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RNA sequencing provides insights
into the effect of dietary ingestion
of microplastics and cadmium in
the sea cucumber Apostichopus
japonicus
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Academy of Sciences, Qingdao, China, 2Laboratory for Marine Ecology and Environmental Science,
Qingdao National Laboratory for Marine Science and Technology, Qingdao, China, 3Center for Ocean
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Introduction: Microplastics (MPs) and cadmium (Cd) are persistent pollutants in

aquatic environments. Sea cucumbers are susceptible to MPs and Cd due to their

feeding behavior.

Methods: This study, based on Illumina sequencing, compared the transcriptomes

of A. japonicus before and after Cd and/or MPs exposure. Additionally, we detected

the changes of catalase (CAT), and superoxide dismutase (SOD) activity,

glutathione (GSH), and malondialdehyde (MDA) content in sea cucumbers.

Results and Discussion: High concentration of MPs caused the increase of SOD

activity. High concentration combined treatment resulted in significant up

regulation of these four indicators in A. japonicus and had the largest number of

differential expression genes (DEGs) reaching 1,618 DEGs, consisting of 789 up

regulated along with 829 down regulated DEGs. Transcriptome results showed

that Cd induced up regulation of intestinal FAS associated death domain protein

(FADD) expression, which may cause apoptosis and inflammation. The increase of

intestinal putative heparan sulfate 2-O-sulfotransferase in cadmium treatment

groups provided a mechanism for host defense. The imbalance of expression of

the NOD-like receptor (NLR) family inflammatory bodies and caspase 6 in the

microplastic treatment group also led to the inflammatory reaction in the intestine

of sea cucumber. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway analysis showed that in the process of fatty acid

metabolism, MPs and Cd showed antagonistic effects, mainly in the inconsistent

expression of Stearoyl CoA Ddesaturase (SCD1) protein. The significant changes of

Toll interacting protein (TOLLIP) and E-selectin (SELE) in all Cd and MPs treatment
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groups may indicate the key immune response genes of sea cucumber to Cd

exposure and MPs exposure. These genes were involved in the immune defense of

sea cucumber exposed to different levels of Cd and MPs. This study provided

insights into the mechanism of dietary MPs and Cd intake in an economically and

ecologically important invertebrate species.
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1 Introduction

In recent years, there has been widespread concern about

environmental pollution caused by the rapid accumulation of

plastic debris in the natural environment (Auta et al., 2017; Liao

and Yang, 2020). Tiny plastic fragments, fibers, and particles, known

as Microplastics (MPs) (1 mm to 5 mm in diameter), are the main

form of marine plastic debris (Thompson et al., 2004). MPs are small

and easily ingested by predators living in the water column and

sediments. The presence of MPs has been demonstrated in

zooplankton, fish, crabs, shrimps, echinoderms including sea

urchins, sea cucumbers and even marine mammals. (Daniel et al.,

2020; Feng et al., 2020; Plee and Pomory, 2020; Taha et al., 2021;

Zantis et al., 2021; Zhang et al., 2021). Ingested MPs may accumulate

in the digestive tract of aquatic animals and in severe cases even

obstruct the digestive tract, resulting in decreased feeding motility and

feeding rate (Md Amin et al., 2020). MPs have been shown to cause a

variety of negative effects on living organisms, including mechanical

damage to digestive organs, inflammatory responses, causing

oxidative stress, and alterations in enzyme production and

metabolism (Wright et al., 2013; Welden and Cowie, 2016; Lei

et al., 2018). Plastics are usually complex mixtures composed of

polymers, residual monomers, and chemical additions (Zettler

et al., 2013).

Furthermore, the organic matter, bacteria and chemical

contaminants adsorbed by MPs increase their complexity (Carbery

et al., 2020; Liu et al., 2022; Mohsen et al., 2022). Due to their

physicochemical properties, surface characteristics, small particle size,

large specific surface area and hydrophobicity, MPs have the potential

to adsorb other harmful pollutants such as heavy metals in the

surrounding environment (Vedolin et al., 2018; Wang et al., 2020).

Heavy metals are classified as harmful to living organisms even at low

concentrations due to their high toxicity and carcinogenicity

(Akhbarizadeh et al., 2018). MPs and heavy metals are persistent

pollutants in aquatic environments due to their bioaccumulation and

biomagnification in the food chain (Kim et al., 2017). The

accumulation of heavy metals in organisms may destroy enzyme

activity, lead to oxidative damage, and affect biological growth and

metabolism. In addition, these heavy metals are often concentrated

and amplified in organisms at higher levels of the food chain,

particularly in the benthos (Boyd and Massaut, 1999; Esmaeilzadeh

et al., 2017; Kovacevic et al., 2020). These organisms may become

food for humans and then threaten human health. Cd is poorly
02
degradable and highly soluble in lipids, and when ingested by living

organisms, it will be enriched in living organisms and not easily

decomposed and excreted (Rainbow, 2003). The investigation found

that the median concentration of Cd was higher on the microplastics

than in the corresponding sediment (Mohsen et al., 2019a).

According to another report, MPs can change the bioavailability of

heavy metals in environmental media (Zhang et al., 2020). Among

marine organisms, considering the combined effects of MPs and

heavy metals, the most common organisms studied include

phytoplankton algae, invertebrates, and fish (Qiao et al., 2019;

Fernandez et al., 2020; Lin et al., 2020). Previous studies have

shown that both MPs and heavy metals could show toxic effects on

organisms, and their combination may produce three effects, namely

synergistic, antagonistic, or potentiating effects (Bhagat et al., 2021).

Sea cucumber (Apostichopus japonicus) has a high market value

and medicinal properties. It is an important economic species in the

north of China (Fu et al., 2005). Sea cucumbers prefer to inhabit the

sea floor where there is a high content of organic matter such as algae

(Purcell et al., 2014; Ru et al., 2019). The concentration of metals in

sediments is usually much higher than in water. Sediments can be a

source of chemicals in the water column and also adversely affect

sediment-dwelling organisms through direct toxicity (Roussiez et al.,

2006; Dane and Sisman, 2020). The feeding nature of sea cucumbers

make themmore susceptible to heavy metals andMPs in the sediment

(Jiang et al., 2013; Yokoyama, 2013). The environmental pollution

problem is especially prominent because coastal industrial effluents

and domestic effluents are largely discharged offshore, causing great

harm to the sea cucumber cultivation industry along the coast (Khan

et al., 2019). In addition, sea cucumbers, as sediment and suspension

feeders, can be effective as a bioindicator of environmental pollution

(Mohsen et al., 2020; Parra-Luna et al., 2020).

The intestine not only plays a role in absorption of nutrients, but

is also the main route for toxic substances to enter the body (Ling

et al., 2018; Dane and Sisman, 2020). The ingestion of sediments by

sea cucumbers could lead to the unselected entry of MPs and Cd from

sediments into the gut. The intestine is the first tissue to be affected by

contaminants present in ingested foods, and many studies have been

conducted on the effects of heavy metals on its histological changes

(Joshy et al., 2022). It is not clear how the intestine of sea cucumber

responds to MPs and heavy metal stresses at the molecular level. With

high-throughput precision and reproducibility, transcriptome

sequencing technology is a useful tool for studying aquatic animal

growth, development, the immune system against disease, stress
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physiology, and other functional processes. To help understand the

intrinsic molecular processes of the gut in the face of Cd and MPs

stress, we determined the transcriptome changes of its gut by using

Illumina HiSeq 2500 sequencing technology. Additionally, we

examined the status of oxidative stress enzymes. The findings of the

present study are important for further understanding the

mechanisms of adaptation of echinoderms to Cd and MPs of the

environment, and thus, provide references for the cultivation and

food safety of sea cucumber.
2 Materials and methods

2.1 Animal collection

Healthy sea cucumbers weighing 25.54 ± 2.24 g were selected as

experimental animals. They were purchased from the Shandong

Tonghe Marine Technology Co., Ltd. (Dongying, China). They

were randomly divided into seven groups of five in parallel, each

with 10 sea cucumbers, and reared in a 120 L (length × width × height:

70 cm × 50 cm × 35 cm) breeding boxes, maintained with ample blast

gas and half water changed every 24 h. They were given a period of 2

weeks to acclimate before the start of the experiment. Throughout the

rearing process, the breeding box water inlets were filtered with a 74

mm silk sieve. The seawater used in the experiment met the first-class

conditions of the seawater quality standard (GB 3097-1997). We

maintained a 12 h - 12 h light-dark illumination regime throughout

the study. Further information is presented in 2.3 Experimental setup.
2.2 Test diets

Polyethylene glycol terephthalate (PET) microplastic particles of

about 150 mm diameter were purchased from the Hangzhou

Hongyuan Polymer Technology Co., Ltd. (Hangzhou, China), and

sequentially sieved through stainless steel sieves with mesh diameters

of 180 mm and 150 mm. The density of the MPs was about 1.37/(g/
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cm3). The chemicals used (CdCl2·2.5H2O; analytical grade)) were

purchased from the Shanghai Wokai Biotechnology Co., Ltd.

(Shanghai, China). CdCl2·2.5H2O was prepared into 5g/L Cd

standard solution with ultrapure water. The composition of the

experimental diets are shown in Table 1. The actual Cd and MPs

concentrations were 0.49mg/kg, 46.2mg/kg, 0.0194g/kg (about 1000

microplastic particles/kg), 1.9358g/kg (about 100000 microplastic

particles/kg) dry weight, respectively. They were separately passed

through a grinder and pelleted through 3mm diameter extruder. The

diets dried at 45 °C for 24 hours and stored in -20°C for further use.
2.3 Experimental setup

Three hundred fifty sea cucumber were randomly divided into

seven groups, five parallel in each group (n = 10), and the diet

exposure experiment was conducted for 30 days. Seven groups

included one control group and six experimental groups. The

experimental group included three environmentally relevant

treatment groups (approximate natural sediment pollutant

concentrations): LH (environmentally relevant concentration Cd

group) with 0.5 mg/kg Cd; LM (environmentally relevant

concentration MPs group) with 1000 microplastic particles/kg; and

LHM (combined group with environmentally relevant concentrations

of Cd and MPs) with 0.5 mg/kg Cd + 1,000 microplastic particles/kg

(Mohsen et al., 2019; Wu et al., 2022) and three high concentration

treatment groups (one hundred times the concentration of both

pollutants in natural sediments): HH (high concentration Cd

group) with 50 mg/kg Cd; HM (high concentration MPs group)

with 100,000 microplastic particles/kg; and HHM (combined group

with high concentrations of Cd and MPs) with 50 mg/kg Cd +

100,000 microplastic particles/kg. The ranges of the parameters were

as follows: water temperature 14 ± 1°C, pH 8.3 ± 0.2, salinity 30 ± 1,

dissolved oxygen 10.2 ± 0.3 mg O2/l. In the experiment periods, sea

cucumbers were fed at an amount of 3% of their body weight once a

day at 16:00. We set a blank environmental control breeding box to

exclude the entry of MPs in the environment. After the test, no MPs
TABLE 1 Ingredient composition of the experimental diets (g/kg).

Ingredients Treatments

CK LH HH LM HM LHM HHM

Sargassum 185 185 185 185 185 185 185

Spirulina 26.25 26.25 26.25 26.25 26.25 26.25 26.25

Oyster shell 26.25 26.25 26.25 26.25 26.25 26.25 26.25

Scallop skirt 12.5 12.5 12.5 12.5 12.5 12.5 12.5

Sea mud 660 660 660 660 660 660 660

Starch 90 90 90 89.98 88 89.98 88

MPs 0 0 0 0.02 2.00 0.02 2.00

TOTAL 1000 1000 1000 1000 1000 1000 1000

Cd standard solution (ml) 0 0.1 10 0 0 0.1 10

H2O (ml) 50 49.9 40 50 50 49.9 40
frontie
CK, control group; LH, environmentally relevant concentration Cd group; LM, environmentally relevant concentration MPs group; LHM, Combined group with environmentally relevant
concentrations of Cd and MPs; HH, High concentration Cd group; HM, High concentration MPs group; HHM, Combined group with high concentrations of Cd and MPs.
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similar to the MPs used in this experiment were found in control

breeding box.
2.4 Detection of indicators related to
oxidative stress

After exposure, a total of 35 sea cucumbers (five replicates per

group) were collected and dissected on ice. The body coelomic fluid

and intestinal tract were quickly frozen with liquid nitrogen, and

placed in an Ultra-low temperature freezer for storage until testing.

The detection kit was purchased from Nanjing Jiancheng

Bioengineering Institute (Jiangsu, China). After thawed, the

coelomic fluid was centrifuged at 425 × g for 10 mins at 4°C, and

the levels of CAT, SOD and GSH were measured at wavelengths of

405 nm, 450 nm and 405 nm using a microplate reader (Thermo

Scientific, Waltham, MA, USA), respectively. After the intestinal

sample was thawed, a portion of the sample was weighed and

added to normal saline (saline volume: tissue mass, 9:1). It was

then homogenized in a centrifuge tube to obtain a 10% tissue

homogenate solution, centrifuged at 956 × g for 10 min at 4°C, and

the MDA content in the supernatant was determined using a

microplate reader at a wavelength of 532 nm. Protein

concentrations were measured using the bicinchoninic acid

microplate method and a detection kit purchased from the Nanjing

Jiancheng Bioengineering Institute (Nanjing, China).
2.5 RNA isolation and Illumina sequencing

Total RNA was extracted using TRIzol reagent kit (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA

quality was assessed on an Agilent 2100 Bioanalyzer (Agilent

Technologies, Palo Alto, CA, USA) and checked using RNase free

agarose gel electrophoresis. After total RNA was extracted, eukaryotic

mRNA was enriched by Oligo(dT) beads, while prokaryotic mRNA

was enriched by removing rRNA by Ribo-ZeroTM Magnetic Kit

(Epicentre, Madison, WI, USA). Then the enriched mRNA was

fragmented into short fragments using fragmentation buffer and

reverse transcripted into cDNA with random primers. Second-

strand cDNA were synthesized by DNA polymerase I, RNase H,

dNTP, and buffer. Then the cDNA fragments were purified with

QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands), end

repaired, poly(A) added, and ligated to Illumina sequencing adapters.

The ligation products were size selected by agarose gel

electrophoresis, PCR amplified, and sequenced using Illumina

HiSeq 2500 by Gene Denovo Biotechnology Co. (Guangzhou,

China). The raw reads were deposited into the National Center for

Biotechnology Information (NCBI) Sequence Read Archive (SRA)

database (accession number: PRJNA907491).
2.6 Bioinformatics analysis

To get high quality clean reads, reads were further filtered by fastp

(version 0.18.0) (Chen et al., 2018). Short reads alignment tool

Bowtie2 (version 2.2.8) was used for mapping reads to ribosome
Frontiers in Marine Science 04
RNA (rRNA) database (Langmead and Salzberg, 2012). The rRNA

mapped reads were then removed. The remaining clean reads were

further used in assembly and gene abundance calculation. An index of

the reference genome was built, and paired-end clean reads were

mapped to the reference genome using HISAT2. 2.4. RNAs

differential expression analysis was performed by DESeq2 software

between two different groups (and by edgeR between two samples)

(Robinson et al., 2010; Love et al., 2014; Kim et al., 2015). The Gene

Ontology (GO) enrichment analysis along with the Kyoto

Encyclopedia of Genes and Genomes (KEGG) enrichment analyses

for DEGs were performed taking false discovery rate (FDR) ≤ 0.05 as

a threshold.
2.7 Real-time PCR validation

To validate the RNA-sequencing results, six genes were randomly

selected for real-time PCR. Primers were designed for optimal

performance using primer 5 (Supplementary Table 4). Total RNA

was extracted from the respiratory tree, the same tissue used for the

construction of the RNA-seq profile, by using a MiniBEST Universal

RNA Extraction Kit (Takara, Shiga, Japan). A SYBR Green® real-time

PCR assay (SYBR PrimeScript™ RT-PCR Kit II, TaKaRa) with an

Eppendorf Mastercycler® ep realplex (Eppendorf, Hamburg,

Germany) were used for examining the mRNA expression levels,

and NADH was used as a reference gene for internal standardization

(Zhang et al., 2022). Quantitative real-time PCR was conducted in 20

µL using SYBR Master Mix (TaKaRa, Kusatsu, Japan). The PCR was

conducted at 95°C for 90 s, followed by 40 cycles at 95°C for 5 s, 60°C

for 15 s, and 72°C for 20 s. Then, a melting curve analysis was

performed to assess the specificity of qPCR amplification. Each gene

was repeated three technique replications and 2–△△CT method was

used for analyzing relative quantification (Schmittgen and

Livak, 2008).
2.8 Statistical analysis

The results of the experiments are presented as the means ± SD.

CAT, SOD, and MDA were analyzed using the one-way analysis of

variance (ANOVA) with multiple comparisons for significant

differences between treated and control groups, raw data were

diagnosed for their normality of distribution by Shapiro-Wilk test.

Meanwhile, two-way ANOVA was used to evaluate the interactive

effect of pollutant type and pollutant concentration on the parameters

of oxidative stress of sea cucumber. Statistical analyses were performed

using GraphPad Prism version 8.0. A value of P < 0.05 was considered

significant. The genes with the parameter of P ≤ 0.05 and absolute fold

change ≥ 2 were considered differentially expressed genes.
3 Results

3.1 Oxidative stress related indicators

The effects of different treatment methods on catalase (CAT),

superoxide dismutase (SOD) activity, glutathione (GSH) content, and
frontiersin.org
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malondialdehyde (MDA) content of sea cucumber are shown in the

Figure 1. In the environmental concentration exposure experiment,

the LH group significantly increased the SOD enzyme activity (P <

0.001) and the LHM group significantly increased the content of

MDA (P < 0.05). In the high concentration treatment group, the

activity of CAT in the HH and HHM groups was significantly

increased, compared with that in the CK group (P < 0.05). The

SOD activity was significantly increased in HH; HM and HHM

groups (P < 0.001). The content of GSH in HH and HHM groups

was significantly increased (P < 0.01), and the content of MDA was

significantly increased in HH and HHM groups (P < 0.01). The

concentration and type of pollutants showed significant interaction

on the three oxidative stress indicators of SOD, GSH and MDA(P <

0.01) (Table 2).
3.2 Transcriptome assembly and annotation

A total of 35 cDNA libraries were constructed in this study. For

data quality assurance, raw data were data filtered before information

analysis to reduce analytical interference from invalid data. First, we
Frontiers in Marine Science 05
quality controlled the resulting raw reads using fastp, and filtered low

quality data to obtain clean reads (Supplementary Table 1) (Chen

et al., 2018). RNA-seq generated 35,986,062−62,000,734 high quality

clean reads (Supplementary Table 2). We then aligned clean reads to

the ribosomal database of that species using the short reads alignment

tool Bowtie2, removed reads mapping to the ribosome on the

alignment without allowing mismatches, and retained unmapped

reads were used for subsequent transcriptome analysis (Langmead

and Salzberg, 2012). Using hisat2 software, we developed reference

genome-based alignment analysis. We mapped 25,301,750–

44,342,913 reads (67.35%–75.63% of clean reads) to the genome of

A. japonicus (Supplementary Table 3).
3.3 Identification of differentially
expressed genes

To reveal the mechanism of how A. japonicus responds to MPs and

Cd stress, we performed differential gene expression analysis (P < 0.05)

in the CK intestine relative to the LH, LM, and LHM intestines of the

environmental concentration treated group and the HH, HM, and
TABLE 2 The interactive effect of pollutant type and pollutant concentration on the parameters of oxidative stress of sea cucumber.

Two-way ANOVA CAT SOD GSH MDA

pollutant concentration * *** *** *

pollutant type * *** ** **

Interaction ns *** ** **
Asterisks (*) represent significant differences between treatments and the control group (CK) at the same developmental stage (*P < 0.05, **P < 0.01, ***P< 0.001).
A

C D

B

FIGURE 1

(A) Catalase (CAT) and (B) Superoxide dismutase (SOD) activities, (C) glutathione (GSH) and (D) Malondialdehyde (MDA) contents of A. japonicus at the
end of the toxic exposure experiment. Asterisks (*) represent significant differences between treatments and the control group (CK) at the same
developmental stage (*P < 0.05, **P < 0.01, ***P< 0.001). CK: control group; LH: environmentally relevant concentration Cd group; LM: environmentally
relevant concentration MPs group; LHM: Combined group with environmentally relevant concentrations of Cd and MPs; HH: High concentration Cd
group; HM: High concentration MPs group; HHM: Combined group with high concentrations of Cd and MPs.
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HHM intestines of the high concentration group. In environmentally

relevant concentration groups, there were 1107 DEGs in the LH group,

consisting of 452 up regulated along with 655 down regulated DEGs;

1240 DEGs in LM group, consisting of 493 up regulated along with 747

down regulated DEGs; and 1091 DEGs in the LHM group, consisting of

518 up regulated along with 573 down regulated DEGs. In the high

concentration group, there were 1,173 DEGs in the HH group,

consisting of 505 up regulated along with 668 down regulated DEGs;

1,094 DEGs in the HM group, consisting of 419 up regulated along with

675 down regulated DEGs. The HHM group had the largest number of

DEGs reaching 1618, consisting of 789 up regulated along with 829

down regulated DEGs (Figure 2). Figure 3 shows the top 10 DEGs with

the highest fold change values under the six group treatments.
3.4 Gene ontology enrichment analysis of
differentially expressed genes

To gain insights into the biological roles of the DEGs, we

performed a Gene ontology (GO) categories enrichment analysis.

The GO enrichment data denoted that DEGs were classified into

Biological Processes (BPs), Cellular Components (CCs), and

Molecular Functions (MFs) three major functional categories. In

the LH vs CK group, the most significantly enriched terms of DEGs

in BPs, MFs and CCs three major functional categories are DNA-

dependent DNA replication, magnesium chelatase activity, and

replication fork; in the LM vs CK group, the most significantly

enriched terms are interneuron axon guidance, extracellular matrix

structural constituent, and basolateral plasma membrane; for LHM vs

CK group, the most significantly enriched terms of are regulation of
Frontiers in Marine Science 06
atrial cardiac muscle cell action potential, heme binding, and

extracellular region; in the HH vs CK group, the most significantly

enriched terms are mesonephric tubule formation, ADP binding, and

NLS-dependent protein nuclear import complex; in the HM vs CK

group, the most significantly enriched terms are Group II intron

splicing, aspartic-type endopeptidase activity, and anchored

component of membrane; and for HHM vs CK group, the most

significantly enriched terms of DEGs in BPs, MFs and CCs three

major functional categories are anchored component of membrane,

oxidoreductase activity, and microbody.
3.5 Kyoto encyclopedia of genes and
genomes enrichment analysis of
differentially expressed genes

To further investigate the function of these DEGs, we mapped all

these DEGs into the KEGG database. Hypergeometric tests with a P

value cutoff of 0.05 was used as the criteria for pathway detection.

After mapping to the KEGG database, the results in CK vs. LH, CK vs.

LM, CK vs. LHM, CK vs. HH, CK vs. HM, and CK vs HHM groups

showed that these DEGs were successfully annotated and assigned to

277, 239, 247, 233, 253, and 294 pathways, respectively. The most

significant KEGG pathways in the LH, LM, LHM, HH, HM, HHM

groups were DNA replication, pancreatic secretion, biosynthesis of

unsaturated fatty acids, other glycan degradation, complement and

coagulation cascades, and fatty acid metabolism, respectively.

Figures 4, 5 demonstrates the top 20 most significantly altered

pathways, with the most differentially gene containing pathways in

cancer, metabolic pathways, arachidonic acid metabolism, MAPK
A

D E

C

F

B

FIGURE 2

Differential expression genes (DEGs) were identified in the intestine of (A) japonicus after exposure. Volcano plots of DEGs in (A) CK vs. LH, (B) CK vs. LM,
(C) CK vs. LHM, (D) CK vs. HH, (E) CK vs. HM, and (F) CK vs. HHM. Red dots designate up regulated genes, and orange dots designate down regulated
genes. CK: control group; LH: environmentally relevant concentration Cd group; LM: environmentally relevant concentration MPs group; LHM:
Combined group with environmentally relevant concentrations of Cd and MPs; HH: High concentration Cd group; HM: High concentration MPs group;
HHM: Combined group with high concentrations of Cd and MPs.
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signaling pathway, arachidonic acid metabolism, and metabolic

pathways in CK vs. LH, CK vs. LM, CK vs. LHM, CK vs. HH, CK

vs. HM, and CK vs. HHM, respectively. For better clarity and concise

presentation, we analyzed the union of the top 20 GO terms and

KEGG pathways in the environmentally relevant concentration and

high concentration treatment groups, respectively (Figures 4–7). See

Supplementary Figures 2-13 for specific significance and other

information of these terms and pathways.
3.6 Targeted gene analysis

By comparing the genes of all treatment groups containing Cd

treatments, we found 30 DEGs in common. To clarify the function of

these 30 DEGs, they were subjected to KEGG enrichment and found

to be significantly enriched in a total of three pathways in lipid
Frontiers in Marine Science 07
metabolism, glycan biosynthesis and metabolism and immune

system. Similarly, in the DEGs Venn plots of all the MPs treated

groups, 27 DEGs were found (Figure 8). We performed KEGG

enrichment analysis and found that it was significantly enriched in

a total of seven pathways including endocrine system, immune

system, digestive system, glycan biosynthesis and metabolism, lipid

metabolism, endocrine and metabolic disease, and infectious disease:

bacterial. MPs and Cd treatment had significant effects on lipid

metabolism and immune system. In the Cd treatment group, three

lipid metabolism pathways of fatty acid elongation, biosynthesis of

unsaturated fatty acids, and steroid household biosynthesis changed

significantly. In the MPs treatment group, the steroid hormone

biosynthesis pathway of lipid metabolism changed. Toll-like

receptor signaling pathway and complex and coordination cascades

pathways were significantly enriched in the immune system of Cd and

microplastic treatment groups, respectively. In addition, MPs also
A B
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FIGURE 3

Radar map of the first 10 significantly up regulated differentially expressed genes in (A) CK vs. LH, (B) CK vs. LM, (C) CK vs. LHM, (D) CK vs. HH, (E) CK vs.
HM, and (F) CK vs. HHM. Radar map of the first 10 significantly down regulated differentially expressed genes in (G) CK vs. LH, (H) CK vs. LM, (I) CK vs.
LHM, (J) CK vs. HH, (K) CK vs. HM, and (L) CK vs. HHM. CK: control group; LH: environmentally relevant concentration Cd group; LM: environmentally
relevant concentration MPs group; LHM: Combined group with environmentally relevant concentrations of Cd and MPs; HH: High concentration Cd
group; HM: High concentration MPs group; HHM: Combined group with high concentrations of Cd and MPs.
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caused changes in cortisol synthesis and secret, prolactin signaling

pathway, and ovarian steroidogenesis endocrine system pathways.
3.7 Real-time PCR validation

In order to verify the gene expression profile identified by RNA Seq,

six DEGs were selected to verify the correctness of transcriptome

analysis (BSL78_01257, BSL78_04100, BSL78_07802, BSL78_08543,

BSL78_12019, BSL78_20141). The relative expression level of mRNA

was further detected by qRT-PCR. These data were congruent with

RNA-seq data in terms of the variation trend (Figure 9), demonstrating

the accuracy and reliability of the RNA-seq investigation.
4 Discussion

The pollution of MPs in the water column often has a great

visual impact on people, but the transfer of MPs from the water
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column to the sediment environment has a huge impact on benthos.

Sediment environment is considered as a long-term sink of MPs

(Cozar et al., 2014; Avio et al., 2017). Heavy metal pollution in

sediment environment is also an important environmental pollution

problem (Hanebuth et al., 2018). The feeding characteristics of sea

cucumber as deposit feeders or suspension feeders will cause it to be

in the complex pollution environment of MPs and heavy metals

(Roberts et al., 2000; Taylor et al., 2016). In our study, sea

cucumbers were exposed to MPs and Cd under simulated

environmental concentrations and severe pollution. We detected

their indicators related to oxidative stress, and used RNA-Seq

technology to build the gene expression profile of the intestine

most vulnerable to these two pollutants. The changes of catalase

(CAT) and superoxide dismutase (SOD) enzyme activities and the

contents of glutathione (GSH) and malondialdehyde (MDA) mainly

occurred in the high concentration treatment group. The

transcriptome sequencing results showed that the MPs and Cd

caused the intestinal inflammatory reaction of sea cucumber and

affected the immune system and endocrine system.
FIGURE 4

Top 20 KEGG pathways enrichment of DEGs in CK vs. LH, CK vs. LM, and CK vs. LHM. CK: control group; LH: environmentally relevant concentration Cd
group; LM: environmentally relevant concentration MPs group; LHM: Combined group with environmentally relevant concentrations of Cd and MPs.
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4.1 Changes of indexes related to oxidative
stress

In the process of evolution, organisms have formed an effective

antioxidant defense system including antioxidant enzymes and non-

enzymatic antioxidants. In the present study these parameters were

not severely affected by the treatment of pollutants at environmentally

relevant concentrations, and the absence of oxidative stress at this

concentration may be due to the protective effect of the gut, which

sequestered Cd more than liver and muscle (Hani et al., 2018).

SOD, CAT enzyme activities and GSH, MDA contents were

significantly increased in the high concentration Cd treatment

group. Heavy metals can damage organisms through various

pathways including ROS generation, weakening of the antioxidant

defense, enzyme inactivation, oxidative stress and some of them have

selective binding to specific macromolecules (Balali-Mood et al.,

2021). When aquatic invertebrates are exposed to heavy metals,

animals respond by activating detoxification mechanisms (Wenli

et al., 2008). But with increasing concentration or time of exposure,
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Cd may exceed the detoxification limit of the organism. Cd will bind

to macromolecular proteins (such as various enzymes) in the body,

resulting in toxic effects.

In this study, high concentrations of MPs caused an increase in

SOD activity. Current research has found that the toxic effects of MPs

on marine organisms are affected by various factors. The size,

concentration, and type will affect the accumulation and

distribution of MPs in organisms to a certain extent, and then have

different toxic effects on organisms (Kim et al., 2021). The MPs used

in this study are large in size (Supplementary Figure 1), the defecation

cycle of A. japonicus is short, and the large-sized MPs stay in the

intestine for a short time, so they have less impact. Overall, micron-

sized MPs can be efficiently excreted in the form of fecal pellets.

However, it is important to note that smaller MPs, such as nano-sized

MPs, may have retention times longer than 24 hours or even days

(Jeong et al., 2018).

Combined exposure to high concentrations of experimental

groups did not cause more severe oxidative stress in this study,

however, some studies have shown that the interaction between
FIGURE 5

Top 20 KEGG pathways enrichment of DEGs in CK vs. HH, CK vs. HM, and CK vs. HHM. CK: control group; HH: High concentration Cd group; HM: High
concentration MPs group; HHM: Combined group with high concentrations of Cd and MPs.
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MPs and heavy metals may greatly affect the bioaccumulation and

toxicity of heavy metals (Barboza et al., 2018). MPs can aggravate

copper toxicity in zebrafish liver and gut by inhibiting copper ion

transport while enhancing oxidative stress, resulting in elevated levels

of malondialdehyde (MDA) and metallothionein (MT), and

decreased levels of superoxide dismutase (SOD) (Qiao et al., 2019).

When MPs and heavy metals coexist, the toxicity to organisms

changes, and even the toxicity trend of the same substance may

vary due to the functional groups and other characteristics of MPs

(Kim et al., 2017).
4.2 Function classification of DEGs

Among the top 10 genes with significant difference between each

experimental group and the control group (Figure 2), gene

BSL78_00666 was significantly up regulated in LH and HH

treatment groups, which may be related to the synthesis of FAS-

associated death domain protein (FADD). FADD is a central

mediator of death receptor-initiated apoptosis that directly activates

the caspase-8 protease (Chinnaiyan et al., 1995; Kim et al., 2003). In

addition, overexpression of FADD complex may cause apoptosis and

inflammation (Salaun et al., 2007). Abnormal inflammatory reaction

is an important link of cell and tissue damage caused by heavy metals

(Fagerberg et al., 2017). Cd has always been considered as a kind of
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xenobiotics related to inflammation, because it can induce complex

inflammatory reactions in a variety of cell types (Anka et al., 2022).

After Cd exposure for 9 weeks, the expression of two enzymes

associated to inflammation, cyclooxygenase type 2 (COX-2), and

iNOS in mice increased significantly. Chronic Cd nephrotoxicity is

associated with overexpression of COX-2 and iNOS (Morales

et al., 2006).

Gene BSL78_19274 was significantly up regulated in LH and

HH treatment groups, which was related to the synthesis of

heparan sulfate 2-O-sulfotransferase. Heparin sulfate is a

glycosaminoglycan sulfate, which can facilitate neutrophil

recruitment based on the reduction of neutrophil infiltration in

mice (Axelsson et al., 2012). Cytokines (TNF-a, IL-1, and others),

L- and P-selectins, and chemokines bind to therapeutic heparin

and purified heparan sulfate, suggesting the importance of

heparan sulfate in inflammation (Ley et al., 1991; Wang et al.,

2002) . Neut rophi l r ec ru i tment and exosmos i s a t the

inflammatory site provide a mechanism for host defense. The

up-regulation of this gene indicated the response mechanism of

sea cucumber in response to the inflammation caused by

Cd exposure.

Gene BSL78_29177 was significantly up regulated in LH, LM

and HM treatment groups, which may be related to the activation

of NLRC4 inflammatory bodies. The NLR family inflammatory

bodies are activated by various exogenous and endogenous drugs,
FIGURE 6

Top 20 Gene Ontology (GO) terms enrichment of DEGs in CK vs. LH, CK vs. LM, and CK vs. LHM. CK: control group; LH: environmentally relevant
concentration Cd group; LM: environmentally relevant concentration MPs group; LHM: Combined group with environmentally relevant concentrations of
Cd and MPs.
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and then promote and enhance the inflammatory response.

NLRC4 inflammatory corpuscles are considered to be the main

promoter of Hemophagocytic lymphohistiocytosis (Schulert and

Cron, 2020; Tomasik and Basak, 2022). Hemophagocytic

lymphohistiocytosis is a disease characterized by immune system

damage associated with excessive inflammation. Excessive release

of proinflammatory cytokines triggers pathological systemic

inflammation, which ultimately leads to multiple organ failure

(Hayden et al., 2016). A total of 1% to 4% of polystyrene Pparticles

ingested in the intestine are believed to migrate into the blood.

Transferring nano plastics into the blood may cause local

inflammation or cause allergic reaction in the tissues (Sass et al.,

1990; Hwang et al., 2020).

CASP6 (BSL78_15677) gene was significantly up regulated in LM

and HM groups. Caspases are a family of intracellular cysteine

proteases that play an important role in tissue homeostasis by

regulating inflammation and apoptosis. The disorder of these

proteases can lead to inflammatory diseases, neurodegenerative

diseases, and cancer (Creagh et al., 2003). Intracellular protease

caspase-6 (CASP6) regulates neuronal apoptosis and axonal

degeneration. Higher levels of Casp6 activity are associated with

lower cognitive ability (Albrecht et al., 2007; Berta et al., 2014).

MSTRG.12949 and MSTRG.6485 showed significant changes in

expression in multiple treatment groups, which may be an

important gene for intestinal response to pollutants. However, their

annotation is unknown.
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4.3 Gene ontology and Kyoto encyclopedia
of genes and genomes enrichment analysis
of differentially expressed genes

GO enrichment and KEGG enrichment analysis provided

biological variations and molecular mechanisms possibly participate

in detoxification of MPs and Cd in sea cucumber. Among the GO

enrichment items, there were few items shared by the combined

treatment group and the single MPs and Cd treatment group. Only

DNA integration (GO: 0015074) was significantly enriched in LM and

LHM treatment groups. In the high concentration treatment, the two

entries of extracellular space (GO: 0005615) and extracellular region

part (GO: 0044421) were significantly enriched in the HH and HM

treatment groups. These results indicated that the toxic effects of MPs

and Cd on sea cucumber were complex, and the effects of mixed

exposure of the two pollutants were not simple addition effects.

In the environmental related concentration treatment group, the

differentially expressed genes in LM, LH, and LHM treatment groups

were significantly enriched in Peroxisome proliferator activated

receptor (PPAR) signaling pathway and biosynthesis of unsaturated

fat acids pathway. PPAR can regulate the metabolism of many cells,

regulate the transcription of target genes, and play a very important

role in various metabolic processes (Ma et al., 2017). PPAR signaling

pathway is closely related to lipid metabolism. Stearoyl CoA

Desaturase (SCD1) and acyl CoA oxidase (ACO) are important

proteins in PPAR signaling pathway, which play a regulatory role
FIGURE 7

Top 20 Gene Ontology (GO) terms enrichment of DEGs in CK vs. HH, CK vs. HM, and CK vs. HHM. CK: control group; HH: High concentration Cd group;
HM: High concentration MPs group; HHM: Combined group with high concentrations of Cd and MPs.
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in fatty acid composition. SCD1 is the rate-limiting enzyme of

biosynthesis of monounsaturated fatty acids. It plays an important

role in de novo synthesis of fatty acids (Dumas and Ntambi, 2017;

Tracz-Gaszewska and Dobrzyn, 2019). LM treatment may have a

negative effect on fatty acid metabolism of sea cucumber.

Interestingly, after LH treatment, SCD1 and long chain acyl CoA

synthase (ACS) were up regulated, and LH treatment promoted the

metabolism of fatty acids to some extent. It may be related to the

detoxification of pollutants by organisms themselves. SCD1 protein is

located on the endoplasmic reticulum membrane and mainly controls

the endoplasmic reticulum stress response. The increase of saturated
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phospholipid components leads to the destruction of the endoplasmic

reticulum, which activates the endoplasmic reticulum stress response.

The stress reaction can be repaired by supplementing unsaturated

fatty acids (Borradaile et al., 2006; Peng et al., 2011).

MPs and Cd play an antagonistic role in the metabolism of fatty

acids at low concentrations. Similarly, in biosynthesis of unsaturated

fatty acids pathway, there were more up regulated genes after LH

treatment and more down regulated genes after LM treatment.

Furthermore, the arachidonic acid metabolism pathway was

significantly enriched in the LM and LHM treatment groups. In

addition, the linoleic acid metabolism pathway and the starch and
A
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B

FIGURE 8

Wayne map of common differentially expressed genes (DEGs) in (A) Cd and (C) microplastic treatment groups. Enrichment of KEGG pathway by (B) Cd
and (D) microplastic treatment groups target DEGs. CK: control group; LH: environmentally relevant concentration Cd group; LM: environmentally
relevant concentration MPs group; LHM: Combined group with environmentally relevant concentrations of Cd and MPs; HH: High concentration Cd
group; HM: High concentration MPs group; HHM: Combined group with high concentrations of Cd and MPs.
FIGURE 9

Relative expression of 6 selected genes differentially expressed after treatment. CK: control group; LH: environmentally relevant concentration Cd group;
LM: environmentally relevant concentration MPs group; LHM: Combined group with environmentally relevant concentrations of Cd and MPs; HH: High
concentration Cd group; HM: High concentration MPs group; HHM: Combined group with high concentrations of Cd and MPs.
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sucrose metabolism pathway were both enriched in the LM and LHM

groups. Further analysis of DEGs enriched in the pathway showed

that after LM treatment, DEGs in the linoleic acid metabolism and

arachidonic acid metabolism pathways were mainly down regulated,

while DEGs in the starch and sucrose metabolism pathways were up

regulated. After LHM treatment, DEGs in the linoleic acid

metabolism and radionic acid metabolism pathways were up

regulated, and those in the starch and sucrose metabolism were

down regulated. In our study, MPs inhibited lipid metabolism,

promoted carbohydrate metabolism, and antagonized Cd. It is

speculated that MPs may have a significant impact on intestinal

metabolism related pathways. Metabolic pathways are also

significantly enriched in HM and HHM groups. Similarly, ingesting

MPs can affect the metabolism of fish by changing the proportion of

triglycerides and cholesterol in the blood and the distribution of

cholesterol in muscle and liver tissues (Jovanovic, 2017). It will also

affect the induction or inhibition of enzymes related to lipid

metabolism, as well as the changes of hormone levels related to

lipid metabolism, leading to changes in triglyceride and cholesterol

levels (Banaee et al., 2019).

In addition, the complex and coagulation cascades pathway was

significantly enriched in LM and LHM groups. In LM, the completion

component (3b/4b) receiver 1 (CR1) was up regulated. In LHM, the

completion factor H (CFH) and completion component (3b/4b)

receiver 1 (CR1) were up regulated. Similarly, this pathway was

significantly enriched in HM and HHM treatment groups, and

most of the genes were up regulated. Complement factor H (CFH),

a multifunctional soluble complement regulatory protein, can bind to

a variety of pathogens and play a crucial role in host innate immune

defense. CFH is also an important regulator of immune cells. It can

regulate the phagocytosis of monocytes/macrophages and the

production of inflammatory factors (Abdul-Aziz et al., 2016). CFH

plays an important role in protecting host cells against damage

mediated by disturbance of completion system and normal function

of immune cells (Roy et al., 2016). CFH also aids non-inflammatory

clearance of damaged cells and cell debris. These results may be

related to the physical damage of MPs to the intestine (Jozsi et al.,

2022). Simple chemical forces can produce nanoscale particles from

PS particles and cause direct cell damage. Absorbed MPs and

nanomaterials with a diameter less than 1.5 µm can directly

damage cells (Mattsson et al., 2017; Sharma and Chatterjee, 2017).
4.4 Analysis of target functional genes
related to immune response

Analysis of common differential genes in all Cd-containing

treatment groups showed that gene BSL78_29595 is enriched to

Toll-like receiver signaling pathway. The Toll interacting protein

(TOLLIP) is an inhibitor of TLR4 signal pathway. On one hand, it

can interact with interleukin 1 receptor associated kinase 4 (IRAK4)

in TLR4-MYD88 dependent signal pathway, and inhibit the

phosphorylation of IRAK4, thereby inhibiting the activation of the

downstream of TLR4 signal pathway (Burns et al., 2000). On the other

hand, TOLLIP interacts with TLR2, TLR4, and IL-1R receptor to
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inhibit the occurrence of natural immune response activated by LPS

(Bulut et al., 2001). In Toll-like signaling pathway, TOLLIP plays a

negative regulatory role and inhibits the occurrence of Toll signaling

pathway. Recent studies have shown that TOLLIP negative regulation

of TLR4 signaling pathway may help to limit the production of

excessive cytokines during inflammation and various pathogenic

infections (Zhang and Ghosh, 2002; Shibolet and Podolsky, 2007).

Therefore, TOLLIP seems to be a key regulatory factor involved in the

initiation and maintenance of inflammatory process in TLR4

mediated inflammatory process (Didierlaurent et al., 2006; Kowalski

and Li, 2017). Kim et al. (2020) knockdown of TOLLIP expression by

RNA interference, RM treated activated macrophages showed

augmented expression of inflammatory mediators (pro-

inflammatory cytokines, NO, inducible nitric oxidase, and

cyclooxygenase-2, and surface molecules) and restored the

expression of MAPK and NF-kB signals inhibited by RM treatment

(Kim et al., 2020). In this study, TOLLIP plays an important role in

the negative regulation of the intestinal tract of sea cucumber on Cd-

induced inflammation.

High concentrations of MPs or toxic substances adsorbed by MPs

may cause acute damage to the human intestinal tract, inflammation

of the inner wall of the intestinal tract, and a sharp decline in the

amount of intestinal mucus (Wright and Kelly, 2017). Intestinal

immune system disorder can recruit inflammatory cells to release

inflammatory mediators, causing tissue damage and dysfunction.

Among them, cell adhesion molecules play an important role in

intestinal immune response and inflammation process.

The SELE gene encodes E-selectin, which is found in cytokine-

stimulated endothelial cells and is thought to be responsible for the

accumulation of leukocytes at sites of inflammation by mediating the

adhesion of cells to the vascular wall (Li et al., 2021). Inflammatory

factor interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a),
bacterial lipopolysaccharide (LPS) stimulated endothelial cells, the

expression of E-selectin increased significantly, which can increase the

permeability of blood vessel surface, promote the activation of

inflammatory cells, and mediate the occurrence of inflammation

(McEver, 2015). Similarly, high concentrations of polystyrene MPs/

NPs may induce intestinal inflammation due to the disorder of

zebrafish intestinal microbiota. The proinflammatory cytokines

were significantly up regulated in the 1 mg/L NPS treatment group.

The correlation between intestinal microbiota composition and

immune related genes showed that the change of intestinal

microbiota comparison was positively correlated with the

expression of immune cytokines. Different amounts of MPs can

increase the secretion of pro-inflammatory cytokine IL-1a in serum

(Li et al., 2020). Different amounts of MPs can also increase the

secretion of proinflammatory cytokines IL-1a in mice serum, but the

amount of each MPs will affect the secretion of specific cytokines.

High concentrations of MPs tend to induce intestinal inflammation

by activating TLR4 signal transduction (Li et al., 2020). MPs are

considered as foreign substances, which can stimulate the immune

response of fish or inhibit the immune function by inducing

immunotoxicity, i.e., MPs can affect the immunity of fish through a

variety of mechanisms. However, a detailed study of the immune

response of fish after MP exposure is needed (Kim et al., 2021).
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5 Conclusions

In conclusion, the oxidative stress of sea cucumber was mainly

influenced by Cd. Although the high concentration of MPs also

caused a certain increase in SOD activity, this effect may not cause

substantial damage to the sea cucumber. This study is the first to

report the transcriptome information of A. japonicus intestine after

combined exposure to Cd and MPs. In the environmental

concentration group, 1,107, 1,240, and 1,091 DEGs were identified

respectively in LH, LM, and LHM groups, and 1,173, 1,094 and 1,618

DEGs were identified, respectively, in HH, HM and HHM groups in

the high concentration group. Cd-induced up-regulation of intestinal

FAS associated death domain protein (FADD) expression may cause

apoptosis and inflammation. At the same time, the increase of

intestinal putative heparan sulfate 2-O-sulfotransferase in LH and

HH treatment groups provides a mechanism for host defense. The

imbalance of expression of NLR family inflammatory bodies and

CASP6 in the MPs treatment group also led to the inflammatory

reaction in the intestine of sea cucumber. GO and KEGG pathway

analysis showed that the mixed toxicity of MPs and Cd was not a

simple additive effect. In the process of fatty acid metabolism, MPs

and Cd showed antagonistic effects, mainly in the inconsistent

expression of SCD1 protein. MPs and Cd also showed antagonistic

effects in lipid metabolism and carbohydrate metabolism pathways.

The significant up-regulation of completion factor H after MPs

treatment may be related to the physical damage caused by

microplastics. The significant changes of TOLLIP and SELE in all

Cd and MPs treatment groups may indicate the key immune response

genes of sea cucumber to Cd exposure and MPs exposure. These

genes are involved in the immune defense of sea cucumber exposed to

different levels of Cd and MPs. These findings indicated that the

exposure of MPs and Cd caused oxidative stress in sea cucumber,

inflammatory reaction in the intestine, and activated the intestinal

immune defense system. The results of this study will provide clues

for the molecular process of the combined toxicity of MPs and Cd.
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