclusion of the experiment, it is worth
noting that no mortality was observed in either the exposed
groups or the control groups across all treatment conditions.

Filtration rate

The determination of the filtration rate (FR) in clams was
carried out individually for each clam immediately after the 14-
day exposure period, following the method described by
Coughlan (1969). This method relies on monitoring the
removal of neutral red dye particles from the water column
by the clams. In brief, a stock solution of neutral red (1 g/L)
was prepared, and from this stock solution, diluted solutions
(1 mg/L)) were prepared in 100 ml bottles. Nine clams from
each treatment (with 3 specimens per replicate, of confused
sex) were randomly chosen from the aquaria. These selected
clams were then placed individually in 100 mL beakers, each
containing 100 pl of the prepared neutral red stock solution
(1 g/L), and were left in darkness for a period of 2 hours. Prior
to immersing the clams in the neutral red solution, a volume of
10 ml water was extracted from each beaker for the purpose of
determining the initial concentration, CO by measuring the
optical density (OD) at 550 nm. After 2 h, the clams were taken
out from the beakers, and both the remaining solutions (Ct) and
the initial aliquot (CO) were acidified to a pH of 5 with HCl
(5%). The concentrations of neutral red were then assessed by
performing triplicate absorbance measurements at 550 nm
using a Thermo Scientific™ Multiskan™ FC Microplate
Spectrophotometer. To establish a standard curve for the dye
concentrations, neutral red standards were measured alongside
the samples, enabling the extrapolation of the dye concentra-
tions. The FR was determined using the formula: FR = [M / nt]
log (CO/Ct), where M represents the volume of the test solution
(mL), n denotes the number of clams used, t indicates the
duration in hours, and CO and Ct represent the dye con-
centrations at the beginning and after 2 hours, respectively. The
results were reported as mL/h/individual.

Immunomodulation

To collect haemolymph samples from clams, sterile needle
syringes with a capacity of 10 mL were used. The posterior
adductor muscles were accessed by puncturing the dorsal
side of the shell using forceps. Haemolymph samples were
withdrawn and pooled (~1 mL) in 1.5 mL Eppendorf tubes,
with two specimens collected from each replicate. To pre-
vent cell agglomeration, the Eppendorf tubes were kept on
ice and stored at room temperature (20 °C).

For haemocyte counting, a Malassez counting cell cov-
ered by a coverslip was utilized. The haemocytes were

counted under light microscope (Olympus CH20) in each
replicate. The results were reported as the number of hae-
mocytes per liter of haemolymph.

Haemocyte viability was assessed using the trypan blue
staining method. A 30 uL sample of haemolymph taken
from the posterior adductor muscle of the clams was placed
on a slide and allowed to incubate in a dark room at a
temperature of 20 °C for 30 minutes, facilitating cell adhe-
sion to the slide. After removing the excess fluid from the
slide, 30 uL of Trypan blue solution (1.2%) was added, and
the mixture was left to stand for 5 minutes. The excess dye
was then removed, and 30uL of filtered seawater was
added, followed by covering with a coverslip. Under a
microscope, viable cells (clear) and dead cells (blue) were
counted separately. The results were presented as the ratio
of living cells to the total number of cells counted.

Lysosomal membrane stabilization was assessed through
the neutral red retention time (NRRT) assay. Neutral red, a
lipophilic dye capable of crossing both the cell membrane
and lysosomal membrane, was used in this procedure. To
begin, after haemolymph collection, a 30 uL drop of the
sample was placed on a slide and allowed to incubate in a
humid, dark room at a temperature of 20 °C for 30 minutes
to enable cell adhesion to the slides. Following the incu-
bation period, the slides were unloaded, and 30 pl of neutral
red solution (prepared at a concentration of 144 ug/mL from
a stock solution of 28.8 mg/mL dimethyl sulfoxide, DMSO)
was added. The mixture was then incubated for 15 minutes.
After the incubation period, the excess dye was removed,
and 30 pL of filtered seawater was added. The slides were
covered with coverslips and examined under a microscope
every 15 minutes. The objective was to observe the per-
centage of cells that exhibited the release of the dye from
the lysosomes. In each examination, 10 different fields, each
containing 810 cells, were assessed. The completion of the
test was determined by the time at which 50% of the cells
displayed the release of the dye from the lysosomes.

Statistical analyzes

The percentages of cell viability were statistically compared
among the different treatments using the Chi-square test with
the R 1386 3.3.0 software. For the comparisons of biometric
parameters, filtration rate, and immunological biomarkers
among the different treatments, one-way ANOVA was con-
ducted followed by the HSD Tukey (THSD) post-hoc test
using Statistica 8.0 software. Prior to analysis, all data were
assessed for homogeneity of variances using Levene’s test in
Statistica 8.0 software, and normality using Kolmogorov-
Smirnov test in IBM SPSS version 29.0.1.0, and Table 1
provides the detailed findings of these tests for all the data.
Statistical significance was considered at p <0.05, and the
results are presented as the mean + S.D.
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Table 1 The results of the homogeneity of variances (Levene’s test) and of the normality (Kolmogorov-Smirnov test)
Data Treatments Levene’s test p Kolmogorov-Smirnov normality test p
Filtration rate All treatments 2.82 0.1 0.2 0.19
Total weight Control (Beginning/End) 0.02 0.89 0.18 0.2
10 pg/L (Beginning/End) 6.17 0.06 0.23 0.2
100 pg/L (Beginning/End) 1.76 0.25 0.30 0.08
1000 pg/L (Beginning/End) 2.18 0.21 0.26 0.2
Haemocytes count All treatments 0.06 0.97 0.19 0.2
Neutral Red Retention Time All treatments 4.6 0.06 0.3 0.08
R 50 - a
esults £ 45 |
g a
£ 40
Filtration rates 8§35 a
T 30
After a 14-day exposure to PE-MPs, the clams in the control P 25
group exhibited a higher filtration rate compared to the s 20 | b
other treatment groups. The filtration rate of R. decussatus ,§ 45 o
gradually decreased with increasing concentrations of the s 10
pollutant, indicating that PE-MPs hindered the clams’ T 5 '
ability to filter water. The difference in filtration rate o ‘ ,
between the control group (38.33 +£7.59 mL/animal/h) and Control 10 pg/L 100 pg/L 1000 pg/L

the group contaminated with 1000 pg/L (14.12 +2.31 mL/
animal/h) was found to be statistically significant (F = 7.96;
p=0.001). Among the contaminated groups, a significant
difference was observed only between the group exposed to
the high concentration of PE-MPs (Fig. 1).

Effect of MPs on the growth of the clam R.
decussatus

In order to assess the impact of MPs on the growth of R.
decussatus clams, the total weight and total length were
measured both at the start and end of the contamination
experiment. The results revealed a significant reduction in
total weight for clams exposed to 100pug/L (F=0.64,
P =0.003) and 1000 pg/L (F = 0.089, P = 0.01) of PE-MPs
between the beginning and end of the experiment (Fig. 2).
However, no significant difference in total length was
observed for any of the treatment groups between the
beginning and end of the experiment (Fig. 3).

Effect of MPs on immunological biomarkers in R.
decussatus

Haemocytes count
After exposure for 14 days to PE-MPs, the number of
haemocyte cells increased significantly (F=0.06;

P=0.003) in R. decussatus exposed to the high con-
centration of 1000 pug/L Fig. 4.
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Fig. 1 Filtration rate in R. decussatus exposed for 14 days to PE-MPS.
Letters (a, b) indicate significant differences between different treat-
ments (p<0.05: significant difference (ANOVA, Tukey’s HSD)),

n=9
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Fig. 2 Total weight (g) of the clam R. decussatus exposed for 14 days
to PE-MPs. Letters (a, b) indicate significant differences between the
different treatments (p<0.05: significant difference (ANOVA,
Tukey’s HSD), n =45 at the beginning of the experiment and n =27
at the end of the experiment

Haemocytes viability

After exposing R. decussatus clams to PE-MPs for a
period of 14 days, a significant decrease in haemocyte
viability was observed among the different treatments.
The reduction was particularly pronounced between the
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Fig. 3 Total length (mm) of the clam R. decussatus exposed for 14
days to PE-MPs. Letters indicate significant differences between the
different treatments (p<0.05: significant difference (ANOVA,
Tukey’s HSD)), n =45 at the beginning of the experiment and n =27
at the end of the experiment
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Fig. 4 Effect of PE-MPs on the number of haemocytes in the hemo-
lymph of the clam R. decussatus. Letters (a, b) indicate significant
differences between the different treatments (p <0.05: significant dif-
ference (ANOVA, Tukey’s HSD))

control group and the group exposed to the high con-
centration of 1000ug/L (x2=105.67, P=22 107'9
(Fig. 5).

Lysosomal membrane stability test

Mean values of NRRT in the clam R. decussatus of all
treatments are shown in Fig. 6. The results revealed a
significant decrease in NRRT in all MP-treated groups
compared to the Control group. The Control group
exhibited the highest NRRT value, indicating the
absence of lysosomal membrane disruption throughout
the entire 120-minute observation period (Fig. 6). Con-
versely, the Jlowest NRRT value (15 minutes)
was observed in the high concentration of PE-MPs
(1000 pg/L) (F=4.0; P =0.0002).
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Fig. 5 Haemocyte Viability (%). Different letters indicate a significant
difference among treatments (Chi-square test). The significant level
is 0.05
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Fig. 6 Neutral Red Retention time (NRRT) as marker of lysosomal
cytotoxicity in haemocytes. Different letters (a, b, ¢) indicate a sig-
nificant difference among treatments (ANOVA, Tukey’s HSD)),
n = 3). The significant level is 0.05

Discussion

In recent decades, the release of emerging pollutants into
the global environment has presented a significant ecotox-
icological challenge. The widespread use of plastic products
has resulted in the substantial generation of plastic waste.
MPs, which have infiltrated aquatic ecosystems worldwide,
necessitate focused ecotoxicological attention to enhance
our understanding of the toxicity associated with this class
of pollutants. In this study, three concentrations of MPs
were chosen, including two environmental concentrations
(10pg/L and 100pg/L) and one high concentration
(1000 pg/L). Additionally, based on previous findings in the
lagoon of Bizerte, where the three bivalve species M. gal-
loprovincialis, R. decussatus, and C. gigas were examined,
it was determined that the primary type of MPs detected in
their tissues consisted of PE polymer (Abidli et al. 2019).
Consequently, for this investigation, the same PE polymer
was selected. A multi-marker approach was employed to
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evaluate the effects of PE-MPs on R. decussatus. Para-
meters assessed included filtration rate, growth, and specific
immunological biomarkers, namely, haemocyte cell count,
viability test, and lysosomal membrane stabilization (mea-
sured from haemolymph collected from the posterior
adductor muscle). The findings of this study indicated that
exposure to PE-MPs resulted in reduced filtration rates in R.
decussatus. These results suggest that this particular species
of bivalve is highly sensitive to MP contamination in its
habitat. As a consequence of this impaired filtration func-
tion, the bivalve’s capacity to obtain nutrients through water
filtration may be diminished.

The decrease in filtration rate observed in R. decussatus
after exposure to MPs aligns with previous findings in var-
ious bivalve species, including Mytilus galloprovincialis
(Abidli et al. 2021b), Corbicula fluminea (Oliveira et al.
2018), Atactodea striata (Xu et al. 2017), and Ruditapes
philippinarum (Sikdokur et al. 2020). Oliveira et al. (2018)
suggested that this functional impairment could potentially
result in starvation and a decrease in the condition index
with prolonged exposure. It appears that R. decussatus
employs a strategy of closing its valves to avoid contact with
these emerging pollutants, thereby reducing the ingestion of
PE-MPs. Exposure to PE-MPs caused a significant decrease
in total weight in R. decussatus individuals exposed to
100 pg/L and 1000 pg/L concentrations over the course of
the experiment. The ingestion of MPs by clams appears to
disrupt nutrient uptake, leading to a loss of nutrient filtration
function. This disruption can subsequently lead to a decrease
in available energy, resulting in weight loss and impaired
growth. A research conducted by Trestrail et al. (2021)
demonstrated that the presence of MPs (PE-MPs at con-
centrations of 21.4 ug/L (20 um), 1720.1 pg/L (75 pm), and
8600.3 pug/L (75 um), as well as polystyrene MPs (PS-MPs)
at a concentration of 21.4 pg/L (20 um)) caused alterations in
the activity of digestive enzymes in the mussel M. gallo-
provincialis. These changes, in turn, had the potential to
disrupt the energy flow within the digestive system, which
may explain the observed decrease in growth and repro-
ductive output among invertebrates that have ingested MPs.
In Manila clam, R. philippinarum, PS-MPs (5 and 10 um)
significantly increased the rates of respiration and excretion,
while significantly reducing feeding and absorption effi-
ciency. Consequently, this led to a substantial decrease in the
available energy for growth, ultimately resulting in slower
growth rates (Jiang et al. 2022). However, Sussarellu et al.
(2016) found no significant difference in the condition index
between control groups and those contaminated with PS-
MPs (2 and 6 um; 0.023 mg/L) in the oyster C. gigas. These
findings suggest that different bivalve species, such as R.
decussatus (in the present study) and C. gigas, may exhibit
distinct responses to MP contamination in terms of avoid-
ance strategies and impacts on their condition.
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Bivalves rely on circulating haemocytes to perform
various physiological functions, including wound repair,
shell repair, nutrient digestion and transport, excretion, and
internal defense (Donaghy et al. 2009). In the marine
environment, bivalves face the challenge of maintaining a
robust immune response to survive, as they are exposed to a
wide range of pollutants (Avio et al. 2015; Détrée, Gal-
lardo-Escéarate (2018); Shi et al. 2019; Liu et al. 2016; Guan
et al. 2019). However, it remains unclear whether immu-
nological parameters in the clam R. decussatus are affected
by contamination from PE-MPs, as no previous study has
addressed this issue. Therefore, this study aimed to inves-
tigate the effects of exposure to PE-MPs on several
immunological biomarkers in R. decussatus, including total
haemocyte count (THC), haemocyte viability, and lysoso-
mal membrane stabilization. The results revealed that after
14 days of exposure, PE-MPs significantly impacted the
immune system of R. decussatus. The clam exhibited an
increase in haemocyte production in response to MPs, with
the magnitude depending on the concentration of the pol-
lutant. The increase in THC could be attributed to either a
cell proliferation process or may be indirectly induced by
MPs. This indirect effect may be caused by the alteration of
the physiological status of digestive cells and other tissues,
inducing the multiplication of circulating haemocytes to
repair and protect the entire organism. Additionally, there
was an elevation in the number of dead haemocytes and a
decrease in lysosomal membrane stabilization. These find-
ings suggest that MPs have a detrimental effect on the
immune system of R. decussatus, potentially increasing the
susceptibility to infection (Pipe and Coles 1995; Gagné
et al. 2015) and the risk of autoimmune diseases or cancers
(Brousseau et al. 2012). These results highlight the vul-
nerability of R. decussatus to the immunotoxic effects of
MPs. Moore et al. (2006) and Martinez-Gémez et al. (2008)
have established criteria for assessing the health status of
animals based on the Neutral Red Retention Time (NRRT)
assay. According to their findings, animals are considered
healthy if the NRRT is equal to or greater than 120 minutes.
If the NRRT falls below 120 minutes but remains above
50 minutes, it indicates that the animals are stressed but able
to compensate. However, if the NRRT is less than
50 minutes, it suggests that the animals are severely stressed
and likely exhibiting pathology. In the present study, clams
exposed to 100 and 1000 pg/L of PE-MPs should be cate-
gorized as severely stressed, while the 10 pg/L treatment
can be considered moderately stressed. The immunotoxicity
of MPs has also been investigated in other bivalve species.
In the blood clam Tegillarca granosa, PS-MPs (0.5 and
30 um) induced a significant reduction in haemocyte via-
bility (Shi et al. 2020). This finding indicates that PS-MPs
caused immunosuppression in 7. granosa, making them
highly susceptible to infections. Similarly, Tang et al.
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(2020, 2022) documented immunotoxicity in the same
species, as evidenced by alterations in hematic indexes,
disturbing of humoral immune responses, and suppression
of haemocyte chemotactic activity. In the case of M. gal-
loprovincialis, the stabilization of lysosomal membranes in
haemocytes was assessed after incubation with different
concentrations of PS-NH, (1, 5, and 50 ug/mL). The results
demonstrated a concentration-dependent decrease in lyso-
somal membrane stabilization, with a 50% reduction
observed at the highest concentration of PS-NH2 (Canesi
et al. 2015). Furthermore, Von Moos et al. (2012) reported
significant destabilization of lysosomal compartments in the
digestive tissue of Mytilus edulis following exposure to
MPs at a concentration of 2.5 g/L.. These studies highlight
the adverse effects of MPs on the immune system and
cellular health of bivalves, underscoring their vulnerability
to immunosuppression and physiological disruptions caused
by MP contamination.

Conclusion

For the first time, our experimental results highlight that
environmentally relevant concentrations of PE-MPs
(40-48 um) are toxic for R. decussatus. Following a
14-day exposure, these emerging pollutants significantly
reduced the filtration rate and weight of the clams, parti-
cularly in the group subjected to the high concentration of
PE-MPs. Furthermore, in terms of immune system bio-
markers, exposure to PE-MPs disrupted the immune sys-
tem, evident by a notable increase in the number of
haemocytic cells and a significant decrease in the viability
of haemocytes, leading to the destabilization of their lyso-
somal membranes, particularly in the groups exposed to
medium and high PE-MPs concentrations. Further investi-
gations should consider exploring the effects of different
MP polymers and prolonged exposure periods. Addition-
ally, studying the combined effects of MPs with other
contaminants, such as pharmaceuticals, would help to elu-
cidate the role of MPs as potential vectors of pollutants.
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