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A B S T R A C T

Although coexposure to pharmaceuticals and microplastics (MPs) may frequently occur, the synergistic impact
of MPs and antidepressants on marine species still remains poorly understood. In this study, the im-
munotoxicities of polystyrene MPs (diameters 500 nm and 30 μm) and sertraline (Ser), alone and in combination,
were investigated in a bivalve mollusk Tegillarca granosa. Results showed that both MPs and Ser significantly
suppressed the immune responses of T. granosa. In addition, though the toxic effect of Ser was not affected by
microscale MPs, an evident synergistic immuno-toxic effect was observed between Ser and nanoscale MPs, which
indicates a size-dependent interaction between the two. To further ascertain the underlying toxication me-
chanisms, the intracellular content of reactive oxygen species, apoptosis status, ATP content, pyruvate kinase
activity, plasma cortisol level, and in vivo concentrations of neurotransmitters and cytochrome P450 1A1 were
analysed. A transcriptomic analysis was also performed to reveal global molecular alterations following Ser and/
or MPs exposure. The obtained results indicated that the presence of nanoscale MPs may enhance the im-
munotoxicity of Ser by (i) inducing apoptosis of haemocytes and, hence, reducing the THC; (ii) constraining the
energy availability for phagocytosis; and (iii) hampering the detoxification of Ser.
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1. Introduction

Approximately 7000 million tons of plastic waste has been gener-
ated globally since the 1950s, which has become a global environ-
mental problem (Jambeck et al., 2015). Currently, plastics are com-
monly found in various oceanic compartments, including polar areas
and abyssal regions, a significant part of which is composed of particles
with diameters smaller than 5mm, which are defined as microplastics
(MPs) (Andrady, 2011; Van Cauwenberghe et al., 2015). According to
estimation, the total amount of MPs in the world’s oceans is in the range
of 15 to 51 trillion pieces, which may pose a significant threat to marine
species and the entire ecosystem (Van Sebille et al., 2015).

As reported in previous studies, MPs can be easily consumed by
various marine organisms (Li et al., 2015; Van Cauwenberghe et al.,
2015), and thus exerting adverse effects on various aspects of these
organisms, such as the embryonic development retardation (Sussarellu
et al., 2016), nutritional disturbance (Barnes et al., 2009; Yin et al.,
2018), growth arrest (Besseling et al., 2014), and immune suppression
(Tang et al., 2020). Owing to the larger specific surface area, MPs can
impact organisms not only directly through their inherent properties,
but also indirectly by acting as transport vectors for other harmful
pollutants (Rochman et al., 2014; Brennecke et al., 2016; Lu et al.,
2018). Far worse, increasing evidence suggests MPs can even alter the
toxicity of other contaminants (Sleight et al., 2017). However, the
molecular mechanisms behind such interactions between MPs and
other pollutants are still unknown in marine species.

Owing to the large increase in the production and consumption of
pharmaceuticals over the past few decades, the release of pharmaceu-
tical compounds into the marine environment constitutes a cause for
great public concern, considering the potential threat they pose to
various marine organisms (Franzellitti et al., 2014; Silva et al., 2015;
Shi et al., 2019). Antidepressants are currently one of the most widely
prescribed subsets of pharmaceuticals, the consumption of which has
doubled in Organisation for Economic Cooperation and Development
(OECD) countries from 2000 to 2015 (OECD, 2017). Accordingly, an
increasing number of studies have demonstrated the presence of anti-
depressants in various aquatic systems (Schultz et al., 2010; Silva et al.,
2015). Although they have been specifically designed for humans, more
and more data suggest that antidepressants, even at environmentally
relevant trace concentration, may threaten the reproduction, develop-
ment, behaviour, and survival of various aquatic organisms (Christen
et al., 2010; Silva et al., 2015). However, the toxication mechanisms of
antidepressants are still unclear in aquatic species, let alone their in-
teractions with other waterborne contaminants (Silva et al., 2015;
Miller et al., 2018).

Various sessile benthic bivalves, living in proximity to sediments of
coastal and estuary areas, may be simultaneously exposed to high
concentrations of MPs and antidepressants (Graca et al., 2017; Li et al.,
2019; Tang et al., 2020). First, in hydrochloride salt forms, many an-
tidepressants have low octanol/water partition coefficients (Kow) and
relatively high coefficients of sorption (Koc) to sediments, which leads
to a higher concentration in the water-sediment interface area (Kwon &
Armbrust, 2006; Furlong et al., 2004; Sánchez-Argüello et al., 2009).
Second, coastal and estuary areas with mass industries and agricultural
activities are also major sinks for MPs (Lozoya et al., 2016). Further-
more, in addition to ingesting MPs suspended in seawater, benthic
suspension feeders including bivalves may also be susceptible to sinking
MP particles (Van Cauwenberghe et al., 2015). The high coexposure
risk highlights the need to elucidate the impacts of the MP-anti-
depressant coexposure on benthic bivalves.

Maintaining a robust immune response is crucial for the survivor-
ship of bivalve species in the complex marine environment (Liu et al.,

2016; Guan et al., 2019). However, the immune system of bivalves is
considered as one of the main targets for various pollutants including
antidepressants and MPs (Avio et al., 2015; Détrée and Gallardo-
Escárate, 2018; Shi et al., 2019). In addition, recent studies suggest that
antidepressants may interact with MPs in the water environment and
lead to altered toxicity to aquatic organisms (Razanajatovo et al., 2018;
Qu et al., 2019). Nevertheless, to the best of our knowledge, the com-
bined effects of MPs and antidepressants on the immune responses of
marine organisms are still unknown.

The blood clam, T. granosa, is a traditional aquaculture bivalve
species widely distributed throughout the Indo-Pacific region (Han
et al., 2019). Since the inhabitation of the intertidal mudflat, where
pollutants such as MPs and pharmaceuticals are often concentrated
(Graca et al., 2017; Li et al., 2019), the blood clam may be simultaneous
under the threat of MPs and pharmaceuticals. Therefore, in this study,
to improve the present understanding of the ecotoxicological effects of
the MPs and pharmaceuticals, the impacts of PS MPs, one of the most
abundant MPs in the marine environment (Browne et al., 2011;
Sussarellu et al., 2016), sertraline (Ser), one of the most widely pre-
scribed antidepressants (Schultz et al., 2010), and their combination on
the immune responses were investigated in T. granosa. In addition, to
reveal the toxication mechanisms underpinning, the generation of re-
active oxygen species (ROS), lipid peroxidation (determined as mal-
ondialdehyde (MDA) content), and apoptosis status (indicated by the
caspase-3 activity) of the haemocytes upon MP and/or Ser exposure
were analysed. As the phagocytosis of foreign materials by haemocytes
is an energy-consuming process (Turvey & Broide, 2010), the impacts of
MP and/or Ser exposure on the adenosine triphosphate (ATP) content
and pyruvate kinase (PK) activity in haemocytes were assessed. The
plasma cortisol levels and in vivo concentration of cytochrome P450
1A1 (CYP1A1) were also evaluated as indicators of physiological stress
and detoxification activity (Eames et al., 2010; Nash et al., 2014), re-
spectively. Moreover, the impacts of MP and/or Ser exposure on the
concentrations of two immune-modulatory neurotransmitters (Liu
et al., 2017), acetylcholine (ACh) and γ-aminobutyric acid (GABA),
were determined. A transcriptomic analysis was also performed to re-
veal the possible underlying molecular toxication mechanism.

2. Materials and Methods

2.1. Experimental animals

Adult blood clams T. granosa (shell length 23.2 ± 2.7mm,
mean ± SE) were collected in May 2019 from Yueqing Bay (28° 280’ N
and 121°110’ E), Wenzhou, China. Local seawater was sampled and
analysed by a high-performance liquid chromatography (HPLC) assay
with fluorescence detection (1200 series, Agilent, Germany) following
the methods of previous studies (Melis et al., 2012) to obtain the
background concentration of Ser, which was determined to be lower
than the detection limit (< 10 ng/mL). After cleaning off epibionts on
their shells, the clams were transported to the Zhejiang Mariculture
Research Institute and acclimated in a 2000 L indoor tank with sand-
filtered seawater (temperature 22.1 ± 0.7 °C, pH 8.07 ± 0.08, salinity
20.7 ± 0.6 ‰) under continuous aeration for 14 days. During this
period, the clams were fed with microalgae Platymonas subcordiformis at
a rate of 5 % of the tissue dry weight twice a day and the seawater was
replaced daily.

2.2. Chemicals

Ser hydrochloride (CAS # 79559-97-0, purity ≥ 98 %) was ob-
tained from the National Institutes for Food and Drug Control (Beijing,
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China). A stock solution of Ser at a dose of 100mg/L was prepared by
dissolving the Ser powder in 1 μm-sieve filtered seawater. PS mi-
crobeads (25mg/mL) with nominal sizes of 500 nm and 30 μm were
purchased from Aladdin Reagent Co. Ltd (Shanghai, China). These
microbeads were monodisperse and supplied in 10mL aqueous sus-
pensions without additives. The morphology and sizes of MPs were
verified with transmission electron microscopy (TEM, JEM-1230, JEOL,
Japan).

2.3. Exposure experiment and sampling

In order to investigate the effects of Ser, MPs, and their combination
on T. granosa, one control group and five treatment groups were con-
ducted. Blood clams reared in seawater without Ser and MPs were used
as a control. Exposure to nanoscale (diameter 500 nm) and microscale
(diameter 30 μm) MPs were carried out to obtain MP-exposed groups.
Exposure to Ser (100 ng/L) were adopted as a Ser-exposed group. Clam
individuals treated with Ser (100 ng/L) and 500 nm or 30 μm MPs were
performed as coexposure groups. According to previous studies, a dose
of 100 ng/L of Ser was used in this study to simulate the Ser con-
centration in polluted areas (Kolpin et al., 2002; Salgado et al., 2011).
According to the prediction of global plastic waste input and mass
concentration of MPs in polluted areas (Goldstein et al., 2012; Jambeck
et al., 2015), a concentration of PS microbeads at 0.29mg/L was chosen
to simulate the realistic scenario of MPs in the marine environment. In
addition, MPs with two different sizes (diameter 500 nm and 30 μm)
with significant differences in their impacts and interactions with other
pollutants were assessed in this study to evaluate any size-dependent
effect (Chen et al., 2017; Tang et al., 2020). Generally, after the accli-
matisation, 720 clam individuals were randomly divided into 18 tanks
(6 groups × 3 replicates, 40 clams per tank) containing 40 L of sea-
water (temperature 23.1 ± 0.3 °C, pH 8.05 ± 0.02, salinity
20.5 ± 0.4 ‰) with corresponding doses and/or sizes of Ser and/or
MPs. During this period, the clams were fed with P. subcordiformis as
described above and seawater was changed daily with Ser and/or MPs
freshly added at the corresponding doses and/or sizes. The experiment
lasted 14 days; no individual mortality was observed throughout this
period.

After the exposure, 81 clam individuals were collected from each
treatment group. Haemolymph was extracted from each individual
following the method of Liu et al. (2016) and pooled in nine samples
(n=9, each with haemolymph from nine individuals) for the analysis
of haemolymph-related parameters. The digestive glands of these clams
were dissected on ice, pooled in nine samples (n=9), and immediately
frozen in liquid nitrogen for the analysis of CYP1A1, which is one of the
most important xenobiotic metabolism enzymes. Similarly, haemo-
lymph extracted individually from six clams out of each treatment
group (n=6) was used to quantify the contents of plasma cortisol. In
addition, digestive glands of 27 clams from each experimental group
were peeled off on ice, pooled in three samples (n= 3, each with di-
gestive gland from nine clams), and used for transcriptome sequencing
due to their important role in immune functions and as a significant
target for both MPs and pharmaceuticals toxicity (Canesi et al., 2007;
Avio et al., 2015).

2.4. Analysis of the total counts of haemocytes (THC)

The THC was determined according to the reported methods (Su
et al., 2018). Briefly, 100 μL of haemolymph was added into a 1.5 mL
centrifuge tube pre-filled with 100 μL of 2.5% glutaraldehyde on ice.
After dilution with 900 μL of phosphate buffer saline (PBS, 0.1M, pH
7.4) and fixation, a wet mount of haemolymph was prepared and ex-
amined under an Olympus BX53 microscope (Olympus, Japan) at a
magnification of 200× . The THC was estimated microscopically in a
Neubauer haemocytometer (XB-K-25, Anxin Optical Instrument,
China).

2.5. Analysis of phagocytosis

Phagocytosis assays were conducted following the methods reported
by Liu et al (2016) and Shi et al (2017). In brief, 100 μL of haemolymph
was mixed (1:1) with Alsever’s solution (R1016, Solarbio, China) in a
1.5 mL centrifuge tube. Subsequently, rapid determination of the hae-
mocyte concentration was carried out under an Olympus BX53 micro-
scope. Yeast suspension (1×107 cells/mL in Alsever’s solution) was
then added with a yeast-haemocyte ratio of 10:1 (Su et al., 2018). The
yeast-haemocyte mixture was incubated at 25 °C for 30min and then
fixed with 100 μL of 2.5 % glutaraldehyde. Blood smears were subse-
quently prepared and stained with Wright’s Gimesa stain (G1020, So-
larbio, China). The phagocytic rate for each sample was analysed by the
blood smear under an Olympus BX53 microscope (200 × magnifica-
tion). The phagocytic activity of the haemocytes was estimated as the
percentage of haemocytes that engulfed at least one yeast particle. At
least 200 haemocytes were scored for each sample to ensure accuracy.

2.6. Determination of the haemocyte viability and caspase-3 activity

The haemocyte viability was assessed by a 3 - (4,5 - dimethylthiazol
- 2 - yl) - 2,5 - diphenyl - tetrazolium bromide (MTT) reduction assay
(Domart-Coulon et al., 2000) with commercial kits (C0009, Beyotime
Biotechnology, China). Briefly, haemolymph was seeded into 96-well
plates (100 μL/well) and mixed with 10 μL of MTT (5mg/mL). After
incubation at 37 °C for 4 h, 100 μL of formanzan lysis was added into
each well. Subsequently, another incubation for 4 h was carried out.
The optical density of each sample was then measured by using a mi-
croplate reader (Multiskan GO, Thermo, USA) at a wavelength of
570 nm. The haemocyte viability was subsequently calculated by
comparing the obtained optical value to that of the control (Ong et al.,
2017).

Following the manufacturer’s instruction, the caspase-3 activity of
the haemocytes was assessed with a colorimetric assay kit (C1115,
Beyotime Biotechnology, China). After incubation of 50 μL of haemo-
lymph with 50 μL of reaction buffer containing 10 μL caspase-3 sub-
strate (Ac-DEVD-pNA, 2 nM) at 37 °C for 2 h, the absorbance value of
each sample was determined at a wavelength of 405 nm using a mi-
croplate reader (Multiskan GO, Thermo, USA). The total protein con-
centration of each haemolymph sample was determined with a com-
mercial kit (P0006C, Beyotime Biotechnology, China) using the
Bradford method. The activity of caspase-3 was subsequently estimated
as Ucasp per mg protein, where Ucasp is defined as the enzyme content
cleaving 1 nmol of Ac-DEVD-pNA per hour at 37 °C. The same protein
quantification method was also adopted for the estimation of the ATP
content, PK activity, plasma cortisol concentration, and neuro-
transmitter content in this study.

2.7. Measurement of ROS content and the level of lipid peroxidation

The intracellular content of ROS in haemocytes was measured using
a 2’,7’-dichlorodihydrofluorescein-diacetate (DCFH-DA) ROS assay kit
(S0033, Beyotime Biotechnology, China). According to the protocol
provided with the kit, 50 μL of haemocytes was incubated in PBS con-
taining 10 μM of DCFH-DA at 37 °C for 20min. After washing with PBS
for three times, the fluorescence intensity of each sample was de-
termined with a microplate reader (Synergy Neo2, BioTek, USA) at the
excitation and emission wavelengths of 488 and 525 nm, respectively.
The relative intracellular content of ROS was then obtained by dividing
the obtained fluorescence intensity by that of the control.

Lipid peroxidation in haemocytes was assessed by measuring the
level of malondialdehyde (MDA), a terminal product of lipid perox-
idation (Marnett, 1999). Following the provided instruction, the MDA
concentration in the haemocytes was measured by thiobarbituric acid
methods using a commercial kit (BC0025, Solarbio, China) with a mi-
croplate reader (Multiskan GO, Thermo, USA). After the determination
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of the haemocyte concentrations using the method mentioned above,
the MDA concentrations in the haemocytes were then standardised and
expressed in nmol per 104 cells.

2.8. Measurements of ATP content and PK activity

The ATP content of the haemolymph was determined with an ATP
assay kit (A095, Nanjing Jiancheng Bioengineering Institute, China)
according to the manufacturer’s instructions. Briefly, 30 μL of haemo-
cytes was incubated with 300 μL of substrate solution and 30 μL of
accelerant at 37 °C for 30min. After mixing with 50 μL of precipitant,
the mixture was centrifuged for 5min at 5000 × g. Subsequently,
300 μL of the supernatant was mixed (1:1) with a chromogenic reagent,
and then 500 μL of stop solution was added. The absorbance of each
sample was determined at a wavelength of 636 nm using a microplate
reader (Multiskan GO, Thermo, USA). The ATP content was then esti-
mated with the obtained absorbance value and expressed as mmol per
mg protein.

The activity of PK was determined with a commercial kit (A076,
Nanjing Jiancheng Bioengineering Institute, China) according to the
provided protocol. In brief, 20 μL of each haemocyte sample was mixed
with 1.125mL of PK assay buffer and then incubated at 37 °C for
15min. The absorbance of each sample was measured immediately
after the incubation with a spectrophotometer (UV-2100, Shanghai
Jinghua Instruments, China) at a wavelength of 340 nm. The activity of
PK was calculated as UPK per mg protein, where UPK is defined as the
enzyme content causing the conversion of 1 μmol of substrate phos-
phoenolpyruvate into pyruvate per min at 37 °C.

2.9. Measurements of the plasma cortisol concentration

The haemolymph collected from each clam individual was im-
mediately centrifuged (500 × g, 5min, 4 °C). The obtained supernatant
was used to measure the plasma cortisol concentration with commercial
ELISA kits (ML003467, MLBIO Biotechnology, China) according to the
provided instruction. First, 10 μL of the supernatant was mixed with
40 μL of the provided enzyme-labelled reagent and incubated at 37 °C
for 1 h. Then 50 μL of chromogenic reagents A and B were sequentially
added to the sample and incubated at 37 °C for 15min before the ad-
dition of 50 μL of the terminator. The absorption of each sample was
measured at a wavelength of 450 nm using a microplate reader
(Multiskan GO, Thermo, USA). The concentration of cortisol was sub-
sequently determined by referring the obtained absorption value to
corresponding standard curves and expressed as ng cortisol per mg
protein.

2.10. Quantification of the in vivo concentrations of ACh and GABA

Following the method of Guan et al. (2018), the concentrations of
ACh and GABA in the haemolymph supernate were measured with ACh
and GABA ELISA kits (ML095412 and ML086216, respectively, MLBIO
Biotechnology, China). Briefly, 10 μL of each haemolymph supernate
was seeded into 96-well plates containing 40 μL of diluent in each well
and incubated at 37 °C for 1 h. After washing with wash buffer, the
wells were incubated for another 15min. After the addition of 50 μL of
corresponding chromogenic reagent and stop solution, the absorptions
were measured at a wavelength of 450 nm using a microplate reader
(Multiskan GO, Thermo, USA). The concentrations of ACh and GABA in
each sample were subsequently determined by comparing the obtained
absorption values to the corresponding standard curves.

2.11. Analysis of the in vivo concentration of CYP1A1

The in vivo concentration of CYP1A1 in the digestive gland of T.
granosa was determined with a CYP1A1 ELISA kit (ML063800, MLBIO
Biotechnology, China). Briefly, frozen tissues were homogenised in

100 μL of PBS on ice with an electric homogeniser (ART, MICCRA D-1,
Germany). After centrifugation at 1000 × g for 20min (4 °C), the su-
pernatant was collected and used for the measurement of CYP1A1.
After 10 μL of the supernatant was mixed with 40 μL of the provided
enzyme-labelled reagent, the mixture was incubated at 37 °C for 1 h.
The sample was then mixed with chromogenic reagents A (50 μL) and B
(50 μL), and incubated at 37 °C for 15min before the addition of 50 μL
of stop solution. The absorption of each sample was determined with a
microplate reader (Multiskan GO, Thermo, USA) at the absorption
wavelength of 450 nm. The concentration of CYP1A1 was subsequently
determined by referring to the standard curves.

2.12. Transcriptome sequencing, analysis and validation

Total RNA from clams of the control and nanoscale MPs-, Ser-, and
MP-Ser exposure groups were extracted with the EASY Spin Plus tis-
sues/cells rapid RNA extraction kit (Aidlab, RN2802) according to the
provided instruction. RNA contamination and integrity were assessed
via electrophoresis (1 % agarose gels) and using an Agilent 2100
bioanalyzer (RNA Nano 6000 Assay Kit, Agilent Technologies, USA),
respectively. The RNA purity was verified with a NanoDrop 1000
spectrophotometer (Thermo Scientific, USA). Sequencing libraries were
generated using NEBNext Ultra RNA Library Prep Kit for Illumina (NEB,
USA) following the manufacturer’s protocols. The sequencing was
performed by NovoGene Bioinformatics Technology Co. Ltd. (Beijing,
China) on a HiSeq 2000 platform. The raw sequence reads were de-
posited in the Sequence Read Archive (SRA) at the National Centre for
Biotechnology Information (NCBI) with an accession number of
PRJNA598924. After trimming, the clean reads were mapped back to
the reference genome using HISAT2 software (Version 2.0.5) and the
gene expression levels were estimated by the fragment per kilo bases
per million (PFKM). A differential expression analysis was performed
using the DESeq2 R package (Version 1.16.1). To control the false
discovery rate, the original p values were adjusted by the Benjamini-
Hochberg false discovery rate and only genes with an adjusted p value
(adj-p)< 0.05 and |log2 (fold change)|> 0 were assigned as differen-
tially expressed unigenes (DEGs). The DEGs were subjected to Gene
ontology (GO) enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analyses (Ashburner et al., 2000; Altermann
& Klaenhammer, 2005).

The real-time quantitative polymerase chain reaction (qPCR) ana-
lysis was performed to validate nine representative DEGs with the same
RNA samples for transcriptome sequencing. The real-time qPCR was
conducted on the StepOnePlus Real-Time PCR System (Applied
Biosystems, USA) in triplicates following the method of previous studies
(Shi et al., 2017, 2019). The expression of genes was calculated as the
relative expression to 18 s rRNA using the 2-ΔΔCt method (Livak and
Schmittgen, 2001). The primers used are listed in Table S1. All primers
were synthesised by TsingKe Biotech (Beijing, China).

2.13. Statistical analysis

A one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc tests were conducted to compare the haemocyte counts, phagocytic
activities, cell viabilities, ROS contents, MDA levels, ATP contents,
enzyme activities (caspase-3 and PK) as well as the in vivo concentra-
tions of cortisol, ACh, GABA, and CYP1A1 among the experimental
groups. Duncan’s multiple range tests were conducted to compare the
expression levels of the tested genes among the different experimental
groups. In all analyses, the Levene’s test and Shapiro-Wilk’s test were
used to verify the homogeneity and normality of variances, respec-
tively. All analyses were performed with statistical software OriginPro
8.0. A p or adj-p value less than 0.05 was adopted as statistical sig-
nificance.
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3. Results

3.1. Impacts of the exposure to the MPs, Ser and their combination on the
total count and phagocytosis of haemocytes

Compared to those of control, significant reductions in THC
(F5,48= 62.10, p<0.05) and phagocytosis (F5,48= 215.66, p<0.05)
of haemocytes were observed in the clams exposed to the MPs, Ser, and
MP-Ser (Table 1). Though no significant differences in the THC and
phagocytosis were detected between the nanoscale- (500 nm) and mi-
croscale- (30 μm) MP-exposure groups (Table 1, p>0.05), evident size-
dependent interactions of the MPs with Ser were demonstrated. The
toxicity of Ser was not affected by the copresence of microscale MPs.
However, coexposure to Ser and nanoscale MPs resulted in an ag-
gravated immunotoxicity indicated by the significantly reduced THC
and phagocytosis, which were approximately 51.36 % and 74.74 % of
those of the group exposed to only Ser (Table 1), respectively.

3.2. Impacts of the exposure to the MPs, Ser and their combination on the
haemocyte viability and caspase-3 activity

Exposure to the MPs, Ser, and their combination all led to sig-
nificant reductions in haemocyte viability in T. granosa (Fig. 1A,
F5,48= 23.87, p<0.05). Although the haemocyte viability was not
significantly suppressed by microscale MPs (p < 0.05), nanoscale MPs
showed a significant toxicity to the viability of haemocyte (p < 0.05).
Coexposure to Ser and nanoscale MPs resulted in enhanced toxic effect
on the haemocyte viability than that of the exposure to only MPs
(Fig. 1A, p < 0.05), while no statistically significant difference was
observed between the microscale MPs exposure groups and corre-
sponding Ser-MPs coexposure groups (Fig. 1A, p > 0.05).

Compared to that of the control, exposure to MPs, Ser and their
combination increased the caspase-3 activities in the haemocytes
(Fig. 1B, F5,48= 412.79, p < 0.05), which indicates increased apop-
tosis rates upon these treatments. Moreover, compared to that of the Ser
exposure group, coexposure with MPs at both nanoscale and microscale
led to significant increases (approximately 1.27 and 1.14 times, re-
spectively) in caspase-3 activity of the haemocytes (p < 0.05), which
suggests a synergetic effect of the MPs and Ser on the apoptosis of
haemocytes.

3.3. Impacts of the exposure to the MPs, Ser and their combination on the
intracellular contents of ROS and MDA in the haemocytes

Intracellular ROS content in haemocytes, indicated by the specific
fluorescent intensities, were significantly induced by MPs, Ser, and
their combination (Fig. 2A, F5,48= 140.40, p<0.05). Furthermore,
coexposure with microscale or nanoscale MPs significantly increased
the intracellular ROS content in haemocytes, which was approximately
1.52 and 1.69 times those obtained upon the exposure to Ser, respec-
tively. Significant differences in intracellular ROS content were also
detected between the MPs exposure and corresponding Ser-MPs coex-
posure groups (p<0.05).

Though the MDA level in the haemocytes was not affected by the
exposure to Ser (Fig. 2B, p>0.05), the exposure to MPs and Ser-MPs
led to significant increases in MDA content (Fig. 2B, F5,48= 85.53,
p<0.05). In addition, compared to those obtained upon the exposure
to Ser and MPs, clams coexposed to Ser and MPs had significantly
higher MDA content (p<0.05). For example, the MDA contents in the
haemocytes after the coexposure to nanoscale MPs and Ser was in-
creased by approximately 177.07 % and 74.75 % of those exposed Ser
and nanoscale MPs, respectively.

3.4. Impacts of the exposure to the MPs, Ser and their combination on the
ATP content and activity of PK in the haemocytes

Compared to that of the control, the exposure to the nanoscale MPs
led to a significant reduction in ATP content in the haemocytes (Fig. 3A,
F5,48= 9.61, p < 0.05). Though the ATP content in the haemocytes
was not affected by the Ser treatment, coexposure of clams to Ser and
nanoscale MPs resulted in a significant reduction in ATP content
compared to those for the separate treatments (p < 0.05), which in-
dicates a synergetic effect of the nanoscale MPs and Ser on the ATP
content. For example, the haemocyte ATP content of the clams coex-
posed to Ser and nano-sclae MPs was only approximately 85.12 % and
62.70 % of those of the Ser- and MPs- (500 nm) single exposure groups,
respectively. The activity of PK was significantly suppressed by the MPs
and Ser exposure (Fig. 3B, F5,48= 39.40, p < 0.05). Moreover, com-
pared to corresponding single treatment groups, the coexposure of
clams to Ser and nanoscale MPs caused further decreases in PK activity
(p < 0.05), which was only approximately 76.2 % and 89.8 % of those
of the Ser and MPs (500 nm) single exposure groups, respectively.

3.5. Impacts of exposure to MPs, Ser and their combination on the
concentration of plasma cortisol

Compared to that of the control, the Ser exposure led to a significant
increase in plasma cortisol concentration (Fig. 4, F5,30= 164.17, p <
0.05). In addition, though the plasma cortisol concentration was not
affected by exposure to MPs alone, coexposure of clams to Ser and
nanscale MPs resulted in a significant increase in plasma cortisol con-
centration, which was 1.1 times higher than that of the Ser single
treatment group.

3.6. Impacts of exposure to MPs, Ser and their combination on the in vivo
concentrations of ACh and GABA

The in vivo concentrations of both ACh (Fig. 5A, F5,48= 39.59, p <
0.05) and GABA (Fig. 5B, F5,48= 90.62, p < 0.05) were significantly
increased by the Ser exposure by approximately 16.1 % (ACh) and 19.1
% (GABA) of those of the control, respectively. Moreover, compared to
those for the separate treatments with Ser and MPs, coexposure of
clams to Ser and MPs led to significantly higher concentrations of in vivo
ACh and GABA (p < 0.05), which indicated a synergetic effect of Ser
and MPs.

3.7. Impacts of exposure to the MPs, Ser and their combination on the in
vivo concentration of CYP1A1

Compared to that of the control, the in vivo concentrations of
CYP1A1 were significantly reduced by exposure to MPs and Ser-MPs,
whereas the Ser exposure led to a significant increase in in vivo con-
centration of CYP1A1 (Fig. 6, F5,48= 21.48, p < 0.05). Furthermore,
compared to the corresponding Ser and MPs single exposure groups,
coexposure of clams to Ser and nanoscale MPs resulted in significant
further decreases in CYP1A1 content (reduced by approximately 11.5 %

Table 1
Total counts (THC) and phagocytosis of haemocytes of T. granosa after 14
days exposure to MPs, Ser, and their combination. Different uppercase
letters indicate significant differences (p<0.05) in the same column.

Group THC (×108 cell/mL) Phagocytosis (%)

Control 2.41 ± 0.33a 33.80 ± 1.32a

Ser 1.55 ± 0.12b 25.40 ± 0.71b

500 nm MPs 1.68 ± 0.18b 22.79 ± 0.35b

30 μm MPs 1.98 ± 0.16c 23.94 ± 0.61b

500 nm MPs+ Ser 0.80 ± 0.18d 18.99 ± 0.74c

30 μm MPs+ Ser 1.48 ± 0.19b 25.32 ± 0.99b
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and 7.0 %, respectively, p < 0.05).

3.8. Impacts of exposure to MPs, Ser and their combination on the
transcriptome of T. granosa

The Illumina sequencing yielded approximately 60 million reads per
sample (Table S2). After discarding the reads with adapters, poly-
N>10 %, and any possible contaminants, in total, 532.12 million
clean reads were obtained. The clean reads were mapped to the genome
of T. granosa. A summary of raw and clean reads is presented as a
supplementary material (Table S2). The sequencing was validated by
results of real-time qPCR, which show an evident correlation of the fold
change in expression with the RNA sequencing results (Fig. S1). The
heatmap and hierarchical clustering performed with DEGs revealed
substantial differences between the different experimental groups
(Fig. 7A). In total, 1958 and 2904 gene transcripts were differentially
expressed in the coexposure group relative to those separately treated
with Ser and MPs, respectively (Fig. 7).

The GO analysis revealed that a total of 103 (85 up-regulated and 18
down-regulated) GO terms were significantly (adj-p < 0.05) enriched
in the coexposure group in comparison to the Ser exposure group
(Table 2). The down-regulated DEGs detected were those involved in
“DNA replication initiation” (GO:0006270), “immune response”
(GO:0006955), and “immune system process” (GO:0002376). Com-
pared to the MPs exposure group, 159 (115 up-regulated and 44 down-
regulated) GO terms were significantly (adj-p < 0.05) enriched in
coexposure group (Table 2). The down-regulated DEGs detected were
those involved in “DNA replication initiation”, “immune response”, and

“response to stress” (GO:0006950). Compared to those of Ser and na-
noscale MPs single exposure groups, most of the significantly up-
regulated DEGs detected in the coexposure group were those closely
related to the lipid metabolism processes, such as the “fatty acid me-
tabolic process” (GO:0006631), “lipid metabolic process”
(GO:0006629), and “response to lipid” (GO:0033993) (Table 2). The
KEGG enrichment analyses showed that eight pathways were sig-
nificantly enriched in the coexposure group in comparison to the Ser
and nanoscale MPs single exposure groups (Fig. 8), including “peroxi-
some” (spu04146), “lysosome” (spu04142), “phagosome” (spu04145)
and “fatty acid metabolism” (spu01212).

4. Discussion

Though coexposure to pharmaceuticals and MPs may frequently
occur in estuaries and coastal areas (Graca et al., 2017; Li et al., 2019;
Tang et al., 2020), their combined impacts on marine benthic organ-
isms are still poorly understood to date. Results obtained in this study
showed that both Ser and MPs (diameter 500 nm and 30 μm) can sig-
nificantly suppress the immune responses of T. granosa, which may be
attributed to a series of physiological and molecular alterations. In
addition, an evident synergistic immune-toxic effect of Ser and na-
noscale MPs was observed, indicating the size-dependent interaction
between Ser and MPs. This suggests that the coexposure to Ser and
smaller size MPs may pose more severe threats to bivalve species than
those upon the exposure to Ser and coexposure to Ser and larger MPs.

Considering the lack of antigen-antibody-mediated immune

Fig. 1. Haemocyte viabilities (A) and caspase-3 activities (B) of T. granosa
after 14 days of exposure to MPs, Ser, and their combination. Mean values
that do not share the same superscript were significantly different (p < 0.05)

Fig. 2. Fluorescence intensities of intracellular ROS (A) and MDA content
(B) in the haemocytes of T. granosa after 14 days of exposure to MPs, Ser
and their combination. Mean values that do not share the same superscript
were significantly different (p < 0.05).
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responses, the haemocytes are regarded as the main immune cells of
marine bivalves to remove invaded exogenous particles such as pa-
thogens through the process of phagocytosis (Loker et al., 2004). In the
present study, evident immunotoxicities indicated by the reductions in
total count and phagocytic activity of haemocytes were detected for
both Ser and MPs. The reductions in haemocyte count upon the Ser and
MPs exposure may be attributed to the induction of oxidative damage

on haemocytes. It is generally accepted that the generation of in-
tracellular ROS and lipid peroxidation (MDA) could trigger apoptosis of
a variety of cells including haemocytes (Premanathan et al., 2011).
Thus the increases in intracellular ROS and MDA levels upon Ser and
MPs exposure could induce the apoptosis of haemocytes and lead to
reductions in THC. This inference was further confirmed by the

Fig. 3. ATP contents (A) and pyruvate kinase (PK) activities (B) in the
haemocytes of T. granosa after 14 days of exposure to MPs, Ser, and their
combination. Mean values that do not share the same superscript were sig-
nificantly different (p < 0.05).

Fig. 4. The in vivo concentrations of plasma cortisol of T. granosa after 14
days of exposure to MPs, Ser, and their combination. Mean values that do
not share the same superscript were significantly different (p < 0.05).

Fig. 5. The in vivo concentrations of (A) ACh and (B) GABA in T. granosa
after 14 days of exposure to MPs, Ser, and their combination. Mean values
that do not share the same superscript were significantly different (p < 0.05).

Fig. 6. The in vivo concentrations of CYP1A1 in the digestive gland of T.
granosa after 14 days of exposure to MPs, Ser, and their combination.
Mean values that do not share the same superscript were significantly different
(p < 0.05).
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induction of caspase-3 upon Ser and MPs exposure observed in this
study. According to the data obtained, Ser and MPs may constrain the
phagocytic activity of haemocytes through the following physiological
and molecular impacts.

First, the phagocytosis is an energy-consuming process (Turvey &
Broide, 2010). However, significant reductions in ATP content and PK
activity in haemocytes were observed after MP exposure in this study.
Thus, the MPs may inhibit the phagocytic activity of the haemocytes by
constraining the energy (ATP content) available for phagocytosis. Ac-
cording to previous studies, the reduction in energy availability can be
attributed to the blockage of the intestine, reduction in feeding, and
arrested energy assimilation upon MPs exposure (Barnes et al., 2009;
Yin et al., 2018). Furthermore, it has been suggested that organisms
would alter energetic trade-offs between different physiological and
behavioural processes to meet the increased energetic demands under
the challenge of environmental stressors, such as climate change, food

shortage, and pollutants (Delaporte et al., 2006; Mogensen & Post,
2012; Roberts et al., 2013). For example, more energy of the oyster
Crassostrea gigas would be allocated to gonad development rather than
haemocyte activities such as phagocytosis under food shortage
(Delaporte et al., 2006). In this respect, the physiological stress induced
by MPs or Ser, as indicated by the increase in plasma cortisol level
detected (Eames et al., 2010), may also lead to a reduction in the energy
budget for phagocytosis.

Second, MPs and Ser may affect the phagocytosis of haemocytes
through disturbing the neuroendocrine system as well. Classical hor-
mones and neurotransmitters released by the neuroendocrine system,
such as cortisol, ACh, and GABA, can mediate a vast array of im-
munomodulatory processes in both vertebrates and marine molluscs (Li
et al., 2016; Liu et al., 2017; Guan et al., 2018). For instance, the
haemocyte phagocytosis of oyster C. gigas induced by lipopoly-
saccharide (LPS) could be suppressed by the addition of GABA (Li et al.,

Fig. 7. Hierarchical cluster (A) of differentially expressed unigenes (DEGs) across treatments and volcano plots of DEGs of the coexposure group versus
those exposed to nanoscale MPs (B) and Ser (C) alone. Genes and samples are clustered by similarity of expression (Left and top, respectively). DEGs were selected
by adjusted p value< 0.05 and |log2 (fold change)|> 0.
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2016). Similarly, a recent study demonstrated that cortisol (15 and
30 ng/mL) can effectively inhibit the NFκB signalling pathway, a key
regulatory molecular pathway for immune activities including phago-
cytosis (Dong et al., 2018). Therefore, the significant alterations in the
in vivo contents of hormones and neurotransmitters (cortisol, ACh, and
GABA) upon MPs and Ser exposure detected in this study may also
hamper the phagocytosis of haemocytes through their modulating ef-
fects.

An evident synergistic immune-toxic effect of Ser and MPs was
observed in this study, which may be caused by following factors. As

both Ser and MPs are immuno-toxic to T. granosa, the synergetic effect
observed may be simply due to the addition of the immuno-toxic im-
pacts of these two types of pollutants. Notably, the GO enrichment
analyses revealed that compared to those treated with Ser or MPs, many
genes in “immune response” and “DNA replication initiation” were
significantly down-regulated upon Ser-MPs coexposure. Considering
their important roles in immune response and cell proliferation, the
down-regulation of these genes may hamper the immune activity and
recruitment of haemocytes, which may therefore result in an ag-
gravated immune-toxicity. Furthermore, it has been suggested that the

Table 2
Gene ontology (GO) enrichment analysis of differentially expressed unigenes (DEGs) of the coexposed group versus those exposed to MPs and Ser.
MPs_ServsMPs group: coexposure group versus nanoscale MPs exposure group, MPs_ServsSer MPs_group: coexposure group versus Ser exposure group, BP: biological
process, CC: cellular component, MF: molecular function, down or up: terms enriched in the set of down- or up-regulated DEGs, respectively, count: count of DEGs,
adj-p: adjusted p value. The DEGs were selected by adj-p value<0.05 and |log2 (fold change)|> 0.

Group Regulation Category GO ID GO term Count Adj-p

MPs_ServsMPs Down BP GO:0006979 response to oxidative stress 13 2.11E-05
GO:0005975 carbohydrate metabolic process 29 9.93E-04
GO:0002376 immune system process 8 1.01E-03
GO:0006955 immune response 8 1.01E-03
GO:0006270 DNA replication initiation 5 3.76E-03
GO:0006261 DNA-dependent DNA replication 6 3.96E-03
GO:0006950 response to stress 21 9.23E-03

CC GO:0005576 extracellular region 30 7.62E-08
GO:0005615 extracellular space 7 2.53E-04
GO:0044421 extracellular region part 9 3.20E-04

MF GO:0004601 peroxidase activity 15 3.26E-07
GO:0005044 scavenger receptor activity 15 8.68E-07
GO:0016209 antioxidant activity 15 9.03E-07
GO:0005164 tumor necrosis factor receptor binding 7 4.67E-05
GO:0030234 enzyme regulator activity 20 3.23E-04

UP BP GO:0006631 fatty acid metabolic process 12 6.06E-06
GO:0019752 carboxylic acid metabolic process 26 2.73E-05
GO:0006082 organic acid metabolic process 26 2.86E-05
GO:0006629 lipid metabolic process 31 3.99E-05
GO:0033993 response to lipid 13 2.74E-04
GO:0071396 cellular response to lipid 13 2.74E-04
GO:0009725 response to hormone 13 2.24E-05

CC GO:0012506 vesicle membrane 7 1.34E-05
GO:0030120 vesicle coat 7 1.34E-05
GO:0031410 cytoplasmic vesicle 7 2.88E-05
GO:0005777 peroxisome 5 3.86E-04

MF GO:0020037 heme binding 33 1.77E-06
GO:0046906 tetrapyrrole binding 33 1.86E-06
GO:0016874 ligase activity 16 4.00E-04
GO:0016887 ATPase activity 17 6.07E-04

MPs_ServsSer Down BP GO:0006270 DNA replication initiation 5 2.06E-04
GO:0009888 tissue development 5 2.97E-04
GO:0002376 immune system process 6 7.86E-04
GO:0006955 immune response 6 7.86E-04
GO:0006260 DNA replication 7 7.51E-03

MF GO:0005126 cytokine receptor binding 6 4.11E-05
GO:0005164 tumor necrosis factor receptor binding 6 4.11E-05
GO:0032813 tumor necrosis factor receptor superfamily binding 6 4.11E-05
GO:0030246 carbohydrate binding 9 8.31E-03

UP BP GO:0006631 fatty acid metabolic process 12 5.87E-07
GO:0019752 carboxylic acid metabolic process 25 2.41E-06
GO:0006082 organic acid metabolic process 25 2.54E-06
GO:0006629 lipid metabolic process 27 2.43E-05
GO:0044281 small molecule metabolic process 31 9.29E-04
GO:0044255 cellular lipid metabolic process 17 9.29E-04
GO:0033993 response to lipid 11 9.29E-04
GO:0071396 cellular response to lipid 11 9.29E-04
GO:0016042 lipid catabolic process 9 9.29E-04

CC GO:0005777 peroxisome 7 9.23E-05
GO:0042579 microbody 7 9.23E-05

MF GO:0016705 oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen 38 2.88E-13
GO:0020037 heme binding 31 1.44E-07
GO:0004497 monooxygenase activity 11 5.55E-05
GO:0016887 ATPase activity 21 1.57E-07
GO:0003997 acyl-CoA oxidase activity 5 3.36E-04
GO:0001071 nucleic acid binding transcription factor activity 6 6.73E-04
GO:0015171 amino acid transmembrane transporter activity 4 3.70E-02
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dysregulation of lipid metabolism can impair innate immune responses
(Im et al., 2011; Han et al., 2018). Results obtained in this study showed
that coexposure to Ser and MPs led to alterations in lipid metabolism
processes such as the fatty acid metabolic process and lipid metabolic
process, therefore the aggravated toxic impacts may be caused by al-
terations in these processes upon Ser-MPs coexposure. Similarly, com-
pared to those exposed to Ser or MPs, the KEGG analysis revealed that
the DEGs detected in the coexposure group were mainly from “per-
oxisome”, “lysosome” and “phagosome” pathways. Since these path-
ways are important in the regulation of ROS and phagocytosis, altera-
tions in these key pathways may also lead to aggravated toxicity
(Repnik et al., 2012; Dupré-Crochet et al., 2013).

Furthermore, the detected synergetic effect may also originate from
the interaction between Ser and MPs. Considering the relatively high
specific surface area and penetration capability, the presence of MPs
may facilitate the internalisation of Ser by marine organisms through
the “Trojan horse” effect, which could subsequently lead to aggravated
toxicity (Rochman et al., 2014; Brennecke et al., 2016). In addition, it
has been suggested that MPs can reach the vicinity of the endoplasmic
reticulum and inhibit the enzymatic activity of P450 isoenzymes, key
enzymes involved in the drug/toxicant metabolism (Nash et al., 2014).
Since the concentration of the important drug-metabolising cytochrome
P450 isoenzyme CYP1A1 (Sarasquete & Segner, 2000; Nash et al.,
2014) was significantly reduced upon the MPs exposure, the coexposure
to Ser and MPs could result in aggravated toxicity due to the hampered
detoxification, which fails to exclude Ser out of the body.

Notably, the evident synergistic immune-toxic effect was observed
only for Ser and nanoscale MPs, which may be due to the size-depen-
dent interactions between Ser and MPs. Nanoscale MPs have a con-
siderably larger specific surface area than that of microscale MPs,
which could carry higher amount of pollutants into the organisms and
thus result in higher toxicity. Van Cauwenberghe and Janssen (2014)
reported that the majority of larger MPs (diameter> 25 μm) can be
removed from the bodies of M. edulis and C. gigas after a depuration
period of three days, while the smaller MPs were still retained in the
tissues and circulatory system. As a result, compared to the larger MPs
(30 μm), the smaller nanoscale MPs (500 nm) tested in this study would
retain longer in clams and consequently have more time to discharge
the carried Ser. Furthermore, due to their small sizes, the nanoscale

MPs may enter the cell easier than the larger MPs and thus exhibit a
stronger inhibition on CYP isoenzymes (Fröhlich et al., 2010), which
could hamper the exclusion of Ser and subsequently result in higher
toxicity as well.

In summary, for the first time, the present study demonstrates that
the presence of MPs increased the immunotoxicity of Ser to marine
organisms. The nanoscale MPs alone or in combination with other
toxicants could exert more toxic effects on marine organisms than those
by the larger MPs. Considering these results, further studies on the
combined effects of other pollutants and MPs particularly at the na-
noscale are of interest.
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