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o NPs significantly affected the physio-
logical metabolism of scallops than MPs.
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ABSTRACT

Although microplastics (MPs) and nanoplastics (NPs) have become a global concern because of their possible
hazards to marine organisms, few studies have investigated the effects of MPs/NPs on the nutritional quality of
marine economic species, and the toxicity mechanisms remain unclear. We therefore investigated the effects of
polystyrene MPs (PS-MPs, 5 pm) and NPs (PS-NPs, 100 nm) at an environmentally relevant concentration on
adult scallops Chlamys farreri through the determination of nutritional composition, physiological metabolism,
enzymatic response, and histopathology. Results showed that plastic particles significantly decreased the
plumpness (by 33.32 % for PS-MPs and 36.69 % for PS-NPs) and protein content of the adductor muscle (by 4.88
% for PS-MPs and 8.77 % for PS-NPs) in scallops, with PS-NPs causing more notable impacts than PS-MPs. Based
on the integrated biomarker response analysis, PS-NPs exhibited greater toxicity than PS-MPs, suggesting a size-
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dependent effect for plastic particle. Furthermore, PS-NPs significantly affected the physiological metabolism (e.
g., filtration and ammonia excretion) than PS-MPs. Using gill transcriptomics analysis, the key toxicological
mechanisms caused by NPs exposure included enrichment of the mitophagy pathway, responses to oxidative
stress, and changes related to genes associated with nerves. This study provides new insights into the potential
negative effects of MPs/NPs on the mariculture industry.

1. Introduction

Once plastic litter enters the marine environment, it can undergo
degradation through mechanical abrasion, solar radiation, wave
erosion, biological effects processes that result in the formation of
microplastics (MPs, 1 pm-5 mm) and nanoplastics (NPs, 1 nm-1 pm)
(Alimi et al., 2018; Moore, 2008). MPs derived from larger particles
(secondary microplastics) or manufactured in small size (primary
microplastics) are ubiquitous in marine environments and known to be
ingested by a wide range of marine organisms (Gardon et al., 2018;
Hidalgo-Ruz et al., 2012; Jeong et al., 2017; Xia et al., 2022). Impor-
tantly, MPs might represent a human health risk through exposure via
the food chain (Cole et al., 2013; Peng et al., 2020). Despite the current
analytical challenges associated with their detection and quantification
(Ter Halle et al., 2017), NPs have also been reported to exist in marine
environments (Li et al., 2023). Although direct evidence of toxicity of
MPs/NPs to human is currently limited (Zhou et al., 2020), a series of
studies investigating the toxicity of MPs/NPs using model species such
as zebrafish suggest exposure could be deleterious, especially to NPs
(Zhou et al., 2023a; Zhou et al., 2023b). When compared with MPs, the
smaller size and larger specific surface area of NPs enables them to
penetrate cell membranes and cross biological barriers (Besseling et al.,
2014; Mattsson et al., 2017), consequently being transferred to the cir-
culatory system (Kashiwada, 2006). Therefore, NPs have the potential to
cause a greater impact on marine ecosystem than MPs.

Aquaculture plays an increasingly important role in the output of
aquatic products (Duarte et al., 2009; Ray et al., 2019). In 2020, the
contribution of aquaculture to global aquatic animal production reached
49.2 % (Wenning, 2020). Some studies have shown that MP/NP inges-
tion caused adverse effects on the physiological functions of fisheries
organisms (Gardon et al., 2018; Kibria, 2023; Rist et al., 2016; Wegner
et al., 2012). As mariculture species can be utilized as seafood for con-
sumption by humans, it is therefore important to investigate whether
exposure and ingestion of MPs/NPs can have any negative impacts on
their nutritional quality. For example, polystyrene NPs altered muscle
nutritional quality in the large yellow croaker (Larimichthys crocea) (Lai
et al., 2021). Our previous study also reported that polystyrene MPs
affected the nutritional composition of marine jacopever (Sebastes
schlegelii) (Yin et al., 2018). To our knowledge, however, no studies have
investigated the impacts of MPs/NPs on the nutritional composition of
marine bivalves, hampering the risk assessment of MPs/NPs in the
quality of seafood.

Gill is the primary route for plastic particle internalization via
respiration or feeding (Duarte et al., 2009; Galimany et al., 2017). MPs/
NPs can adhere to gill filaments upon ingestion, where they can be
difficult to discharge. This can lead to a physical interference with the
respiration process and a reduction in food intake, ultimately resulting
in starvation (Watts et al., 2014; Wright et al., 2013). MPs have been
shown to induce physiological and structural alterations in the gills of
Indian green mussels through oxidative stress (Vasanthi et al., 2021).
When dealing with an excess of reactive oxygen species (ROS), organ-
isms depend not only on the catalytic activity of antioxidant enzymes,
but also on the expression level of related genes (Zeng et al., 2023; Zhao
et al., 2019). Futhermore, MPs (PS, 100 g/L, 5 + 0.3 pm) have been
shown to cause immune damage and changes in the DNA of gills of red
swamp crayfish (Zeng et al., 2023). However, the underlying mecha-
nisms on the effects of MPs/NPs on the nutritional quality and the edible
value of marine bivalves remain unclear.

In this study, the marine scallop Chlamys farreri was selected as the
experimental organism due to its ecological and economic value. We
hypothesized that NPs caused greater impact on the nutritional quality
of scallops than MPs by disturbing the gill function and physiological
metabolism as the result of increased tissue damage, oxidative stress and
neurotoxicity. To test this hypothesis, we investigated the impacts of
polystyrene MPs (PS-MPs, 5 pm) and NPs (PS-NPs, 100 nm) at an
environmentally relevant concentration (0.23 mg/L) on nutritional
quality, physiological metabolism, and histopathological alteration of
Chlamys farreri. The sublethal toxicity effects of PS-MPs/NPs were
evaluated by measuring biomarkers for oxidative stress, lipid peroxi-
dation levels, and neurotoxicity. Finally, gill transcriptome analysis
allowed the underlying mechanisms to be elucidated for the first time.

2. Materials and methods
2.1. Test organisms

Adult scallops Chlamys farreri (mean fresh weight of 10.49 + 1.02 g
and mean shell length of 52.74 + 1.42 mm) were collected from Laoshan
Bay, Qingdao, China (120.544367°E, 36.104882°N). After carefully
cleaning the epibionts, the scallops were acclimated in filtered and
sterilized natural seawater (temperature of 22.88 + 1.02 °C, pH of 8.13
+ 0.07, and salinity of 30.66 + 0.64) with continuous aeration for 1
week. They were fed with the marine algae Chlorella vulgaris at a con-
centration of 6 x 10° cells m/L. The seawater was renewed daily to
remove feces.

2.2. Test materials

PS beads (free of sodium azide; density: 1.064 g/cm®, 10 mg/mL)
with diameters of 100 nm and 5 pm were purchased from BaseLine
ChromTech Research Centre (Tianjin, China). The polymer type was
identified using Fourier transform infrared spectroscopy (Frontier FT-IR
Spectrometer, PerkinElmer, U.S.). The morphology and primary size of
PS-MPs and PS-NPs were characterized by Scanning electron microscopy
(SEM, S-4800, Hitachi, Japan) and transmission electron microscope
(TEM, JEM-2100, JEOL, Japan). The average hydrodynamic diameter
and zeta potential of the samples (0.23 mg/L) in ultrapure water (pH =
7.02 + 0.06) and filtered seawater (pH = 8.13 + 0.07) were further
characterized using a Nano laser particle size analyzer (NanoBrook
90Plus PALS, Brookhaven Instruments Corporation, U.S.).

2.3. Experimental design

After acclimation, the scallops were randomly divided into a control
(only seawater without PS-NPs/MPs) and two exposure groups, each
containing 18 individuals. During the exposure period, scallops were
first fed with uncontaminated Chlorella vulgaris for 2 h daily, in which
time the scallops typically consumed all the microalgae. Subsequently,
the scallops were transferred to the aqueous PS-MPs/NPs solutions for
15 days at a concentration of 0.23 mg/L according to environmentally
relevant concentrations (Zhang et al., 2019; Barboza et al., 2018;
Goldstein et al., 2012), corresponding to 1.44 x 10° particles/L for PS-
MPs and 4.19 x 10! particles/L for PS-NPs. The control and both
exposure groups were performed in triplicate.

On days 1, 3 and 7, the gill and digestive gland of nine scallops (three
scallops per time node) were sampled, immediately frozen in liquid
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nitrogen and stored at —80 °C until measurement of SOD, CAT, GPx,
AChE activity, and MDA content. On day 15, three scallops were
sampled for the above indicators, as well as histopathology and gene
expression analysis. Three scallops were randomly sampled to measure
filter-feeding behavior, physiological metabolism and morphological
parameters. Finally, three scallops were randomly sampled to determine
the nutritional composition. The physicochemical parameters of the
seawater used in the exposure studies were identical to those used in
acclimation period. No organism mortality was observed throughout the
entire experimental period. A diagram outlining of the experimental
design is shown in Fig. S1.

2.4. Feeding behavior

After 15 days, the feeding behavior was assessed using the filtration
rate (FR) as an indicator, following the approach (Zhao et al., 2017). The
dry weight of soft tissue was measured with an electronic balance
(Sartorius, Germany). The FR (mg/(g-h)) was calculated with the
following formula from a previous study (Coughlan, 1969).

FR = [V x In(Co/C) /(W x 1),

where C is the initial algae concentration (cells/mL), C; is the algae
concentration at time t (cells/mL), V is the volume of seawater in the
exposure container (L), W is the soft tissue dry weight (g) and t is the
measurement time (h). Details of the method are provided in the SI.

2.5. Oxygen consumption rate, ammonia excretion rate, and oxygen-to-
nitrogen ratio

Scallops were first starved after the 15 days of exposure for 12 h to
empty their guts. The ammonium (NHY) excretion was measured ac-
cording to previous study (Solrzano, 1969), and the soft tissue dry
weight was obtained as described above. The oxygen consumption rate
(OR) and ammonia excretion rate (NR) were calculated using the
following equation:

R = [(Co — C) x VI/(W x1),

where R is OR (or NR) (mg/(g-h)), Cy and C; are the dissolved oxygen (or
ammonia) concentrations at the beginning and end of the experiment
(mg/L), V is the volume of seawater in the exposure container (L), W is
the soft tissue dry weight (g) and t is the measurement time (h). The O/N
ratio was obtained through dividing OR by NR in atomic equivalents
(Widdows, 1985). The details of the OR and NR methods are provided in
the SL

2.6. Nutritional composition and quality analysis

On day 15, the soft tissues and shells of scallops were dissected and
dried in an oven at 65 °C for 72 h. The dry weight was determined using
an electronic balance (Sartorius, Germany). The morphological param-
eters of scallops, including plumpness, visceral index and adductor
index, were calculated as the ratio of dry weight of whole tissue, visceral
mass, and adductor to dry shell weight of each sample (FW/SW x 100
%) (John and Chen, 1987). Given that adductor muscle is the most
important edible part of scallop, the nutritional composition (e.g.,
moisture, ash, crude protein, and crude lipid) of adductor muscle was
determined to further investigate the potential impacts of PS-MPs and
PS-NPs on nutritional quality of scallops. Detailed information regarding
the nutritional composition is presented in the SI.

2.7. Oxidative stress and neurotoxicity analysis
Samples of gill and digestive gland (approximately 0.5 g) was ho-

mogenized in 5 mL ice-cold phosphate buffered saline (0.01 M, pH =
7.4). After centrifuging at 2000 rpm for 10 min at 4 °C, the supernatant
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was used to measure enzyme activities, which were normalized to the
total protein mass (mg). The total proteins were measured using a total
protein quantitative assay kit (Coomassie blue staining), the antioxidant
enzyme activity (e.g., Superoxide dismutase (SOD), Glutathione perox-
idase (GPx), and Catalase (CAT)), Malondialdehyde (MDA)) and
neurotoxic enzyme activity (e.g., Acetylcholinesterase (AChE)) of gills
and digestive glands were determined using a commercial kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to the
manufacturer's protocols.

2.8. Integrated biomarker response analysis

The integrated biomarker response index (IBR) is a standardization
process for series of biomarkers to compare environmental stress. The
results are calculated according to the method described by Beliaeff and
Burgeot and modified by Guerlet et al. (Beliaeff and Burgeot, 2002;
Guerlet et al., 2010). In this study, we chose the SOD, CAT, GPx, AChE
and MDA as biomarkers to calculate the IBR. Details for calculation of
the IBR are given in the SL.

2.9. Histopathological and ultrastructural analysis

The gills and digestive glands of the scallops were fixed, dehydrated
and sliced for histological analysis. Briefly, the samples were fixed with
10 % formalin and dehydrated through a graded series of ethanol (75 %,
85 %, 95 %, and 100 %) and toluene for intermediate impregnation.
Next, the samples were embedded in paraffin, sectioned into 5 pm slices
using a microtome, and stained with Hematoxylin and Eosin (H&E). The
sections were observed and photographed using an Olympus BX-51
microscope with a digital camera. Histopathological alterations were
ranked according to the severity of the lesions [grades 0 (-), 0.5 (+/-),
1 (+), 2 (++) and 3 (+++)] as described in previous studies (Riba et al.,
2004). Comparisons of histopathological responses between treatments
are expressed as the index of damage.

Ultrastructural analysis of the scallop gills was performed using TEM
imaging according to the method (Xia et al., 2020). Briefly, the samples
were dissected at about 5 mm in length on ice. The samples were then
fixed in 2.5 % glutaraldehyde and post-fixed in 1 % osmium tetroxide at
4 °Cfor 1 h. They were then dehydrated in a graded series of ethanol and
acetone solution and embedded in Epon 812 resin for 5 h. After
sectioning using the Ultramicrotome, the ultrastructure of the gill and
digestive gland was observed by TEM (JEM-2100, JEOL, Japan).

2.10. Transcriptome sequencing analysis and qRT-PCR validation

The total RNA of each gill sample was isolated using TRIzol Reagent
(Invitrogen) and further treated with DNase I (Invitrogen) to remove
DNA contamination following the manufacturer's protocol. Sequencing
libraries were generated using the NEBNext UltraTM RNA Library Prep
Kit for Ilumina (NEB, USA). At least 7.06 Gb of Clean Data were
generated for each sample where a minimum of 93.87 % of Clean Data
achieved a quality score of Q30. The raw sequence reads have been
deposited in the Sequence Read Archive (SRA) at the National Center for
Biotechnology Information (NCBI) with accession number
PRJINA904239. The transcriptome expression results were verified via
quantitative real-time PCR (qRT-PCR) and the expression levels of 21
representative differentially expressed genes (DEGs) were determined.
The primers used for qRT-PCR analysis and detailed information of the
DEGs are listed in Table S1. Detailed information of the RNA extraction
procedure and the qRT-PCR method are provided in the SI.

2.11. Statistical analysis
Data are presented as mean + standard deviation. Before analysis,

Levene's and Shapiro-Wilk's tests were used to verify the homogeneity
and normality of variance, respectively. One-way ANOVAs with Tukey's
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tests were conducted to compare differences among exposure groups. A
p < 0.05 was considered to indicate statistical significance. All statistical
analyses were performed using IBM SPSS Statistics 25.0.

3. Results
3.1. Characterization of polystyrene MPs and NPs

The polystyrene MPs (SEM imaging) and NPs (TEM imaging) are
relatively regular in shape, mainly spherical, with a smooth surface
(Fig. 1A and B). Particle size analysis showed the mean diameter of 5.08
=+ 0.10 pm and 99.56 + 3.80 nm for PS-MPs and PS-NPs, respectively.
The most abundant particle size of PS-MPs ranged from 5.0 pm to 5.2
pm, which represented 76 % of the total particles (Fig. 1C). The two
largest particle size abundances for the PS-NPs ranged from 98 nm to
100 nm and from 100 nm to 102 nm, which accounted for 27 % and 25
% of the total particles, respectively (Fig. 1D). The hydrodynamic di-
ameters obtained from dynamic light scattering in ultrapure water and
filtered seawater were 7.64 + 0.57 pm and 13.60 + 1.12 pm for PS-MPs
(the polydispersity indices are 0.68 + 0.019 and 0.46 + 0.010, respec-
tively) and 100.91 + 1.94 nm and 153.81 + 6.32 nm for PS-NPs (the
polydispersity indices are 0.071 + 0.0066 and 0.15 + 0.012, respec-
tively), respectively (Fig. S2). The zeta potential values of PS-MPs and
PS-NPs were —44.24 + 1.97 mV, —34.02 + 0.36 mV in ultrapure water,
and —4.13 + 0.28 mV, —5.33 4+ 0.36 mV in filtered seawater, respec-
tively. Fourier transform infrared (FTIR) spectroscopy analysis
confirmed that both the MPs and NPs were polystyrene (Fig. S3).

Science of the Total Environment 910 (2024) 168457

3.2. Nutritional quality and histological alterations

After exposure to PS-MPs/NPs for 15 days, the proportions (e.g.,
plumpness, visceral index, and adductor index) of the soft tissue in the
scallops were significantly reduced relative to the controls (Fig. 2A).
Nutritional composition (e.g., moisture, ash, crude protein, and crude
lipid) determination of the adductor muscle (Fig. 2B-E) revealed that
only the content of crude protein in MP and NP groups was significantly
decreased by 4.88 % and 8.77 %, respectively, when compared to the
controls (Fig. 2D). Compared to controls, the adductor muscles treated
by PS-MPs and PS-NPs had no significant differences in overall
morphology, except for endomysium in the NP groups, which had vac-
uoles in very few parts (Fig. 2F).

3.3. Feeding behavior and physiological metabolism

Compared to the controls, the filtration rates of scallops in the MP
and NP groups were significantly reduced by 38.25 % and 67.01 %,
respectively (Fig. 3A). There was no significant effect of PS-MPs/NPs on
the oxygen consumption rate of scallops (Fig. 3B). However, the
ammonia excretion rates of scallops in the MP and NP groups were
significantly increased by 340.44 % and 166.19 % of the controls,
respectively (Fig. 3C). Additionally, the oxygen-nitrogen ratios were
significantly decreased in scallops exposed to PS-MPs and PS-NPs
(Fig. 3D).
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Fig. 1. Morphological characterization by SEM (A) and TEM (B), and size distribution histograms (C, D) of polystyrene MPs and NPs.
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3.4. Oxidative stress, neurotoxicity, and integrated biomarker response

In the gills on day 15, the activities of SOD and CAT in MP groups and
NP groups were significantly decreased relative to the controls (Fig. 4A).
In the digestive glands on day 15, only the activity of GPx in the MP
groups and NP groups increased significantly compared with the con-
trols (Fig. 4B). On day 15, the content of MDA in the MP groups (161.53
%) and NP groups (186.45 %) was significantly increased relative to the
controls (Fig. 4A). In the digestive glands, only the content of MDA in NP
groups increased significantly on day 7. On day 15, the content of MDA
in MP groups (119.66 %) and NP groups (159.47 %) was significantly
increased relative to the controls (Fig. 4B). The AChE activity in the gills
of MP and NP groups increased significantly on day 7, and decreased
significantly on day 15, compared to the controls (Fig. 4A). In the
digestive glands, the AChE activity of MP and NP groups increased
significantly on day 7. On day 15, only the AChE activity of NP groups
(200.01 % of the control) still increased significantly (Fig. 4B). The
transformed data from SOD, CAT, GPx, AChE activities and MDA con-
tents of MP and NP groups on days 1, 3, 7 and 15 are presented as star
plots (Fig. 5A). Although the digestive glands undergo metabolic regu-
lation (e.g., excretion and detoxification) to relieve pressure on the gills,
the oxidative stress and neurotoxicity of the gills are still more severe
with increasing MP/NP exposure periods. Based on the calculated IBR
values, the gills and digestive glands in the MP and NP groups responded
to stress in order of MPs-digestive glands<MPs-gills<NPs-digestive
glands<NPs-gills on day 15 (Fig. 5B).

3.5. Histological alterations

The normal morphology of the gills in control organisms exhibited a
strong contact between the gill filaments surrounded by lateral and
frontal cilia. In MP groups, cilium shedding, disruption of cilia structure
and vacuoles were detected in the gills. In NP groups, more severe cilia
shedding and damage was observed, as well as branchial adhesion and
hemocyte infiltration (Fig. 4C). In the digestive glands of the controls,
there were integral and tightly arranged digestive tubules, basophilic
cells and eosinophilic cells were evenly distributed and the cytoplasm
was intact. In MP groups, an increase in eosinophilic cells, cytoplasmic
dispersion and a small amount of the atrophy of tubules were observed.
In NP groups, a greater degree of cytoplasmic dispersion and atrophy of
tubules was observed compared with the MP groups, while there was
also hemocyte infiltration at the border of some digestive tubules
(Fig. 4D). The degree of pathological damage in the digestive glands and
gills was increased with decreasing PS particles size based on the dam-
age index. In addition, the indexes of damage measured in the gills of
scallops exposed to both PS particle sizes of polystyrene were higher
than those measured in the digestive glands (Table S2).

3.6. Ultrastructural alterations

In controls, the cilia on gill filaments were arranged in an orderly
manner, and the organelles were clear and complete in the columnar
epithelial cells (Fig. 6A). Compared to controls, the structure of the cells
and organelles in the MP groups was relatively complete, except for
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Fig. 5. (A) Star plots of standardized biomarker responses of SOD, GPx, CAT, and AChE activity and MDA content in the gills and digestive glands of scallops treated
with MPs and NPs. (B) IBR values in the gills and digestive glands of scallops treated with MPs and NPs.
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Fig. 6. Ultrastructural alteration analysis of the scallops after exposure to MPs and NPs for 15 days. (A) Gill in control; (B) Gill treated by MPs; (C) Gill treated by
NPs. Ci: cilia; N: nucleus; NM: nuclear membrane; M: cell membrane; Mi: mitochondria; Mp: mitophagy; Ly: lysosome; GZ: golgi zone; GC: goblet cells.

some shortened cilia, a small amount of vacuolation and increased ly-
sosomes (Fig. 6B). In the NP groups, cilia appeared broken and the gill
filament structure was disordered with swelled, ruptured and vacuo-
lated epithelial cells. Compared with controls, the internal structure of
most cells was not clear and partly accompanied by the dissolution of the
cell membrane and nuclear membrane. Moreover, the increased lyso-
somes, mitochondrial fragmentation and mitophagy were observed
(Fig. 6C).

3.7. Gill transcriptomic responses

Clean reads of each sample were mapped to a specified reference
genome. The mapping ratio ranged from 65.10 % to 74.35 % (Table S3).
Linear fitting indicated that there was a strong positive linear correlation
between the transcriptome sequencing analysis and qRT-PCR (R? =
0.9989, p < 0.01) (Fig. S4). These results confirmed that the tran-
scriptome sequencing for the gill tissues of scallops was of high quality
and reliable. RNA-seq analysis identified 821 significant DEGs
(DESeqb<0.05) in the gills of control and NP groups after 15 days of
exposure, where apparent differences in up-regulated and down-
regulated genes were exhibited (up-regulated: 376, down-regulated:
445) (Fig. S5). The gill gene expression profiles of the scallops were
significantly altered by NPs. Among the DEGs, 8 (6 up, 2 down) were
potentially involved in lipid and energy metabolism (Table S4 and S5).
In addition, a total of 13 DEGs (12 up, 1 down) putatively participating
in transport and catabolism were significantly altered (Table S4 and S6).
Additionally, 6 DEGs (5 up, 1 down) were potentially related to nerves
(Table S4 and S7). Finally, a total of 9 DEGs (6 up, 3 down) potentially
involved in response to oxidative stress were identified (Table S4 and
S8).

The analysis results of GO enrichment and KEGG pathway enrich-
ment in scallops exposed to NPs is described in Fig. 7. NPs had signifi-
cant effects on neural-related biological processes, such as cell
projection organization, neuron development, neuron projection
morphogenesis, axonogenesis, axon guidance, axon choice point
recognition, axon midline choice point recognition and cellular com-
ponents on the neuronal cell body (Fig. 7A and B). In addition to the
cellular components related to nerves (neuronal cell body), most of the
enrichment pathways are related to membranes (Fig. 7B). Among mo-
lecular functions related to membranes, there was structural molecule

activity and chitin synthase activity. Furthermore, the semaphorin re-
ceptor activity related to nerves, prostaglandin-endoperoxide synthase
activity and glutathione peroxidase activity related to oxidative stress
were also enriched (Fig. 7C). NP exposure was also found to alter the
pathways involved in arachidonic acid metabolism and in the cholin-
ergic synapse mediated by neuroactive ligand-receptor interaction. IP3R
is also involved in most of the pathways in the nervous system, such as
dopaminergic synapse and retrograde endocannabinoid signaling. In
terms of NPs impact on oxidative stress, exposure affects autophagy and
mitophagy pathways mediated by the AMPK and PI3K-Akt signaling
pathways, and might lead to degradation of the inner vesicle and inhi-
bition of oxidative stress resistance and DNA repair. NP exposure also
caused a notable up-regulation of endocytosis, phagosome and
lysosome-related gene expression, along with oxidative phosphorylation
and adhesion junctions (Figs. 7D, S6-S13 and Table S9).

4. Discussion

4.1. PS-MPs and PS-NPs decrease the edible value and nutritional quality
of the scallops

The adductor muscle of scallops is widely consumed by humans in
various forms for its rich nutrition and delicious taste (Zhao et al., 2021).
The significant reduction in the morphological parameters of the scal-
lops and the nutritional components of adductor muscle after a 15-day
exposure to PS-MPs/NPs represents a measurable decrease in the
edible value and nutritional quality of scallops. To explore the under-
lying causes of this reduction in nutrition quality of scallops following
exposure to PS-MPs and PS-NPs, the feeding behavior and physiological
metabolism were investigated. The observed decrease in filtration rate
demonstrates that the feeding behavior of the scallops was significantly
inhibited by PS-MPs and PS-NPs, which subsequently reduces the energy
acquisition capacity from food. The similar results have been reported
for blue mussels (Mytilus edulis) exposed to polystyrene NPs (30 nm) and
clams (Atactodea striata) exposed to MPs (63 pm-250 pm) (Wegner et al.,
2012; Xu et al., 2017). Bivalve molluscs can adjust their feeding rate
according to the duration and intensity of an external stressor (Wu et al.,
2019). Under chronic exposure conditions, the nutrient intake of or-
ganisms can be reduced for long periods, which may lead to potential
starvation (Yin et al., 2018), inhibiting the tissue growth and protein
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synthesis in the animals. It is suggested that the weakened feeding
behavior of scallops exposed to MPs and NPs might be responsible for
the observed reduction in their nutritional quality.

Consistent with our findings, polyvinyl chloride MPs had no signif-
icant effect on the respiration/oxygen consumption rate of Mediterra-
nean mussels (Mytilus galloprovincialis) (Yap et al., 2020), while there
was no change in the oxygen respiration rate of European flat oysters
(Ostrea edulis) exposed to MPs (Green, 2016). Although there was no
significant alteration in respiration observed in the MP and NP groups,
ammonia excretion was significantly increased and the O/N ratio was
significantly decreased. The O/N is an indicator for the respective
fraction of metabolic substrates (i.e., carbohydrates, lipids and proteins)
used in energy metabolism (Dall and Smith, 1986). Generally, a higher
O/N indicates a higher fraction of catabolism of carbohydrates and
lipids, whereas the lower one suggests an elevated turnover of proteins.
Thus, the increased ammonium excretion and reduced O/N observed for
the scallops indicate a shift toward protein catabolism upon exposure to
PS-MPs and PS-NPs. This may also contribute to the overall reduction in
the nutritional quality of scallops, especially the reduction in protein
content of the adductor muscle.

4.2. PS-NPs cause greater toxicity to scallops than PS-MPs

In the context of MP/NP exposure, there is increasing evidence for
the existence of oxidative stress and damage caused by the excessive
ROS in organisms (Li et al., 2020; Paul-Pont et al., 2016; Qiao et al.,
2019). Eventually, antioxidant enzymes can be completely deactivated,
disrupted, or even destroyed (Li et al., 2020). Excessive ROS levels can
induce lipid peroxidation, which is reflected by the MDA content (Qiao
et al., 2019). The results of this study indicate that the PS-NPs cause
greater oxidative damage than PS-MPs.

AChE is a key enzyme present in the nervous system (Fulton and Key,
2001). An accumulation of the neurotransmitter acetylcholine (ACh) in
the synaptic cleft results in an over-stimulation of receptors, impedes
neurotransmission and can even lead to paralysis and death (Chen et al.,
2017). AChE is responsible for the removal of ACh from the synaptic
cleft through hydrolysis (Worek et al., 2002). The significant increase in
AChE activity in the gills and digestive glands of the two exposure
groups may reflect that PS-MPs/NPs exposure at environmentally rele-
vant concentrations reduces high levels of neurotransmitters, thereby
affecting the binding efficiency of acetylcholine receptors, In turn, this
might lead to disorders in the nervous system. The IBR results also
showed that the toxic effect of the PS-NPs is significantly greater than
that of PS-MPs in the gills and digestive glands of scallops.

4.3. PS-MPs and PS-NPs inhibit feeding behavior through dysfunction of
the gills

The gill damage noted in the current study indicates that PS-MPs and
PS-NPs inhibit scallop feeding behavior through dysfunction of gills,
supported by changes in AChE activity. A previous study showed that
polyethylene MPs caused adverse neurological effects on the common
goby (Pomatoschistus microps), evidenced by the significantly reduced
AChE activity (Oliveira et al., 2013). Similar changes in AChE activity
have been reported in the gills of mussels (M. galloprovincialis) and
peppery furrow shells (Scrobicularia plana) after exposure to MPs (Avio
et al., 2015; Ribeiro et al., 2017). As discussed above, exposure of
scallops to MPs/NPs may cause neurotoxicity that can lead to motor
dysfunction. The inhibition of AChE activity in scallop gills may there-
fore partially explain the inhibition of filtration capacity observed in
scallops exposed to PS-MPs/NPs.

The IBR results of oxidative stress response and neurotoxicity
calculated for the gills were more severe than those of the digestive
glands. The gills are the first organ in contact with PS-MPs/NPs. Once in
contact with the gills, PS-MPs/NPs are transported by endocytosis,
which is considered to be the main pathway for small particle transport
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(Sendra et al., 2021). Our previous study found that the gill may be more
susceptible and more sensitive than the digestive gland following
exposure of Chlamys farreri to TiO, nanoparticles (Xia et al., 2017).
Recent research has highlighted that the molecular mechanism(s) of
toxicity of plastic debris, including MPs and NPs, on bivalves remains
unclear and should be clarified in depth (Li et al., 2022). Therefore, we
performed gill transcriptome analysis in an attempt to elucidate the
toxic mechanism of PS-NPs to marine scallops.

4.4. The underlying mechanisms through gill transcriptome analysis

RNA-seq can provide gene expression information for organisms
placed under environmental stress, which helps to predict the toxicity of
pollutants and elucidate the mechanisms of chemical action (Mu et al.,
2018; Qiu et al., 2020). It has been reported that phosphatidylinositol 3'-
kinase(PI3K)-Akt and AMP-activated protein kinase (AMPK) pathways
are related to cell growth, survival and apoptosis, which can protect
against oxidative damage caused by HyO, and regulate mitochondrial
homeostasis, respectively (Herzig and Shaw, 2018; Lee et al., 2006). The
forkhead box transcription factor subfamily and main transcription
factor of AMPK were involved in mediating various ROS regulatory
processes. Among them, FOXO3a is mainly regulated by combining with
the promoter to modify the expression of genes such as SOD, CAT and
GPx (Ronnebaum and Patterson, 2010; Storz, 2011). As such, AMPK/
FOXO03a may be an effective pathway against oxidative damage. How-
ever, when ROS are excessive, the current study indicates that down-
regulation of Gadd45 may affect oxidative stress resistance and DNA
repair. This may be one of the mechanisms through which PS-NPs cause
oxidative and DNA damage to scallop gills. Furthermore, autophagy can
maintain essential cellular functions by recycling building blocks such as
amino acids, where double-membrane vesicles are responsible for
transporting macromolecules or organelles into lysosomes to degrade
and reuse the resulting macromolecules, enabling cells to survive star-
vation (Herzig and Shaw, 2018; Yang and Klionsky, 2010). It is reported
that FUNDC1-mediated mitophagy promoted the mitigation of ROS
(Huang et al., 2020). In this study, ultrastructural analysis of scallop gills
from the NP groups also confirmed the occurrence of mitochondrial
aggregation and mitophagy, which ultimately led to the increased ly-
sosomes. A similar increase of lysosomes also occurred in the gills of
scallops exposed to PS-MPs, indicating a similar compensation mecha-
nism. However, no mitophagy was observed, indicating that the toxic
effect of PS-MPs on scallop gills was less than that of PS-NPs.

The process of autophagy ultimately leads to degeneration of the
inner vesicle, and the formation of autophagosomes involves complex
membrane reorganization (Mizushima et al., 2011). Most lipids are
primarily distributed on different cell membranes, and the transport of
the inner vesicle is also related to the transport of intracellular lipids.
Ultimately, the cell membrane and plasma membrane may be adversely
affected. Cell vacuolization involves endoplasmic reticulum or lysosome
compartments and other numerous cell organelles (Carella et al., 2015).
In the ultrastructure, the dissolution of nuclear membranes and cell
membranes, as well as cell rupture, vacuolization and even mitochon-
drial rupture (Lin et al., 2020), may cause irreversible damage to cells.
The activation of the Adherens junction, which is important for main-
taining tissue structure and cell polarity, may be one reason for the
appearance of tissue damage, such as gill filament adhesions in the
microstructure. It is well known that Gamma-aminobutyric acid (GABA)
functions as a major inhibitory neurotransmitter in animals (Mody et al.,
1994). GABA-mediated inhibitory neurotransmission is regulated by
ROS (Gonzalez et al., 2020). Similarly, the down-regulation of IP3R in
cholinergic synaptic pathways mediated by neuroactive ligand-receptor
interactions affects synaptic plasticity. This may be the damage mech-
anism of neurotoxicity to the gills of scallops exposed to PS-NPs.
Therefore, the enrichment of genes related to oxidative stress and
nerves in the cytosol, as well as the activation of lysosome and auto-
phagy, were the main causes of toxicity.
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5. Conclusion

The present study showed that exposure of Chlamys farreri to envi-
ronmentally relevant concentrations of PS-MPs/NPs decreased the
edible value and nutrition quality through inhibiting their feeding
behavior and causing changes in physiological metabolism. Although
the scallops were able to adopt some compensatory responses and
activate antioxidant defense systems in response to MP and NP exposure,
the inhibition of feeding behavior was mainly attributed to tissue
damage and neurotoxicity induced by the PS-MP/NP exposure. Impor-
tantly, PS-NPs caused greater toxic effects on the scallops than PS-MPs
for most of the toxicological endpoints studied. After uptake of NPs by
gill cells, excessive oxidative stress was observed and the regulation of
nerve cells could not be compensated. Associated with this gill damage,
the feeding behavior and physiological metabolism of scallops were
affected, ultimately leading to a decrease in nutritional quality. From a
commercial fisheries perspective, MPs/NPs could adversely affect the
sustainable development of bivalve aquaculture. In future studies, the
ecological impact of MPs/NPs in a realistic marine environment merits
further investigation.
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