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ARTICLE INFO ABSTRACT
Keywords: Microplastics (MPs) are pervasive pollutants exuded from anthropogenic activities and ingested
Microplastics by animals in different ecosystems. This transcriptomic profiling study aimed to explore the

Environmental pollution impact of polyethylene MPs on Mytilus galloprovincialis, an ecologically significant bivalve species.

?NA-Seg comi The toxicity of two MPs types was found to result in increased cellular stress when exposed up to
ranscriptomics . . e
Ecotoxicli)ty 14 days. Moreover, recovery mechanisms were also observed in progress. Mussels exhibited

different gene expression patterns and molecular regulation in response to cellular reactive ox-
ygen species (ROS) stress. The transcriptome analysis demonstrated a notable hindrance in cilia
movement as MPs ingested through gills. Subsequent entry resulted in a significant disruption in
the cytoskeletal organization, cellular projection, and cilia beat frequency. On day 4 (D4), signal
transduction and activation of apoptosis evidenced the signs of toxic consequences. Mussels
exposed to spherical MPs shown significant recovery on day 14 (D14), characterized by the
upregulation of anti-apoptotic genes and antioxidant genes. The expression of P53 and BCL2
genes was pivotal in controlling the apoptotic process and promoting cell survival. Mussels
exposed to fibrous MPs displayed a delayed cell survival effect. However, the elevated physio-
logical stress due to fibrous MPs resulted in energy transfer by compensatory regulation of
metabolic processes to expedite cellular recovery. These observations highlighted the intricate
and varied reaction of cell survival mechanisms in mussels to recover toxicity. This study provides
critical evidence of the ecotoxicological impacts of two different MPs and emphasizes the envi-
ronmental risks they pose to aquatic ecosystems. Our conclusion highlights the detrimental effects
of MPs on M. galloprovincialis and the need for more stringent regulations to protect marine
ecosystems.

1. Introduction

Microplastics (MPs) are the smaller unit components from the fragmentation of plastics used in various commercial and domestic
applications causing a significant environmental threat [1]. Animals can easily ingest these MPs, which are less than 5 mm in size and
quickly transfer among ecosystems, leading to hazardous effects [2]. The accumulation of MPs in aquatic habitats persists for many
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years, resulting a serious risk to marine and freshwater environments [3]. MPs deposited in these environments affect the biota, from
surface waters to sediments [4]. The bioavailability of MPs in aquatic ecosystems makes them susceptible to various organisms such as
mammals, fish, crustaceans, invertebrates, and zooplankton [5-8]. Furthermore, MPs have the potential to inflict physical harm on
organisms through direct interaction, as well as through chemical effects mediated by MP monomers and leached additives [9]. More
research is needed to mitigate the damage and deleterious risks to organisms caused by MPs.

Microplastic pollution comprises various chemical components, such as polyvinyl chloride (PVC), polyethylene terephthalate
(PET), polypropylene (PP), polyamide (PA), and polystyrene (PS) [10]. Among these, polyethylene (PE) is particularly prevalent in
different forms of debris discovered in water, sediments, and sludge in aquatic environments [11]. The escalating levels of PE
significantly influence the nutrient cycle [12] in aquatic systems, which can ultimately result in tissue damage in animals [13].
Ingestion of microplastics causes a significant change in the expression of immune genes [14] and can cause severe consequences when
attached to tissues [15], including the retardation of fundamental functions such as nutrition, development, growth, reproduction, and
survival. Recent breakthroughs in transcriptome sequencing technology have provided researchers with a more efficient way to
delineate the fate of toxicants, antagonistic effects, and biological responses, thereby enabling them to better understand and address
the issue of MPs pollution [16].

In Danio rerio, MPs lead to functional redundancy, damage to cells and tissues, developmental defects, cytological problems, and
apoptosis [17-19]. However, aquatic organisms, such as microalgae, zooplankton, brine shrimp, and copepods, have also exhibited
signs of adverse reactions to MPs [20-23]. These adverse effects include reduced reproduction, survival, and growth retardation.

Mussels are known for their suspension feeding mechanisms, which let the contaminants in the water accumulate, making them a
critical medium for transfer into humans on consumption [24]. Research has shown that the effects of polyethylene MPs exposure in
blue mussels (Mytilus edulis) have influenced gut microbiota, immune response, and energy metabolism [25,26]. M. galloprovincialis,
the dominant group of the Mytilus genus along the Korean coast, is widely consumed and an excellent pollution bioindicator [27].
Hence, conducting a comprehensive investigation of MPs toxicity (mostly PE and PS) in bivalves is imperative by considering the
appropriate concentration of toxicants and retention time based on the mussel’s condition and age [26]. Studies have shown that MPs
can harm the cell viability and digestion in mussels, M. galloprovincialis, while also increasing the levels of heat shock proteins, an-
tioxidants, and glutathione-related enzymes [24,28,29]. Similarly, transcriptomics results of polyethylene microbeads treated mussels
(M. galloprovincialis) have indicated the activation of the apoptotic process and stress response-related proteins [30].

MPs toxicity was studied to highlight the significant impacts on mussels, M. galloprovincialis. To achieve this, the transcriptome of
treatment groups exposed to MPs (spherical and fibrous) was compared with control groups. In addition, our analysis unravel the
principal biological responses at different time points (Day 4 - D4; Day 14 - D14) by assessing the molecular reactions to the physical
and chemical effects of MPs. The study’s objectives included the functional annotation of the transcriptome, analysis, and scrutiny of
the response to the exposed MPs of increasing concentration over time.

2. Materials and methods
2.1. MP treatment test organism maintenance

Bivalves, M. galloprovincialis (shell length, 6.1 + 1.0 cm, weight, 24.8 & 2.0 g), were purchased from local aquatic fish markets at
Gwangyang Bay, Korea. The mussels were transported in stabilized, aerated tanks to the laboratory within 1 h. Then set to acclimate in
a 4 L water tank (3 mussels/L) for 3 days. Artificial seawater (Instant Ocean, VA, USA) was used in the tanks by adjusting salinity to
25.0 + 1.0 %. The tanks were maintained with controlled supply of aeration, water temperature (19 + 1 °C), pH (7.5 + 0.5), and
dissolved oxygen (DO) of 60 %. During the acclimatization period, Shellfish Diet 1800TM and Nanno 3600 (Reed Mariculture, CA,
USA) 2:1 was diluted and supplemented as feed.

2.2. Experimental setup and exposure conditions

The MPs toxicity induction was performed using two distinct types of polyethylene MPs: spherical and fibrous. The spherical MPs
(Cospheric, Santa Barbara, CA, US) were 27-32 pm in length and 1 g/cc in density, and the fibrous MPs (KITECH, Korea Institute of
Industrial Technology, Cheonan, Republic of Korea) were 200-400 pm in length and 1.4 g/cc in density. To assess the impact on
mussels, considerably high MP concentrations were used [31]. The experiment was carried out for 14 days. The mussels maintained in
the acclimatized condition were exposed to MPs of 100 mg/L concentration. The experimental setup in the laboratory was supported
by consistent temperature (19 + 1 °C) and shifting of the light-dark cycle for 12 h. The water quality was maintained by removing
settled waste in the tanks with appropriate water exchange once every 7 days. The exposure setup consists of triplicates with 10
mussels in 4 L water each. At each time point, gill samples representing control and treatment groups were collected from the mussels
(n = 3) for RNA sequencing analysis. Sampled gill tissues were washed in phosphate buffered saline and kept at —80 °C. The sample
groups treated with spherical MPs were D4 sphere, D14 sphere, and control, whereas samples treated with fibrous MPs were named D4
fiber, and D14 fiber, with respective control.

2.3. RNA extraction and illumina sequencing

The total RNA was extracted from triplicate mussel samples using RNAeasy kit (Qiagen, Diisseldorf, Germany) and the RNA
concentration was calculated using Quant-IT RiboGreen (Invitrogen Corp., Waltham, MA, US). Finally, the integrity of the total RNA
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was assessed using TapeStation RNA screen tape (Agilent Technologies, Santa Clara, CA, US). RNA samples with RNA Integrity Number
(RIN) > 7.0 were utilized for RNA library construction.

0.5 pg of total RNA was used to prepare a library independently for each sample using Illumina TruSeq stranded Total RNA Library
Prep Gold Kit (Illumina Inc., San Diego, CA, USA). The workflow involves the removal of rRNA from the total RNA followed by mRNA
fragmentation into smaller units using divalent cations under elevated temperatures. Further, first-strand cDNA was synthesized using
SuperScript II reverse transcriptase (Invitrogen pCorp, Waltham, MA, US) and random primers, followed by second-strand cDNA
synthesis using DNA Polymerase I, RNase H, and dUTP. These cDNA fragments were then processed at the ends, adding a single "A’
base and ligating the adapters. The products were then purified and enriched with PCR to create the final cDNA library.

The libraries were quantified using the Kapa library quantification kit (Kapa Biosystems, Cape Town, South Africa). The quality
assessment used the TapeStation D1000 ScreenTape (Agilent Technologies, Santa Clara, CA, US). Indexed libraries were submitted to
[llumina NovaSeq (Illumina, Inc., San Diego, CA, USA). Macrogen Inc. (Gangnam-gu, Seoul, Republic of Korea) performed the paired-
end sequencing.
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2.4. Bioinformatics and statistical analyses

Low-quality reads (QC value < 30) were trimmed using the Trimmomatic program [32] to assure accuracy for subsequent bio-
informatics analysis. Clean reads were mapped and aligned to the reference genome through the bowtie aligner [33] using the HISAT2
program [34]. The transcript assembly was performed using the StringTie program [35]. Transcript quantification of the samples
yielded read count, transcript length, and depth of expression. The differential expression of samples was determined using the
Bioconductor package [36] in R Statistical Software [37]. DESeq2 [38] was performed to generate significant differentially expressed
genes (DEGs). The statistical analyses included a Wald test and p-value correction based on the false discovery rate (FDR). Only
transcripts with fold changes >2 and FDR-corrected p-values <0.05 were used for further analyses. Functional enrichment analysis was
performed using the Bioconductor package, clusterprofiler 4.0 [39]. The outputs were visualized using Enrichplot and the ggplot2
package. The outputs were visualized using Enrichplot and ggplot2 package. Hierarchical clustering of relative expression values
according to Euclidean distance was conducted to create the heatmap, which allowed us to visualize expressional differences and
cluster the genes. Venn diagrams were made for further comparisons against each control to determine the number of significantly
expressed genes shared or unique among the two MPs treated groups. Unique genes from each experimental step were identified, and
their involvement in biological processes was investigated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database.

The transcripts were further interpreted using KEGG database [40] to retrieve additional information. Gene ontology (GO) terms
were assigned to the DEGs and categorized into "Biological process (BP),” “Cellular component (CC),” or “Molecular function (MF).”
GO terms of pvalue <0.05 were considered significantly enriched.
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Fig. 2. Venn diagram showing the significant unique and shared DEGs between compared treatment groups and control. Regulated gene sets related
(a) within sphere treatment groups vs. control. (b) A cnet plot of gene sets (P < 0.05, FDR <0.05) networking the biological processes. (c) within
fiber treatment groups vs. control. (d) A cnet plot of gene sets (P < 0.05, FDR <0.05) networking the biological processes.
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3. Results
3.1. Transcriptome assembly and differential gene expression

RNA-seq experiments were conducted to investigate the effect of MPs exposure on gene expression in M. galloprovincialis. 21 li-
braries were constructed from cDNA fragments. The raw data were processed for quality and accuracy, resulting in approximately
116.9-128.5 million reads per set, with over 75 million clean reads in each data set. The D4 sphere samples had 4793 upregulated
genes and 3399 downregulated genes, while the D14 set had 3048 upregulated genes and 2669 downregulated genes. For the fiber MPs
treatment groups, we identified 3870 upregulated and 2838 downregulated DEGs in the D4 set, and 3459 upregulated and 2937
downregulated DEGs in the D14 set. Furthermore, 4181 upregulated and 4951 downregulated DEGs in the sphere MPs exposure set
and 3117 upregulated and 3780 downregulated DEGs in the fiber MPs exposure group were identified by comparison of D14 vs. D4
treatment groups (Fig. S1).

3.2. Gene ontology and functional annotation of DEGs

The GO analysis of the whole transcriptome showed that the different gene expression in response to MPs exposure has notable
effect on how the organism works, as shown in Fig. 1. The CC category classified 45 % of the genes. Over 1000 DEGs were classified as
membrane components in CC, followed by cytoplasm and nucleus components with 30 % genes. The remaining genes were assigned to
BP and MF, with 28 % and 27 %, respectively. Further analysis under BP showed >100 DEGs related to protein modification, tran-
scriptional regulation, proteolysis, and RNA processing. Approximately 50-100 genes were related to metabolic function, signal
transduction, and signaling pathways. Regarding MF, the highest number of DEGs represented metal ion binding, transferase, and
hydrolase activity. Additionally, 50-100 genes were assigned to calcium ion binding, oxidoreductase, and kinase activity.

3.3. Comparison between different time points and overlap of DEGs

Sphere and fiber MPs had a more significant impact on unique gene expression in the D4 samples compared to the D14 and control
groups (Fig. 2). Specifically, spherical MPs affected 15.6 % of unique genes in D4 and 13.8 % in D14. On the other hand, fiber MPs
affected 18.2 % of DEGs in D4 and 8.26 % in D14. The study found that the D4 and D14 sphere samples shared 142 genes. These genes
were linked to metabolic processes and membrane-based cell components. Moreover, the exposure to fiber MPs found around 157
common genes that regulate metabolic processes.

The variation of gene regulation in D14 compared to D4 as a lasting effect revealed that sphere MPs affected 199 unique genes,
while fiber MPs affected 236 unique genes in the D14 sample. The comparison of combinations consolidated 23 significant genes in
sphere MPs and 30 in the fiber MPs treatment samples. The assigned GO as a network revealed that these significant genes involved
metabolic processes and mitochondrion component functions. Furthermore, the findings showed a variation of DEGs between the
sphere and fiber MPs effects regarding signaling effects, cilium, cytoskeletal components, and metabolic processes. Finally, 9-10 % of
genes were shared DEGs between time points D4 and D14, contributing to the expression variation for a prolonged duration.

3.4. GO analysis imparting the effectual response

The annotated terms were grouped into functional units based on GO classes. The regulated DEGs caused significant changes in the
organism, as shown in Fig. 3. Exposure to MPs led to substantial alterations in molecular regulation, protein modification, DNA
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Fig. 3. Venn diagram shows the number of significant DEGs on MPs exposure for up to 14 days. Gene sets related to treatment groups vs. control
and between treatment groups; the bar diagram represents the biological processes corresponding to different GO classes.
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transcription, and RNA processing. Positive and negative regulation were evident in 24 % of common GOs and >10 % of unique GOs.
Under the metabolic process, significant GO classes included function at cellular and biomolecular levels (DNA, RNA, protein, and
peptide). The biosynthetic processes of organic cyclic compounds, cellular nitrogen compounds, nucleobase-containing compounds,
and lipid biosynthesis were also identified as clusters, accounting for 12 % of common GO terms and over 3 % of unique GOs. The
molecular binding category comprised 15 % of the GO classes, including ion binding, signal receptor binding, tubulin binding, purine
nucleotides, metal ions, and ATPs. These observations revealed that GO categories, such as stress response, signaling, and cellular
components, significantly impacted a sequential process. GO classes categorized under cellular projection, cytoskeleton, cilium
components, and cellular development accounted for >3 % of the total GOs.

3.5. Functional GO enrichment analysis of DEGs

Gene set enrichment analysis (GSEA) explored the toxic effects and stress that impacted biological regulations (Fig. 4). In the
spherical MPs treatment group compared to the control , enriched genes showed that they slowed down energy production, methyl
transferase, lysosomes, and controlling development. In contrast, cytoskeletal function (BP), ion transporter activity (MF), cilium
component organization (CC), and movement were activated. The initial exposure (D4) significantly activated metabolic processes and
catalytic activity, while suppressing cilium and cell projection. However, an increased intake of MPs in D14 revealed activated cilium
assembly, cell projection assembly, and axonemal assembly.

In organisms exposed to fiber MPs, they activated inorganic ion homeostasis, signaling, glutamine, and phosphorus metabolic
processes (BP), and suppressed the cell cycle process, cellular response to damage stimulus, DNA repair (BP), and catalytic activity
(MF). During initial exposure, terms related to heterocyclic compound biosynthesis, RNA metabolic processes, and regulation of
cellular metabolic processes (BP) were suppressed. Simultaneously, the activation of cilium movement (CC) and membrane transport
(MF) occurred. Continuous exposure suppressed the organization and assembly of cilia, the activation of mitochondrial parts (the inner
membrane and envelope), and the activity of glutathione transferase.
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Fig. 4. (a) GO analysis of genes differentially expressed indicates the activated and suppressed biological processes in mussels exposed to spherical
MPs. (b) GO analysis of genes differentially expressed shows the activated and suppressed biological processes in mussels exposed to fiber MPs. (c)
KEGG analysis of DEGs indicates the activated and suppressed biological processes in the spherical MPs treatment group. (d) KEGG analysis of DEGs
shows the activated and suppressed biological processes in the fiber MPs treatment group.
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3.6. Functional KEGG enrichment analysis of DEGs

Mapping the DEGs to the KEGG database allowed us to identify enriched functional pathways (Fig. 4). The exposure to sphere MPs
had a significant impact on several pathways, including the lysosome, oxidative phosphorylation, FoxO signaling pathway, ABC
transporters, necroptosis, and cytochrome metabolism. Interestingly, the MPs suppressed the insulin pathway and Gap junction. On the
other hand, exposure to fiber MPs activated metabolic pathways, oxidative phosphorylation, necroptosis, ABC transporters, peroxi-
some, and the Wnt signaling pathway. However, the comparatively low gene ratio significantly suppressed vascular muscle
contraction.

3.7. Clustering of DEGs resembling efficient regulation

The gene expression pattern of the DEGs was analyzed to understand their protein interaction function and ability to respond to the
toxic effects of MPs. Fig. 5 depicts the resulting clustering analysis. Notably, DEGs expressed in the protein function of the signaling
response included neuronal calcium sensor 1 (NCS1), calcium/calmodulin dependent protein kinase (CAMK), regulator of g-protein
signaling (RGS), NOTCH1, mitogen-activated protein kinases (MAPK), and STATs (signal transducers and activators of transcription).

The clustering of heat shock protein 70 (HSP70), heat shock protein 90 (HSP90), and cysteine-rich peptides (Myticin) indicated the
stress response prevailed in mussels. Additionally, the significant genes involved in the induction and regulation of apoptotic function
were identified. The former category genes are apoptosis-inducing factor (AIF), cysteine-aspartic acid protease (Caspase), and pro-
grammed cell death protein 1 (PDCD1). And the regulating genes are B-cell lymphoma 2 (BCL-2), BCL-2 associated X (BAX), P53, and
bifunctional apoptosis regulator (BAR). The significant antioxidant response elements (ARE) due to MP toxicity represented the
functions of cytochrome P450 (CYP), glutathione S-transferase (GST), glutathione peroxidase (GPX), superoxide dismutase (SOD), and
catalase (CAT).
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Fig. 5. (a) Heatmap shows the relative expression of the significant genes in the treatment groups; (b) Schematic representation of biological
responses in the treatment groups exposed to varying spherical and fibrous MPs concentrations. Mitochondrial impairment results in the ROS
generation and regulation of caspase-dependent and caspase-independent apoptosis; accumulated ROS increases oxidative damages and down-
regulated cytoprotective genes; molecular regulation of stress response proteins controls apoptosis, DNA repair and regulate gene transcription to
initiate survival responses and recovery.
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4. Discussion

The study revealed that MPs have a significant impact on various biological responses. The research showed that spherical and
fibrous MPs have distinctive regulatory effects and recovery. The transcriptomic analysis of M. galloprovincialis highlighted that the
toxicity and bioavailability of MPs depend on their properties, including size and shape. The gradual increases in MPs in the system
affected DEGs, highlighting the negative impact of MPs on biological systems. The DEGs indicated regulations related to cellular
processes such as ciliary assembly, signal transduction, ion homeostasis, stress response, antioxidant mechanisms, and cellular
recovery.

4.1. Ecological relevance to the exposed MPs concentration

The study’s use of MPs at toxic levels in aquatic habitats, as noted by Alfaro-Ntinez et al. [41], Phuong et al. [42] posed a threat to
the survival of mussels. The observed gene expression was in line with ecologically plausible bioaccumulation, as suggested by Lim
[43]. The gradual increase in MP concentration reflected the natural environment. Kotta et al. [44] noted that this approach is ideal for
obtaining precise transcriptomic profiles with varying regulations to recover from lethal effects.

4.2. Cilia function related to exposed MPs content

The impact of MPs on the mussels was significant, especially during initial exposure, when the synergy of mediated stress effects
was at its highest. The study confirmed that DEGs played a crucial role in counteracting the toxic effects of MPs. Ingested MPs affect
animals’ growth and development, energy cycles, oxidative stress, immune responses, and genotoxicity [45,46]. Continuous exposure
suppressed the cytoskeletal assembly (axoneme, microtubule) and cilium-related development processes.

The cilia beat frequency and movement in mussels were indicators of physical particle penetration and stress. According to Meseck
et al. [471], signs of stress are created by the interruption of function and abnormal effects of ingestion through the gills. The stress
impulses from this point were majorly responsive to oxidative stress, signaling, and apoptotic activation in M. galloprovincialis, as Wang
et al. [48] reported. The difference in activated ion transport, signal transduction, and suppressed homeostasis is the cognitive stress
impact due to accumulated levels of MPs through gills interfering in the nervous system’s control [49]. In addition, MPs increase
oxidative stress in mussels through adhesion to the soft tissues [15,50]. Indeed, the maximal stress levels and declined activities due to
fiber MPs were observed.

4.3. Signaling and immune response in MPs stress

The initial stages of MP exposure in the organisms demonstrated an increase in the levels of CAMK genes. CAMK controls
neurotransmitter synthesis and regulates cellular processes, the cell cycle, and differentiation [51,52]. The Ca®* binding proteins,
members of the neuronal calcium sensor protein family, have anti-apoptotic signaling response functions involving the MAP-K
signaling pathway [53,54]. The gene expression of three variant cysteine-rich antimicrobial peptides (myticin A, myticin B, and
myticin C) in mussels are known for chemotactic regulation [55]. Mussels have a highly complex immune process that helps them
defend against stress. Venier et al. [52] have reported that controlled levels of myticin protein variants during initial exposure are
highly protective against pathogenic intervention that many other organisms fail at increased stress levels. The level of myticin C in
fibrous MP treated groups was a crucial indicator withstanding the stress caused by effective ROS during the delay in recovery, as
Domeneghetti et al. [56] suggested.

4.4. ROS-mediated induction of apoptosis and stress proteins in mussels

As the concentration of MPs increased, the generation of ROS led to apoptosis through caspase-dependent and caspase-independent
effects [57,58]. This type of apoptosis occurs typically due to continual stress, which helps the mussels maintain internal stability and
adapt to variations. It was observed that fiber MPs-treated samples followed the AIF pathway, caspase-independent apoptotic pathway
in addition to caspase-dependent apoptosis involving caspase-3 and caspase-7 genes recorded in both spherical and fibrous
MPs-treated mussels. ROS-mediated apoptotic pathways via P53 and BAX genes promote the activation of caspase/CASP3, causing
oxidative stress and stress protein regulation [10,19].

HSPI0 proteins have a significant role in regulating various cellular signaling network activities. The presence of the P53 binding
site in the 5' regulatory region is crucial in determining apoptosis regulation [59]. In the case of mussels, Heat Shock Proteins (HSPs)
were the monitoring factors since P53 proteins are also involved in essential cellular processes. P53-associated transcription factors
directly impact critical cellular processes like the cell cycle, DNA repair, senescence, and apoptosis [60], corroborating our
observations.

The level of stress-related proteins (HSPs) is a crucial indicator of stress levels in mussels (M. galloprovincialis). Quan et al. [61]
validated the molecular efficacy of HSPs in controlling the mechanical damage resulting from the accumulation of oxidative stress and
generated ROS. Furthermore, Genest et al. [62] highlighted a close link between the proliferation of HSP70 and molecular repair
mechanisms that control the cell cycle and DNA damage. HSP70 regulation controls apoptosis and DNA damage in cells, while HSP90
regulates signaling network regulation. Therefore, the interruption of signal transduction was a definitive cause due to suppressed
regulation of HSP90 genes. Saleh et al. [63] have mentioned that low levels of HSP90 can adversely affect growth and developmental



B. Rangaswamy et al. Heliyon 10 (2024) 30858

processes, particularly signal transduction networks. It demonstrated that mussels that ingested spherical MPs had an active HSP90
expression, while those exposed to fiber MPs had a delayed effect due to the low expression rate.

4.5. Metabolic function and energetics in association with MPs stress

The spontaneous upregulation in cellular projection, cilia movement, and cytoskeletal organization demonstrated a paramount
factor in the sequential process of energy demand. The metabolic activities, i.e., the peptide and carbohydrate metabolic processes
associated with development regulation, profoundly influenced mussels when exposed to spherical MPs. On the other hand, the
metabolic process was activated by the regulated gene expression for cellular, macromolecular, and biosynthetic processes. These
findings suggest that MPs can significantly impact the metabolic activities of mussels. As a result, mussels experienced a high level of
energetic shift utilized towards counteracting physiological and oxidative damages instead of development systems. Specific obser-
vations on energy trade-offs in mussels under stress have been reported by Laura E. Petes [64]. As a fitness consequence, activation and
significant enrichment of metabolic pathways are crucial for energy synthesis, metabolic activities, developmental processes, and
cellular regulation to survive prolonged stress [65].

Our observations indicate a relationship between the activated metabolic processes in mussels and the effects of DNA damage and
apoptotic activation. Mussels exposed to spherical MPs showed an immediate signaling effect that triggered metabolic pathways to
regulate recovery. The higher stress threshold in fiber MP samples delayed a similar response and compensated for it later to counteract
the relatively increasing ROS damages. The rate of metabolic functioning is highly related to the frequency of behavioral reactions in
mussels exposed to continuous stress [66]. The response, however, differs depending on the type of stress and tolerance potential [67].

4.6. DEGs of antioxidant response element

Based on our analysis, the cluster-based relationship was predicted between various regulatory DEGs and their molecular function
in MP toxicity. Our findings showed that the enriched genes in each cluster (shown in Fig. 5) were closely associated with signaling
response, stress response, and molecular regulation, which positively affected cell survival. The upregulation of cytoprotective genes
such as SOD, CAT, GPX, and GST played a crucial role in this mechanism. In addition, the proliferation of ARE is an essential biomarker
of the oxidative stress response. This mechanism protects cells from toxic pollutants [68].

The expression variation of antioxidant-related genes indicated oxidative damage due to MPs toxicity. Treatment groups signifi-
cantly altered the SOD, CAT, GPX, and GST genes, with CAT and SOD showing upregulation throughout the experiment period. In
contrast, these gene regulations were stable with an elevated response to GST due to spherical MPs. This observation corroborates the
findings of Détrée and Gallardo-Escarate [30] and Liu et al. [69]. The antioxidant responses were used as biomarkers in assessing the
effects of pollutants in M. galloprovincialis [70]. Oxidative stress is also associated with inflammatory processes such as epithelial
disruption and necroptosis, a regulated mode of inflammatory cell death with features of apoptosis and necrosis [71]. Both treatment
groups significantly enriched necroptosis, highlighting the significance of upregulating cytoprotective genes.

4.7. Molecular regulation variability and functional reversibility

The process of molecular transformations is crucial in downregulating the growth and development process when there is an in-
crease in stress intensity. The physical effects of detoxification were an apparent response to the differing concentrations affected by
the two MPs. The stress effects of fiber MPs resulted in compensation strategies, such as metabolic pathways to regulate metabolism
and energetics due to severe stress damage. The bifunctional apoptosis regulator (BAR) was responsible for the MP treatment groups’
adaptation and cell survival response. The BAR genes induced caspase8/CASP8 and inhibited CASP3 [72]. Certainly, the expression of
anti-apoptotic BCL-2 proteins and mitogen-activated protein kinase (MAPK) mediated the control of apoptosis [73]. These genes
regulated deformities in the cellular process and were responsible for the adaptation and cell survival responses in the MPs treatment
groups.

The physiological function of mussels was disturbed and damaged, which disrupted signaling networks, development, and ho-
meostasis. Cilial impairment, metabolic imbalances, oxidative damage, and high energy demand were common issues among the
affected mussels. However, it was interesting to note the differences between the two groups regarding molecular regulation, the
immediacy of survival, and recovery patterns. Stress response genes and immune genes played a crucial role in enhancing the adaptive
changes in these mussels, while antioxidant genes helped regulate the potential for survival. The mussels exposed to sphere MPs
recovered due to impulsive metabolic and energy factors that mediated the survival effect. On the other hand, the mussels exposed to
fiber MPs had a delayed defense mechanism, necessitating additional energy compensation strategies to reconcile metabolic pathways
and functional reversibility.

5. Conclusions

Transcriptomic analyses of M. galloprovincialis have demonstrated the biological responses and molecular changes in response to
toxic contaminants like MPs. This study focused on the toxicity of MPs in mussels, as polyethylene is a prevalent polymer found in their
food. The severity of cellular stress causing cellular damage was higher in the fibrous MP treatment groups. Furthermore, the physical
impact of MPs significantly impacted the axoneme assembly and movement of cilia, leading to a direct effect on the function of the
nervous system.
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The cell survival effect in mussels exposed to spherical MPs was effective in overcoming oxidative damage. However, the coun-
teract was insufficient to overcome the physiological stress induced by fiber MP particles, and the recovery was delayed due to
prolonged stimulus and suppressed metabolism in mussels. Regulatory metabolic pathways attempted a compensatory mechanism,
which delayed functional reversibility. In conclusion, the study highlights the importance of investigating the toxic effects of MPs on
aquatic habitats and their impact on the marine life that relies on them. The results provide crucial insights into the molecular changes
and biological responses of mussels to toxic contaminants and emphasize the need for effective management of pollutants in aquatic
habitats.
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