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Abstract 13 

Suspended sediment concentrations (SSCs) in coastal waters have increased due to anthropogenic 14 

activities, but the molecular and cellular responses of bivalves remain unclear. Here, we performed 15 

combined transcriptomic and ultrastructural analyses on gill and hepatopancreas tissues of the hard clam 16 

Meretrix meretrix exposed to seven SSC concentrations for 30 days. Transcriptomic analysis revealed 17 

tissue-specific responses, with the hepatopancreas exhibiting more DEGs, enriched in energy metabolism, 18 

cell death, and immune pathways. Notably, DEG numbers declined at the highest concentration, 19 

suggesting adaptive transcriptional suppression. Transmission electron microscopy (TEM) further 20 

revealed dose-dependent ultrastructural damage in gill epithelial cells, progressing from early reversible 21 

stress to severe necrosis and epithelial barrier collapse. qRT-PCR validated the transcriptomic data, 22 

identifying robust candidate biomarkers (e.g., DN88965, DN94928). This study links molecular and 23 

cellular responses, providing insights for environmental monitoring in coastal zones. 24 

Keywords: suspended sediment; Meretrix meretrix; transcriptomics; ultrastructural damage; tissue-25 

specific response; environmental biomarker. 26 

1. Introduction 27 

Filter feeding bivalves are particularly susceptible to elevated suspended sediment concentrations (SSCs) 28 



because their feeding apparatus—the gill—is in direct and continuous contact with ambient particles [1]. 29 

When SSCs exceed natural background levels, physical clogging of gill surfaces, reduced clearance rates, 30 

and increased metabolic costs are commonly observed across multiple bivalve species [2]. 31 

Anthropogenic activities such as dredging, pipeline laying, and coastal construction are major 32 

contributors to acute and chronic SSC elevations in many coastal regions [3], and the spatial overlap 33 

between construction generated sediment plumes and bivalve farming grounds has become a growing 34 

concern worldwide [4]. In the present study, we used a coastal pipeline construction project in Tongzhou 35 

Bay (eastern China) as a realistic scenario for investigating the molecular responses of the hard clam 36 

Meretrix meretrix to SSC stress. Hydrodynamic simulations for this project predicted SSC increments of 37 

10–150 mg/L above the local background concentration, providing a relevant concentration range for 38 

subsequent laboratory exposure experiments. 39 

The hard clam M. meretrix (family Veneridae) is one of the most commercially valuable bivalve species 40 

along the Chinese coast, supporting large scale aquaculture in intertidal and shallow subtidal zones [5]. 41 

As an obligate filter feeder, M. meretrix pumps ambient seawater across its gill filaments to retain 42 

phytoplankton, organic detritus, and other suspended particles [6]. This feeding mode inevitably exposes 43 

its gill tissues—the primary organ for both particle capture and particle rejection—to any suspended 44 

particulate matter present in the water column [7]. Elevated SSCs can physically clog the gill sur-face, 45 

interfere with particle sorting, induce oxidative stress, and ultimately affect feeding efficiency, energy 46 

budget, and organismal fitness [8]. Consequently, the gill serves as the first line of physical defence 47 

against SSC stress. Because SSC exposure can also induce metabolic disturbance, oxidative stress, and 48 

systemic immune responses, the hepatopancreas represents a complementary and highly informative 49 

tissue for investigating the in-ternal molecular responses to sediment stress. 50 

Previous studies have documented adverse effects of elevated SSCs on feeding, growth, and survival in 51 

several bivalve species, including the Manila clam Ruditapes philippinarum [9], the Pacific oyster 52 

Crassostrea gigas [10], and the blue mussel Mytilus edulis [11], and high SSC exposure has caused acute 53 

mortality in scallops [12,13]. For M. meretrix, however, the molecular and cellular mechanisms 54 

underlying SSC stress responses remain largely unexplored. In addition, the structural integrity of the 55 

gill epithelium is critical for its barrier and feeding functions, yet the ultrastructural changes induced by 56 

SSC stress in this species have not been characterised. Although organism-level endpoints such as growth 57 



and survival are ecologically important, the present study focuses on the molecular and ultrastructural 58 

responses of M. meretrix to SSC stress. 59 

Recent advances in RNA-sequencing (RNA-seq) have enabled comprehensive transcriptomic profiling 60 

of bivalves under various environmental stressors. In M. meretrix, sev-eral transcriptomic studies have 61 

been conducted, focusing mainly on chemical pollutants. Xu et al. (2024) exposed different 62 

developmental stages of M. meretrix to cadmium (Cd²⁺) and identified 31,914 differentially expressed 63 

genes (DEGs) involved in oxidative stress, cellular respiration, ion transport, and immune responses [16]. 64 

Li et al. (2021) investigated the transcriptomic response of M. meretrix to Aroclor 1254 and revealed 65 

5,101 DEGs related to detoxification metabolism, oxidative stress, immune defence, and endocrine 66 

disruption [17]. Cao et al. (2019) examined the effects of the organophosphorus pesticide dimethoate and 67 

identified 4,119 DEGs [18]. More recently, transcriptomic analyses have been applied to combined 68 

thermal and residual chlorine stress [19] and to sodium alginate exposure [20]. Beyond M. meretrix, 69 

transcriptomic profiling of the Manila clam exposed to contaminated dredged sediments revealed 70 

significant transcriptional changes in pathways related to lysosomal function, vesicle trafficking, and 71 

mTORC1 signaling [21]. In the abalone Haliotis diversicolor squamata, exposure to total suspended 72 

solids induced significant up-regulation of HSP70 and HSP90 genes [22]. However, despite these 73 

advances, the molecular pathways that enable clams to tolerate high-sediment environments, and the 74 

gene regulatory networks that distinguish physical particle stress from chemical toxicity, remain largely 75 

unknown. 76 

To address these knowledge gaps, we conducted a 30-day indoor simulation experiment exposing adult 77 

M. meretrix to seven SSC concentrations (0, 276, 286, 296, 326, 376, and 426 mg/L), corresponding to 78 

the local background SSC and incremental increases above it. We performed transcriptomic profiling 79 

(RNA-seq) of gill and hepatopancreas tissues, followed by qRT-PCR validation of selected candidate 80 

genes and transmission electron microscopy (TEM) analysis of gill epithelial cells. The specific 81 

objectives were: (1) to characterise the genome-wide transcriptomic response of gill and hepatopancreas 82 

tis-sues to suspended sediment stress; (2) to identify differentially expressed genes and enriched KEGG 83 

pathways associated with physical particle stress; (3) to validate the expression patterns of key candidate 84 

genes using qRT-PCR; (4) to evaluate the ultrastructural damage in gill epithelial cells by TEM and link 85 

these structural changes with the transcriptomic responses; and (5) to identify potential molecular 86 



biomarkers for environmental monitoring. This study provides a multi-tissue transcriptomic and 87 

ultrastructural investigation of SSC stress in M. meretrix, focusing on gill and hepatopancreas responses 88 

across a realistic SSC gradient and identifying candidate biomarkers for environmental monitoring in 89 

coastal construction zones. 90 

2. Materials and Methods 91 

2.1 Experimental Design and Sample Collection 92 

Adult M. meretrix were purchased as a single batch from a local seafood market near Tongzhou Bay 93 

(Jiangsu, China). Clams were temporarily held in 60-L glass aquaria for 7 days prior to the experiment. 94 

During temporary holding period, animals were fed Chlorella vulgaris twice daily (09:00 and 22:00), 95 

with residual food and faeces removed before each feeding. Seawater (salinity 27‰, pH 8.23) was 96 

renewed daily. The water temperature was maintained at 20 ± 0.5 °C, and dissolved oxygen was kept 97 

above 6.0 mg/L by continuous aeration. After the temporary holding period, healthy and active 98 

individuals of similar size were selected for the exposure experiment. 99 

The background suspended sediment concentration (SSC) was determined based on the maximum value 100 

recorded in the 2025 spring survey (276 mg/L) from the Environmental Impact Assessment Report for 101 

the Tongzhou Bay Green Chemical Expansion Zone Tailwater Discharge Pipeline Project (2025). Based 102 

on the hydrodynamic predictions from the same report, seven SSC treatments were established at 0, 276, 103 

286, 296, 326, 376, and 426 mg/L. The 0 mg/L treatment (filtered natural seawater) served as the control, 104 

while 276 mg/L represented the local background SSC and 286–426 mg/L represented incremental SSC 105 

increases above the background. Each treatment was performed in three replicate 60-L aquaria, each 106 

containing 40 clams. To ensure uniform particle exposure, clams were placed on custom-made wire mesh 107 

platforms within each aquarium. Based on the local tidal cycle (average flood duration 6 h 17 min, 108 

average ebb duration 6 h 10 min, total tidal period 12 h 27 min), sediment suspension was generated 109 

using wave pumps for 13 h per day, followed by 11 h of quiescence. The exposure lasted for 30 days. 110 

Aquaria were randomly assigned to the control and SSC treatment groups using a random number genera-111 

tor. All clams used in this experiment, including the 0 mg/L control and the 276–426 mg/L SSC 112 

treatments, were from the same batch and source, and all groups were temporarily held and exposed 113 

under identical laboratory conditions. 114 



At the endpoint, three clams per treatment (one from each independent replicate aquarium) were 115 

randomly collected. Gill and hepatopancreas tissues were dissected, im-mediately frozen in liquid 116 

nitrogen, and stored at −80 °C for RNA extraction and transcriptomic analysis. Clams were handled 117 

minimally, and no invasive procedures were performed before terminal sampling. 118 

2.2 Suspended Sediment Preparation, Characterization, and SSC Verification 119 

The suspended sediment used in the exposure experiment was collected in March 2026 from the intertidal 120 

mudflat adjacent to the Tongzhou Bay pipeline construction site (Jiangsu, China). After collection, the 121 

sediment was air-dried, gently ground, and passed through a 63 μm sieve to remove large particles and 122 

debris. The prepared sediment was stored at 4 °C until use. 123 

Particle-size distribution was determined using a laser diffraction particle-size analyzer (Mastersizer 124 

2000, Malvern, UK) after dispersion in sodium hexametaphosphate and ultrasonication. The sediment 125 

was composed mainly of sand (78.85%), silt (19.81%), and clay (1.34%). The median grain size was 126 

105.8 μm, the mean particle size was 3.3 φ, and the skewness, kurtosis, and sorting coefficient were 127 

−0.16, 1.39, and −1.05, respectively (Table S1). 128 

Experimental seawater was prepared as artificial seawater at a salinity of 27‰ and pH 8.23. The 129 

concentrations of inorganic nitrogen, phosphate, and COD were 226 μg/L, 22.5 μg/L, and 2.01 mg/L, 130 

respectively (Table S2). These water-quality parameters were determined according to the Specification 131 

for Marine Monitoring (GB 17378-2007). 132 

SSC stock suspensions were prepared by adding a known mass of the prepared sediment to filtered 133 

natural seawater, followed by vigorous mixing. Seven target SSC treatments were established as 134 

described in Section 2.1. During the 30-day exposure, actual SSC concentrations were verified once daily 135 

by gravimetric analysis. A known volume of water was filtered through a pre-weighed GF/F filter, dried 136 

at 105 °C to constant weight, and the SSC was calculated as the dry weight of retained sediment per unit 137 

volume of water (mg/L). A portable turbidity meter, calibrated against the gravimetric measurements, 138 

was used for real-time monitoring. When the measured SSC deviated from the target con-centration by 139 

more than ±10%, additional sediment or seawater was added to restore the target concentration. 140 

2.3 Transmission Electron Microscopy (TEM) 141 



The fixed samples were washed three times with 0.1 M phosphate buffer (pH 7.0) for 15 min each. 142 

Subsequently, the samples were post-fixed in 1% osmium tetroxide for 1–2 h. After carefully removing 143 

the osmium tetroxide waste, the samples were washed again three times with 0.1 M phosphate buffer 144 

(pH 7.0) for 15 min each. The samples were then dehydrated in a graded ethanol series (30%, 50%, 70%, 145 

80%, 90%, and 95%) for 15 min at each concentration, followed by two treatments with 100% ethanol 146 

for 20 min each, and finally transferred to pure acetone for 20 min. For infiltration, the samples were 147 

treated with a mixture of embedding medium and acetone (V/V = 1:1) for 1 h, then with a mixture of 148 

embedding medium and acetone (V/V = 3:1) for 3 h, and finally with pure embedding medium overnight. 149 

The infiltrated samples were embedded and polymerized at 70 °C overnight. Ultrathin sections (70–90 150 

nm) were cut using an ultramicrotome and stained with lead citrate and uranyl acetate (50% ethanol 151 

saturated solution) for 5–10 min each. After drying, the sections were examined using a Hitachi HT7800 152 

transmission electron microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of 80 kV. Images 153 

were captured at a magnification of 6000×. For semiquantitative analysis, five individuals per group were 154 

examined. Five ultrastructural indicators (nuclear morphology, mitochondrial structure, cytoplasmic 155 

vacuolization, ciliary integrity, and intercellular junction condition) were scored from 0 (no damage) to 156 

4 (severe necrotic damage). The mean score across the five indicators was used for statistical analysis. 157 

2.4 RNA Extraction, Library Construction, and Sequencing 158 

Total RNA was extracted from gill tissues and hepatopancreas tissues (three biological replicates per 159 

treatment; 30 days post-exposure) using TRIzol® Reagent (Invitrogen, USA) according to the 160 

manufacturer’s instructions. RNA purity was assessed using a NanoPhotometer® spectrophotometer 161 

(IMPLEN, USA), and RNA concentration was measured using a Qubit® RNA Assay Kit with a Qubit® 162 

2.0 Fluorometer (Life Technologies, USA). RNA integrity was evaluated using the RNA Nano 6000 163 

Assay Kit on an Agilent Bioanalyzer 2100 system (Agilent Technologies, USA). Only samples with RNA 164 

integrity number (RIN) values ≥ 8.0 were used for library construction. 165 

Sequencing libraries were constructed using the TruSeq™ RNA Sample Prep Kit (Il-lumina, USA) 166 

following the manufacturer’s recommendations. Briefly, mRNA was purified from total RNA using 167 

oligo(dT)-attached magnetic beads (Invitrogen, USA) and fragmented into short pieces using ultrasound. 168 

First-strand cDNA was synthesised using random hexamer primers and MMuLV Reverse Transcriptase. 169 

Second-strand cDNA syn-thesis was subsequently performed using DNA Polymerase I and RNase H. 170 



The dou-ble-stranded cDNA fragments were subjected to end-repair, adenylation of the 3′ ends, and 171 

ligation of sequencing adapters. The library fragments were purified with the AMPure XP system 172 

(Beckman Coulter, USA) to select cDNA fragments of approximately 200–300 bp in length, followed by 173 

PCR amplification and a second purification step using AMPure XP beads. Library quality was assessed 174 

on the Agilent Bioanalyzer 2100 system. 175 

After cluster generation on a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-176 

HS (Illumina, USA), the library preparations were sequenced on an Il-lumina NovaSeq 6000 platform 177 

(Illumina, USA) using the TruSeq SBS Kit (300 cycles), generating 150 bp paired-end reads. 178 

The raw sequencing reads generated in this study have been deposited in the NCBI Sequence Read 179 

Archive (SRA) and are accessible through BioProject accession number PRJNA1509981. 180 

2.5 Transcriptome Assembly and Annotation 181 

2.5.1 Quality Control and De Novo Assembly 182 

Raw sequencing reads in FASTQ format were processed using Trimmomatic v0.39 [23]. Reads 183 

containing adapters, reads containing poly-N sequences, and low-quality reads (Qscore ≤ 20) were 184 

removed, generating clean reads. The Q20, Q30, and GC content of the clean data were calculated. All 185 

downstream analyses were based on the clean, high-quality reads. 186 

Transcriptome assembly was performed using Trinity v2.15.2 [24] with default parameters. The resulting 187 

transcripts were clustered into unigenes using Corset [25] with default parameters. Transcript length 188 

distribution, N50, and total number of assembled transcripts were reported. Clean reads were aligned to 189 

the assembled transcriptome using Salmon v1.10.1 [26]. Assembly completeness was assessed using 190 

BUSCO v6.1.0 with the lophotrochozoa_odb12.2 lineage dataset in eukaryotic transcriptome mode 191 

(euktran). In addition, clean reads were mapped back to the assembled unigenes using HISAT2 v2.2.1, 192 

and the overall alignment rate was calculated to evaluate assembly completeness. 193 

2.5.2 Functional Annotation 194 

Unigenes were annotated against the following public databases using Diamond v2.1.11 （BLASTX, E 195 

value < 1×10⁻⁵）: NCBI NR (Non Redundant Protein Database) [27], KEGG （Kyoto Encyclopedia of 196 

Genes and Genomes） [28], and Swiss Prot [29]. eggNOG and GO annotations were performed using 197 



eggnog mapper v5.0 [30]. Open reading frames (ORFs) were predicted using TransDecoder v5.5.0 [31]. 198 

2.6 Differential Expression Analysis 199 

Transcript-level estimated counts were generated using Salmon v1.10.1 [26] and im-ported into R using 200 

tximport. Differential expression analysis was performed using the R package edgeR v3.6.3 [32] in R 201 

v3.6.3 based on the estimated counts. Genes with |log₂(fold change)| ≥ 1 and false discovery rate (FDR) 202 

< 0.05 were considered differentially expressed genes (DEGs). TPM values were used only for 203 

descriptive visualization, including expression distribution plots and clustering heatmaps. 204 

To visualise sample relationships, principal component analysis (PCA) was per-formed using R v3.6.3, 205 

and sample clustering and correlation analyses were conducted using the same software. Venn diagrams 206 

of DEGs among treatment groups were generated using the VennDiagram R package. 207 

2.7 Functional Enrichment Analysis 208 

GO enrichment analysis of DEGs was performed using GOTools v0.9.9 [33] with a hypergeometric test 209 

and Benjamini Hochberg false discovery rate (FDR) correction. GO terms with FDR < 0.05 were 210 

considered significantly enriched. 211 

KEGG pathway enrichment analysis was performed using KOBAS v3.0 [34], with FDR < 0.05 as the 212 

significance threshold. Enriched pathways were visualised using dot plots and pathway maps. 213 

2.8 Expression Pattern Clustering 214 

Expression pattern clustering of DEGs across treatments was performed using R v3.6.3 with the soft 215 

clustering method, and genes sharing similar temporal expression profiles were grouped into clusters for 216 

functional interpretation. 217 

2.9 Quantitative Real Time PCR (qRT PCR) Validation 218 

To validate the RNA-seq results, 12 DEGs were selected for qRT-PCR analysis. Total RNA (1 μg) was 219 

reverse-transcribed using the PrimeScript™ RT Reagent Kit with gDNA Eraser (RR047A, Takara, Japan) 220 

according to the manufacturer’s protocol. qRT-PCR was performed using Vazyme qPCR Mix (Q321, 221 

Vazyme, China) on an ABI 7500 Real-Time PCR System (Applied Biosystems, USA). The reaction 222 

mixture (30 μL) contained 15 μL of qPCR Mix, 0.5 μL each of forward and reverse primers (10 μM), 2 223 



μL of template DNA, and ddH₂O to a final volume of 30 μL. The cycling conditions were: 95 °C for 3 224 

min, followed by 40 cycles of 95 °C for 15 s, 57 °C (or 62 °C for 18S rRNA, DN145, DN44109, and 225 

DN88965) for 20 s, and 72 °C for 20 s. A melt curve analysis was performed to verify the specificity of 226 

each amplicon. Each biological replicate was assessed with three technical replicates, and three 227 

biological replicates were included per treatment (n = 3). The 2^−ΔΔCt method [35] was used to calculate 228 

relative expression levels, with 18S rRNA as the internal reference gene and the 0 mg/L group as the 229 

calibrator. For statistical analysis, the three technical replicates were averaged for each biological 230 

replicate, and data are presented as mean ± standard deviation (SD). Normality and homogeneity of 231 

variance were assessed using the Shapiro–Wilk test and Levene’s test, respectively. Differences in 232 

relative expression between the 426 mg/L treatment and the 0 mg/L control were analysed using 233 

independent-sample t-tests. When normality or variance homogeneity was not met, the non-parametric 234 

Mann–Whitney U test was used. A p-value < 0.05 was considered statistically significant. Pearson 235 

correlation analysis was performed between RNA-seq log₂ fold changes and log₂-transformed qRT-PCR 236 

relative expression values (2^−ΔΔCt) using SPSS v25.0 (IBM, USA). The correlation coefficient (r) and 237 

p-value were calculated for all 12 genes and for the 9 genes excluding the three discordant ones 238 

(DN37274, DN41008, and DN57710). Primer sequences, annealing temperatures, and the results of the 239 

correlation analysis are listed in Supplementary Table S3. 240 

2.10 Statistical Analysis 241 

Transcriptome statistical analyses were performed as described in the respective sections above. All data 242 

were expressed as mean ± standard deviation (SD) where applicable. 243 

3. Results 244 

3.1 Transcriptome Sequencing and De Novo Assembly 245 

3.1.1 Sequencing Data Quality Control and Assembly 246 

To obtain a comprehensive transcriptomic profile of M. meretrix in response to SSC stress, a total of 42 247 

cDNA libraries were constructed from gill and hepatopancreas tissues (seven treatments: 0, 276, 286, 248 

296, 326, 376, and 426 mg/L SSC; three biological replicates per treatment per tissue) and sequenced on 249 

the Illumina NovaSeq 6000 platform, generating a total of 1.91 billion raw reads. After quality filtering, 250 

a total of 1.89 billion clean reads were retained, with an average of 44.95 million clean reads per sample. 251 



The Q20 and Q30 values of the clean reads exceeded 98.70% and 95.55%, respectively, across all 252 

samples, indicating high-quality sequencing data. GC content ranged from 33.85% to 37.63% across 253 

samples (Table 1). 254 

De novo assembly of the clean reads yielded 277,335 transcripts with an N50 of 746 bp. These transcripts 255 

were further clustered to generate 154,845 non-redundant unigenes, with a total length of 111,021,589 256 

bp and an average length of 716.99 bp. The largest unigene was 14,920 bp (Table 1). BUSCO assessment 257 

showed that 73.2% of conserved lophotrochozoan genes were complete (single-copy: 70.5%; duplicated: 258 

2.7%), 16.3% were fragmented, and 10.5% were missing (n = 1,329). In addition, clean reads were 259 

mapped back to the assembled unigenes, with an overall alignment rate ranging from 68.51% to 87.33% 260 

across all 42 samples (average: 74.64%). These mapping rates indicate that the assembled transcriptome 261 

captured a substantial proportion of the expressed transcripts and was suitable for downstream 262 

differential expression analysis. These assembly statistics indicate that the transcriptome assembly was 263 

of sufficient quality for downstream functional annotation and differential expression analysis. 264 

Table 1. Summary of RNA-seq data quality control and assembly statistics. 265 

Category Metric Value 

Sequencing Total raw reads 1.91 billion 

 Total clean reads 1.89 billion 

 Average clean reads per sample 44.95 million 

 Q20 (%) > 98.70 

 Q30 (%) > 95.55 

 GC content range (%) 33.85 – 37.63 

Assembly Total unigenes 154,845 

 Total isoforms 277,335 

 Total unigene length (bp) 111,021,589 

 Average unigene length (bp) 716.99 

 N50 (bp) 746 



Category Metric Value 

 Largest unigene (bp) 14,920 

Assembly completeness BUSCO complete (%) 73.2 

 BUSCO fragmented (%) 16.3 

 BUSCO missing (%) 10.5 

Read mapping Overall mapping rate (%) 68.51–87.33 (avg. 74.64) 

3.1.2 Functional Annotation 266 

To assign putative functions to the assembled unigenes, all 154,845 unigenes were searched against the 267 

NR, GO, eggNOG, KEGG, Swiss Prot, and CAZy databases. Among these, 40,306 unigenes (26.03%) 268 

were successfully annotated in the NR database, which had the highest annotation rate. Annotation rates 269 

for other databases were as follows: eggNOG (27,494; 17.76%), KEGG (26,090; 16.85%), GO (18,321; 270 

11.83%), Swiss Prot (17,722; 11.45%), and CAZy (1,555; 1.00%) (Table 2). The relatively low overall 271 

annotation rate is typical for de novo transcriptomes of non-model organisms and reflects the limited 272 

availability of closely related genomic resources. Nevertheless, the annotated unigenes provided 273 

sufficient coverage for subsequent functional enrichment analyses. Open reading frames (ORFs) were 274 

predicted, identifying 34,392 putative ORFs. 275 

Table 2. Functional annotation statistics of assembled unigenes. 276 

Database Annotated Unigenes Percentage (%) 

NR 40,306 26.03 

eggNOG 27,494 17.76 

KEGG 26,090 16.85 

GO 18,321 11.83 

Swiss-Prot 17,722 11.45 



Database Annotated Unigenes Percentage (%) 

CAZy 1,555 1.00 

3.1.3 Gene Expression Profiles and Sample Relationships 277 

The distribution of gene expression levels across all samples was visualised using density plots and 278 

boxplots of log₂(TPM+1) values (Figure 1A–B). The density curves showed that the majority of genes 279 

exhibited low to moderate expression levels across all treatments, with a unimodal distribution peaking 280 

around log₂(TPM+1) = 2–3. The boxplot analysis revealed similar median expression levels across all 281 

samples, with comparable interquartile ranges and overall distributions. 282 

 283 

Figure 1. Gene expression profiles across all samples. (A) Density plot of log₂(TPM+1) values showing the 284 



distribution of gene expression levels. (B) Boxplot of log₂(TPM+1) values across 42 samples. Boxes represent the 285 

interquartile range, horizontal lines indicate medians, and whiskers extend to 1.5 × IQR. 286 

Principal component analysis (PCA) of the transcriptomic profiles revealed that PC1 and PC2 explained 287 

17.78% and 13.36% of the total variance, respectively (Figure 2A). The PCA plot showed clear 288 

separation between the 0 mg/L control group and all SSC treated samples along PC1, with the 426 mg/L 289 

treatment showing the greatest divergence from the control. Samples from the same treatment group 290 

clustered closely together, indicating high reproducibility among biological replicates. 291 

Hierarchical clustering analysis further confirmed that samples grouped primarily by treatment, with all 292 

biological replicates within each treatment forming distinct clusters (Figure 2B). Sample correlation 293 

analysis showed Pearson correlation coefficients exceeding 0.80 among biological replicates within the 294 

same treatment group, while correlations be-tween different treatment groups decreased with increasing 295 

concentration differences (Figure 3). These results demonstrate that SSC exposure induced concentration 296 

dependent transcriptomic reprogramming in M. meretrix, and the high reproducibility within treatment 297 

groups supports the reliability of the transcriptomic data for downstream differential expression analysis. 298 

 299 

Figure 2. Sample relationship analysis. (A) PCA plot of all samples; PC1 and PC2 explained 17.78% and 13.36% 300 

of the variance, respectively. (B) Hierarchical clustering dendrogram based on Pearson correlation coefficients. (C) 301 

Correlation heatmap showing pairwise Pearson correlation coefficients among all samples (red: high correlation; 302 

blue: low correlation). 303 



 304 

Figure 3. Sample relationship analysis. Correlation heatmap showing pairwise Pearson correlation coefficients 305 

among all samples (red: high correlation; blue: low correlation).3.2 Ultrastructural Alterations of Gill Epithelial Cells 306 

Under Different SSC Concentrations 307 

3.2.1 Control Group 308 

The gill epithelial cells in the control group maintained well-preserved ultrastructure (Figure 4A). The 309 

nuclei were oval-shaped, with continuous and smooth double-layered nuclear membranes and evenly 310 

distributed chromatin. No chromatin aggregation, margination, nuclear membrane folding or rupture was 311 

observed. 312 

In the cytoplasm, mitochondria were plump with clear and intact cristae, and organelles such as the 313 

endoplasmic reticulum were arranged in an orderly manner. Cell boundaries were distinct, intercellular 314 

junctions remained intact, and intercellular spaces showed no obvious dilation. Only a small number of 315 



physiological vesicles were detected in the cytoplasm, without extensive vacuolization, cytoplasmic lysis 316 

or accumulation of abundant autophagolysosomes. The cilia on the apical surface of the gill epithelium 317 

were neatly arranged and structurally complete. A few bright white cavities in the sections were artifacts 318 

generated during resin embedding and ultrathin sectioning, and did not represent tissue or cell damage. 319 

3.2.2 Ultrastructural Damage in SSC Treatment Groups 320 

Compared with the control group, gill epithelial cells in all SSC treatment groups exhibited different 321 

degrees of ultrastructural damage, and the severity of damage gradually increased with rising SSC 322 

concentration. 323 

 324 

Figure 4. Transmission electron micrographs of gill epithelial cells in M. meretrix exposed to different 325 

concentrations of suspended solids (SSC). (A) Control group, with intact epithelial structure, regular nuclei, evenly 326 

distributed chromatin, well-organized organelles and intact intercellular junctions. (B) 276 mg/L SSC group, 327 

showing early stress damage including local chromatin margination, mild mitochondrial swelling, increased 328 

cytoplasmic vesicles and disorganized cilia. (C) 286 mg/L SSC group, with moderate damage including extensive 329 

ciliary shedding, chromatin aggregation and margination, swollen mitochondria with fractured cristae, aggravated 330 



cytoplasmic vacuolization and widened intercellular spaces. (D) 296 mg/L SSC group, showing moderate-to-severe 331 

damage with highly aggregated chromatin in clumps, extensively vacuolated mitochondria, and loosened 332 

intercellular junctions. (E) 326 mg/L SSC group, with severe damage including folded and partially discontinuous 333 

nuclear membrane, almost completely dissolved mitochondrial cristae, widespread cytoplasmic lysis and 334 

disorganized epithelial structure. (F) 376 mg/L SSC group, showing near-terminal destruction with indistinct nuclear 335 

membrane, totally disintegrated organelles, completely ruptured intercellular junctions and fully disorganized 336 

epithelial layer. (G) 426 mg/L SSC group, with terminal necrotic damage including nuclear pyknosis and karyolysis, 337 

completely disintegrated organelles, abundant myelin figures and totally collapsed epithelial structure. Scale bars: 338 

A–G = 2 μm. Bright white cavities are artifacts from section preparation. 339 

276 mg/L SSC group： Early stress damage was detected in epithelial cells (Figure 4B). Some nuclei 340 

showed slight deformation with local chromatin aggregation and margination. Partial mitochondria 341 

presented mild swelling, with sparse and locally fractured cristae. The number of vesicles in the 342 

cytoplasm increased significantly, with scattered vacuolization. Intercellular spaces were slightly 343 

widened, while intercellular junctions remained largely intact. The cilia on the epithelial surface were 344 

locally disorganized. Overall, the damage was mild and appeared to represent an early, likely reversible 345 

cellular stress response. 346 

286 mg/L SSC group： Cellular damage was significantly aggravated compared with the 276 mg/L 347 

group (Figure 4C). Cilia on the gill epithelial surface were extensively shed and scattered, indicating 348 

obvious structural destruction of cilia. Nuclei were irregular in shape, with widespread chromatin 349 

aggregation and margination, and nuclear membrane folding was observed in some cells. Mitochondrial 350 

swelling was exacerbated, with massive cristae fracture and dissolution. The number of vacuoles and 351 

vesicles in the cytoplasm increased markedly, and autophagosome-like structures were visible. The 352 

cytoplasmic matrix showed locally uneven electron density. Intercellular spaces were further widened, 353 

cell boundaries were partially blurred and discontinuous, and numerous vesicles and cell debris were 354 

present around cells. These changes likely impaired the integrity of the gill epithelial barrier. 355 

296 mg/L SSC group： Gill epithelial damage continued to worsen and entered a moderate-to-severe 356 

stage (Figure 4D). Chromatin was highly aggregated into coarse clumps and marginated along the nuclear 357 

envelope, with large loose vacuolated areas inside the nucleus. The nuclear membrane was extremely 358 

irregular with obvious folding. Mitochondria were generally severely swollen, with extensively dissolved 359 



cristae and a mostly vacuolated appearance. The endoplasmic reticulum was significantly dilated into 360 

vesicular structures. Numerous large vacuoles and increased autophagic vesicles were distributed in the 361 

cytoplasm, accompanied by decreased electron density of the cytoplasmic matrix and enhanced lytic 362 

appearance. Intercellular spaces were markedly dilated, most intercellular junctions were loosened, cell 363 

boundaries were blurred, and the continuity of the epithelial layer was further impaired. 364 

326 mg/L SSC group： Cells showed severe ultrastructural damage (Figure 4E). Chromatin was highly 365 

aggregated and marginated, with large vacuolated areas inside the nucleus. The nuclear membrane was 366 

severely irregular with multiple folds and depressions, as well as locally blurred and discontinuous 367 

boundaries, showing an obvious tendency of nuclear pyknosis. Mitochondria were extensively and 368 

severely vacuolated, with cristae almost completely dissolved. The endoplasmic reticulum was highly 369 

dilated into large vesicles. The cytoplasm was filled with vacuoles of various sizes and autophagic 370 

vesicles, and the electron density of the cytoplasmic matrix decreased sharply. This presented widespread 371 

lysis and obvious organelle disintegration. Intercellular spaces were remarkably expanded, intercellular 372 

junctions were nearly ruptured, most cell boundaries were blurred, and the epithelial layer was 373 

structurally disorganized. Abundant cell debris was visible around cells, resulting in severe impairment 374 

of gill epithelial barrier function. 375 

376 mg/L SSC group： Damage further deteriorated to near-terminal destruction (Figure 4F). The 376 

nuclear membrane boundary was indistinct, and the nucleocytoplasmic boundary disappeared. 377 

Chromatin was highly condensed and pyknotic, and local nuclear membrane rupture was observed. The 378 

nucleus was severely distorted, and its structural integrity was profoundly compromised. Mitochondria 379 

were completely vacuolated with cristae totally lost. Membranous organelles such as the endoplasmic 380 

reticulum were extensively disintegrated. The cytoplasm was filled with vacuoles, vesicles and cell debris 381 

of various sizes, and the cytoplasmic matrix was severely lysed with significantly reduced electron 382 

density. Intercellular spaces were extremely dilated, intercellular junctions were completely ruptured, 383 

and cell boundaries were barely recognizable. The epithelial layer was fully disorganized, and the 384 

interstitial space was filled with cell debris and shed vesicles, resulting in complete loss of gill epithelial 385 

structure and barrier function. 386 

426 mg/L SSC group：  The most severe terminal necrotic damage was observed at the highest 387 

concentration (Figure 4G). Nuclei showed severe pyknosis with highly condensed and marginated 388 



chromatin. Nuclear membrane rupture and karyoplasm leakage occurred in some cells, resulting in 389 

karyolysis and complete destruction of nuclear structure. Organelles including mitochondria and the 390 

endoplasmic reticulum were completely disintegrated. The cytoplasm was filled with numerous vacuoles, 391 

lysosomal residues and cell debris, and abundant myelin figures formed by membrane breakdown were 392 

visible. These structures are typical features of cell necrosis. Intercellular junctions disappeared 393 

completely, cell boundaries were unidentifiable, and the epithelial structure was totally collapsed. Cilia 394 

on the apical surface were completely shed, and the interstitial space was filled with disintegration 395 

products, leading to complete loss of gill epithelial structure and function. 396 

3.2.3 Semiquantitative Scoring of Ultrastructural Damage 397 

To quantify the severity of ultrastructural lesions, a 5-point semiquantitative scoring system was adopted. 398 

Five core indicators were evaluated: nuclear morphology, mitochondrial structure, cytoplasmic 399 

vacuolization, ciliary integrity, and intercellular junction condition. Each indicator was scored on a scale 400 

of 0 (no damage) to 4 (severe necrotic damage). The mean score across the five indicators was calculated 401 

for each individual (n = 5 per group). 402 

 403 

Figure 5. Semiquantitative scores of ultrastructural damage in gill epithelial cells of M. meretrix under different SSC 404 

concentrations (n = 5, Mean ± SD). Different lowercase letters indicate significant differences between groups 405 



(Duncan’s test, P < 0.05). 406 

One-way analysis of variance (ANOVA) demonstrated a highly significant main effect of SSC 407 

concentration on the mean damage score (F = 163.684, df = 6, 28, P < 0.001). Duncan’s multiple range 408 

test was performed for post hoc pairwise comparisons. The results showed that all groups differed 409 

significantly from each other (P < 0.05; Figure 5). 410 

The mean damage score increased progressively with increasing SSC concentration. The control group 411 

had the lowest score (0.00 ± 0.00). Scores rose to 0.70 ± 0.27 at 276 mg/L, 1.60 ± 0.22 at 286 mg/L, 2.40 412 

± 0.42 at 296 mg/L, 3.00 ± 0.35 at 326 mg/L, and 3.60 ± 0.22 at 376 mg/L. The highest score (4.00 ± 413 

0.00) was observed in the 426 mg/L group. 414 

3.2.4 Concentration-Dependent Damage Pattern 415 

Consistent with morphological observations and semiquantitative scoring, the ultrastructural damage of 416 

gill epithelial cells in M. meretrix showed a clear concentration-effect relationship within the range of 417 

276–426 mg/L SSC. 418 

Low-concentration stress (276 mg/L) only induced early cellular stress responses that appeared to be 419 

reversible, with damage limited to mild organelle lesions and ciliary disorganization. At 286 mg/L, 420 

damage was markedly upgraded to a moderate stage. Ciliary shedding, cytoplasmic vacuolization and 421 

intercellular junction loosening were all significantly intensified. At 296 mg/L, damage developed to a 422 

moderate-to-severe stage, and likely irreversible lesions of the nucleus and organelles began to emerge. 423 

The 326 mg/L and 376 mg/L groups progressed to severe damage and pre-terminal damage, respectively, 424 

with stepwise deterioration of nuclear membrane integrity, organelle disintegration and epithelial barrier 425 

failure. At the highest concentration of 426 mg/L, cells exhibited complete necrotic disintegration with 426 

abundant myelin figures, and the epithelial structure was completely destroyed. 427 

These results indicate that SSC stress induces dose-dependent ultrastructural damage in gill epithelial 428 

cells of M. meretrix. Low concentrations mainly trigger cellular stress responses, while high 429 

concentrations tend to cause irreversible cell necrosis and epithelial structural collapse. 430 

3.3 Differential Expression Analysis 431 

To identify genes responsive to SSC stress, differential expression analysis was per-formed between each 432 



SSC treatment (276, 286, 296, 326, 376, and 426 mg/L) and the 0 mg/L control using the R package 433 

edgeR. Genes with | log₂ (fold change) | ≥ 1 and FDR < 0.05 were considered differentially expressed 434 

genes (DEGs). The numbers of DEGs identified in gill and hepatopancreas tissues are summarised in 435 

Table 3. 436 

Table 3. Numbers of differentially expressed genes (DEGs) in gill and hepatopancreas tissues of M. 437 

meretrix exposed to different SSC concentrations for 30 days (|log₂FC| ≥ 1, FDR < 0.05). 438 

Tissue Comparison Total DEGs Up-regulated Down-regulated 

Gill 276 vs 0 1494 950 544 

 286 vs 0 791 372 419 

 296 vs 0 1159 521 638 

 326 vs 0 1235 624 611 

 376 vs 0 1549 909 640 

 426 vs 0 1004 612 392 

Hepatopancreas 276 vs 0 1775 763 1012 

 286 vs 0 2077 1083 994 

 296 vs 0 1896 656 1240 

 326 vs 0 2567 1406 1161 

 376 vs 0 2002 806 1196 

 426 vs 0 2003 1085 918 

In the gill tissue, the number of DEGs varied across SSC concentrations in a fluctuated pattern (Figure 439 

6A-F). The lowest number of DEGs was observed at 286 mg/L (791 DEGs), while the highest was at 440 

376 mg/L (1549 DEGs). Intriguingly, at the highest con-centration (426 mg/L), the number of DEGs 441 

decreased to 1004, lower than that observed at 296 and 326 mg/L. The highest proportion of up-regulated 442 

genes was observed at 276 mg/L (950 up-regulated, 63.6% of total DEGs). 443 

In the hepatopancreas tissue, the number of DEGs was substantially higher than in the gill across all 444 

treatments (Figure 7A-F), indicating a more pronounced transcriptional response in this metabolic organ. 445 



The number of DEGs ranged from 1775 (276 vs 0) to 2567 (326 vs 0). The highest number of DEGs was 446 

observed at 326 mg/L (2567 DEGs), which was also the peak concentration for up-regulated genes (1406). 447 

In contrast to the gill, down-regulated genes generally outnumbered up-regulated genes in most 448 

comparisons (276, 296, and 376 mg/L), with the exception of the 286, 326, and 426 mg/L treatments 449 

where up-regulated genes were more abundant. This difference between tissues suggests that the gill and 450 

hepatopancreas may employ distinct transcriptional strategies in response to SSC stress: the gill tends 451 

toward activation of stress responsive genes, while the hepatopancreas exhibits a more complex response 452 

involving both activation and repression of distinct gene sets. 453 

 454 

Figure 6. Volcano plots of DEGs in gill and hepatopancreas tissues across SSC treatments versus the 0 mg/L control. 455 

(A) Gill, 276 vs 0; (B) Gill, 286 vs 0; (C) Gill, 296 vs 0; (D) Gill, 326 vs 0; (E) Gill, 376 vs 0; (F) Gill, 426 vs 0; (G) 456 

Hepatopancreas, 276 vs 0; (H) Hepatopancreas, 286 vs 0; (I) Hepatopancreas, 296 vs 0; (J) Hepatopancreas, 326 vs 457 

0; (K) Hepatopancreas, 376 vs 0; (L) Hepatopancreas, 426 vs 0. Red and blue dots indicate significantly up  and 458 

down regulated genes, respectively (|log₂FC| ≥ 1, FDR < 0.05); grey dots represent non-DEGs. Numbers in each 459 

panel indicate total DEGs identified in that comparison. 460 

 461 

Figure 7. Volcano plots of DEGs in gill and hepatopancreas tissues across SSC treatments versus the 0 mg/L control. 462 

(A) Hepatopancreas, 276 vs 0; (B) Hepatopancreas, 286 vs 0; (C) Hepatopancreas, 296 vs 0; (D) Hepatopancreas, 463 

326 vs 0; (E) Hepatopancreas, 376 vs 0; (F) Hepatopancreas, 426 vs 0. Red and blue dots indicate significantly up  464 

and down regulated genes, respectively (|log₂FC| ≥ 1, FDR < 0.05); grey dots represent non-DEGs. Numbers in each 465 

panel indicate total DEGs identified in that comparison. 466 

3.4 Expression Pattern Clustering 467 

To visualise the expression dynamics of DEGs across different SSC concentrations, hierarchical 468 



clustering analysis was performed on all DEGs identified in gill and hepato-pancreas tissues. The 469 

heatmap in Figure 4 displays the log₂(TPM+1) expression values of DEGs across all seven treatment 470 

groups (0, 276, 286, 296, 326, 376, and 426 mg/L) for both tissues (Figure 8, Figure 9). 471 

In the hepatopancreas, a clear separation of samples by treatment group was observed, with biological 472 

replicates within each treatment clustering together, confirming the reproducibility of the transcriptomic 473 

data. DEGs in the hepatopancreas exhibited distinct expression patterns across the SSC gradient. A subset 474 

of genes showed progressive up regulation with increasing SSC concentrations, particularly at 326 and 475 

426 mg/L, while another subset displayed gradual down regulation, especially at 296 and 376 mg/L. 476 

Notably, the 0 mg/L control samples formed a distinct cluster separate from all SSC treated groups, 477 

indicating substantial transcriptional reprogramming induced by SSC exposure. In the gill tissue, similar 478 

hierarchical clustering patterns were observed, though the overall number of DEGs was lower than in the 479 

hepatopancreas. 480 

 481 

Figure 8. Hierarchical clustering heatmap of DEGs in hepatopancreas and gill tissues across all SSC treatments. 482 

Rows represent individual genes, and columns represent samples. The colour scale indicates log₂(TPM+1) 483 

expression levels (red: high expression; blue: low expression). The dendrograms on the left and top represent gene 484 

and sample clustering, respectively. Sample labels: Z, 0 mg/L control; S, gill; G, hepatopancreas; numbers indicate 485 

SSC concentrations (e.g., S2761 = gill, 276 mg/L, replicate 1; G4263 = hepatopancreas, 426 mg/L, replicate 3). 486 

 487 

Figure 9. Hierarchical clustering heatmap of DEGs in hepatopancreas and gill tissues across all SSC treatments. 488 

Rows represent individual genes, and columns represent samples. The colour scale in-dicates log₂(TPM+1) 489 



expression levels (red: high expression; blue: low expression). The dendrograms on the left and top represent gene 490 

and sample clustering, respectively. Sample labels: Z, 0 mg/L control; S, gill; G, hepatopancreas; numbers indicate 491 

SSC concentrations (e.g., S2761 = gill, 276 mg/L, replicate 1; G4263 = hepatopancreas, 426 mg/L, replicate 3). 492 

3.5 Venn Analysis of DEGs 493 

To investigate the specificity of transcriptional responses across SSC concentrations, petal Venn analysis 494 

was performed on DEGs from the six comparison groups (276, 286, 296, 326, 376, and 426 mg/L vs. 0 495 

mg/L) for gill and hepatopancreas tissues (Figure 10). The analysis revealed the number of treatments 496 

specific DEGs unique to each comparison group. 497 

 498 

Figure 10. Venn diagrams showing DEG overlap among six SSC treatments (276, 286, 296, 326, 376, and 426 mg/L 499 

vs. 0 mg/L) in (A) gill and (B) hepatopancreas tissues. Each circle represents a treatment group, and numbers indicate 500 

DEG counts in each region. Sample labels: S, gill; G, hepatopancreas; numbers indicate SSC concentrations. 501 



In the gill, the highest number of treatments specific DEGs was observed at 376 mg/L (660 genes), 502 

consistent with its high total DEG count, while the lowest number occurred at 286 mg/L (209 genes). In 503 

the hepatopancreas, the 326 mg/L treatment exhibited the highest number of unique DEGs (1048 genes), 504 

which corresponded to the maximum total DEG number detected in this tissue. Overall, the 505 

hepatopancreas produced more unique DEGs than the gill across most SSC gradients, demonstrating 506 

stronger tissue specific transcriptional reprogramming under SSC stress. 507 

3.6 Differential Expression Gene Annotation 508 

To elucidate the functional categories of the differentially expressed genes (DEGs) identified in each 509 

comparison, all DEGs were annotated against the Gene Ontology (GO) and Kyoto Encyclopedia of 510 

Genes and Genomes (KEGG) databases. 511 

3.6.1 GO Annotation 512 

GO annotation classified the DEGs into three major categories: biological process (BP), cellular 513 

component (CC), and molecular function (MF). Across all treatments and both tis-sues, BP terms 514 

consistently accounted for the largest proportion of annotated DEGs, followed by CC, while MF 515 

contributed the smallest fraction. The proportions of up regulated and down regulated DEGs varied 516 

across SSC treatments and between tissues. 517 

In the hepatopancreas, dominant level 2 BP terms included cellular process, biological regulation, 518 

response to stimulus, and metabolic process, with additional contributions from multicellular organismal 519 

process, developmental process, localization, signaling, immune system process, and detoxification. 520 

Within the CC category, cellular anatomical entity and intracellular were most enriched, whereas protein 521 

containing complex and other organism related terms were less represented. For MF, binding and 522 

catalytic activity were overwhelmingly predominant, accompanied by transporter activity, molecular 523 

transducer activity, and transcription regulator activity. The total number of GO annotated DEGs 524 

fluctuated across the SSC gradient, consistent with the DEG count pattern shown in Section 3.7. 525 

In the gill, DEGs were assigned to similar core GO term sets. BP terms were dominated by cellular 526 

process, biological regulation, metabolic process, and response to stimulus, with multicellular organismal 527 

process, developmental process, localization, signaling, and immune related processes also widely 528 

represented. CC and MF distributions were comparable to those in the hepatopancreas, with cellular 529 



anatomical entity and intracellular predominating in CC, and binding and catalytic activity dominating 530 

MF. Notably, the balance between up and down regulated DEGs within individual GO terms differed 531 

between tissues, reflecting tissue specific functional responses to SSC stress. 532 

3.6.2 KEGG Annotation 533 

To investigate the metabolic and signaling pathways affected by SSC stress, all DEGs were annotated 534 

against the KEGG database. The number of KEGG annotated DEGs varied across treatments and tissues. 535 

In the hepatopancreas, annotated DEGs were primarily as-signed to five major KEGG categories: 536 

Metabolism, Genetic Information Processing, Environmental Information Processing, Cellular Processes, 537 

and Organismal Systems. Metabolism was the most abundantly represented category across all 538 

treatments, followed by Environmental Information Processing (Signal transduction) and Cellular 539 

Processes (Transport and catabolism, Cell growth and death). The highest number of KEGG annotated 540 

DEGs was observed at 426 mg/L (79 genes), while the lowest was at 286 mg/L (36 genes). Up regulated 541 

genes outnumbered down regulated genes in most hepato-pancreas treatments, except at 296 and 376 542 

mg/L. Consistently represented pathways included Metabolic pathways (ko01100), Biosynthesis of 543 

secondary metabolites (ko01110), Microbial metabolism in diverse environments (ko01120), Carbon 544 

metabolism (ko01200), and Biosynthesis of amino acids (ko01230). Notably, the 426 mg/L treatment 545 

exhibited marked enrichment of Ribosome (ko03010) (54 up regulated genes), suggesting enhanced 546 

protein synthesis capacity under high SSC stress. Oxidative phosphorylation (ko00190), Thermogenesis 547 

(ko04714), and Cardiac muscle contraction (ko04260) were also prominently represented at 426 mg/L, 548 

indicating mitochondrial and metabolic activation, while Apoptosis (ko04210) and NOD like receptor 549 

signaling (ko04621) were annotated across multiple concentrations, suggesting involvement of 550 

programmed cell death and innate immune responses. 551 

In the gill, KEGG annotated DEGs ranged from 2 (286 mg/L) to 24 (376 mg/L). Anno-tated pathways 552 

were more limited than in the hepatopancreas but consistently included Metabolic pathways (ko01100), 553 

Biosynthesis of secondary metabolites (ko01110), and Microbial metabolism in diverse environments 554 

(ko01120). MAPK signaling (ko04010), cAMP signaling (ko04024), and Calcium signaling (ko04020) 555 

were annotated at 326 and 376 mg/L, suggesting activation of stress related signal transduction cascades. 556 

Lysosome (ko04142) and Phagosome (ko04145) were also annotated across multiple concentrations, 557 

indicating lysosomal degradation and phagocytic activity in gill responses to SSC stress. 558 



3.7 Functional Enrichment Analysis 559 

3.7.1 GO Enrichment Analysis 560 

Given that GO enrichment analysis involved 12 comparison groups (6 hepatopancreas + 6 gill), with 561 

each group containing enrichment results across the three GO categories (BP, CC, MF), all bubble plots 562 

were compiled into a multi panel figure (Figure 11, Figure 12) to ensure complete information 563 

presentation. 564 

Across all comparison groups, the Biological Process (BP) category consistently showed the highest 565 

number of enriched GO terms, followed by Cellular Component (CC) and Molecular Function (MF). 566 

Hepatopancreas 567 

276 vs 0: 138 GO terms were enriched (FDR < 0.05). Enriched terms included extra-cellular space, 568 

extracellular region, protein trimerization, chemical homeostasis, positive regulation of cytokine 569 

production, positive regulation of protein transport, activation of innate immune response, iron ion 570 

homeostasis, Notch signaling pathway, carbohydrate binding, and identical protein binding (Figure 11A). 571 

 572 

Figure 11. GO enrichment bubble plots of DEGs in hepatopancreas and gill tissues across all SSC treatments versus 573 

the 0 mg/L control. (A) Hepatopancreas, 276 vs 0; (B) Hepatopancreas, 286 vs 0; (C) Hepatopancreas, 296 vs 0; (D) 574 

Hepatopancreas, 326 vs 0; (E) Hepatopancreas, 376 vs 0; (F) Hepatopancreas, 426 vs 0. The x axis represents the 575 

enrichment factor (ratio_in_study / ra-tio_in_pop), the y axis indicates GO terms, and the size and colour of each 576 

bubble represent the number of DEGs and the FDR adjusted p value, respectively. Only GO terms with FDR < 0.05 577 

are shown. 578 

 579 



Figure 12. GO enrichment bubble plots of DEGs in hepatopancreas and gill tissues across all SSC treatments versus 580 

the 0 mg/L control. (A) Gill, 276 vs 0; (B) Gill, 286 vs 0; (C) Gill, 296 vs 0; (D) Gill, 326 vs 0; (E) Gill, 376 vs 0; 581 

(F) Gill, 426 vs 0. The x axis represents the enrichment factor (ratio_in_study / ratio_in_pop), the y axis indicates 582 

GO terms, and the size and colour of each bubble represent the number of DEGs and the FDR adjusted p value, 583 

respectively. Only GO terms with FDR < 0.05 are shown. 584 

286 vs 0: 138 GO terms were enriched (FDR < 0.05). Enriched terms included positive regulation of 585 

protein transport, extracellular region, regulation of biological quality, positive regulation of protein 586 

secretion, intrinsic component of membrane, response to hexose, plasma membrane, response to stress, 587 

and cell periphery (Figure 11B). 588 

296 vs 0: 166 GO terms were enriched (FDR < 0.05). Enriched terms included intrinsic component of 589 

plasma membrane, integral component of plasma membrane, cell periphery, plasma membrane, amino 590 

acid transmembrane transporter activity, organic anion transport, anion transmembrane transport, 591 

lymphocyte differentiation, receptor mediated endocytosis, and ion transport (Figure 11C). 592 

326 vs 0: 256 GO terms were enriched (FDR < 0.05). Enriched terms included synapsis, homologous 593 

chromosome segregation, meiotic chromosome segregation, meiosis I, cyclic nucleotide metabolic 594 

process, synaptonemal complex, cAMP metabolic process, cGMP metabolic process, nuclear 595 

chromosome segregation, cell cycle, and chromosome segregation (Figure 11D). 596 

376 vs 0: 192 GO terms were enriched (FDR < 0.05). Enriched terms included extra-cellular region, 597 

photoreceptor cell differentiation, sensory organ morphogenesis, eye morphogenesis, plasma membrane, 598 

respiratory chain complex, innate immune response, cell death, programmed cell death, cell junction, 599 

and response to hypoxia (Figure 11E). 600 

426 vs 0: 306 GO terms were enriched (FDR < 0.05). Enriched terms included structural constituent of 601 

ribosome, cytosolic large ribosomal subunit, ribosomal subunit, cytosolic ribosome, ribosome, 602 

translation, cytoplasmic translation, peptide biosynthetic process, structural molecule activity, ATP 603 

metabolic process, extracellular region, ion trans-membrane transport, respiratory chain complex, and 604 

antimicrobial humoral immune response (Figure 11F). 605 

Gill 606 



276 vs 0: 133 GO terms were enriched (FDR < 0.05). Enriched terms included extra-cellular region, 607 

extracellular matrix, extracellular space, collagen containing extracellular matrix, lipid homeostasis, 608 

transition metal ion transport, G protein coupled receptor signaling pathway, cell surface, and skeletal 609 

system morphogenesis (Figure 12A). 610 

286 vs 0: 63 GO terms were enriched (FDR < 0.05). Enriched terms included carbohydrate derivative 611 

catabolic process, positive regulation of protein transport, multicellular organism aging, guanyl 612 

nucleotide binding, cell adhesion, RNA binding, defense response to other organism, eye development, 613 

and sensory organ development (Figure 12B). 614 

296 vs 0: 109 GO terms were enriched (FDR < 0.05). Enriched terms included regulation of smooth 615 

muscle cell differentiation, excitatory synapse, stem cell proliferation, brain development, neuroblast 616 

proliferation, central nervous system development, synapse organization, neuromuscular junction 617 

development, cell junction organization, growth fac-tor binding, calcium ion binding, and ATPase 618 

activity (Figure 12C). 619 

326 vs 0: 113 GO terms were enriched (FDR < 0.05). Enriched terms included regulation of MAPK 620 

cascade, positive regulation of MAPK cascade, protein K48 linked ubiquitination, positive regulation of 621 

intracellular signal transduction, intrinsic component of membrane, integral component of membrane, 622 

organ growth, multicellular organism growth, positive regulation of protein serine/threonine kinase 623 

activity, MAPK cascade, sensory organ development, and Golgi apparatus (Figure 12D). 624 

376 vs 0: 138 GO terms were enriched (FDR < 0.05). Enriched terms included lipid storage, acid 625 

secretion, regulation of ion transmembrane transport, response to ischemia, positive regulation of 626 

transport, enzyme regulator activity, metal ion transmembrane transporter activity, homeostatic process, 627 

lipid homeostasis, apoptotic process, and defense response to another organism (Figure 12E). 628 

426 vs 0: 68 GO terms were enriched (FDR < 0.05). Enriched terms included organonitrogen compound 629 

catabolic process, basolateral plasma membrane, extracellular region, extracellular space, peptidase 630 

activity cell adhesion, nuclear speck, endopeptidase activity, translation, peptide biosynthetic process, 631 

apoptotic process, and protein homodimerization activity (Figure 12F). 632 

3.7.2 KEGG Enrichment Analysis 633 



To identify the biological pathways significantly affected by SSC stress, KEGG enrichment analysis was 634 

performed on DEGs from each comparison group. All bubble plots were compiled into a multi panel 635 

figure (Figure 13, Figure 14). 636 

 637 

Figure 13. KEGG enrichment bubble plots of DEGs in gill and hepatopancreas tissues across all SSC treatments 638 

versus the 0 mg/L control. (A) Hepatopancreas, 276 vs 0; (B) Hepatopancreas, 286 vs 0; (C) Hepatopancreas, 296 639 

vs 0; (D) Hepatopancreas, 326 vs 0; (E) Hepatopancreas, 376 vs 0; (F) Hepatopancreas, 426 vs 0. The x axis 640 

represents the enrichment factor, the y axis indicates KEGG pathways, and the size and colour of each bubble 641 

represent the number of DEGs and the FDR adjusted p value, respectively. Only pathways with FDR < 0.05 are 642 

shown. 643 

 644 

Figure 14. KEGG enrichment bubble plots of DEGs in gill and hepatopancreas tissues across all SSC treatments 645 

versus the 0 mg/L control. (A) Gill, 276 vs 0; (B) Gill, 286 vs 0; (C) Gill, 296 vs 0; (D) Gill, 326 vs 0; (E) Gill, 376 646 

vs 0; (F) Gill, 426 vs 0. The x axis represents the enrichment factor, the y axis indicates KEGG pathways, and the 647 

size and colour of each bubble represent the number of DEGs and the FDR adjusted p value, respectively. Only 648 

pathways with FDR < 0.05 are shown. 649 

Hepatopancreas 650 

276 vs 0: Enriched pathways included Fatty acid biosynthesis, Fatty acid degradation, Sphingolipid 651 

metabolism, Lysosome, Phagosome, Apoptosis, Mitophagy, Autophagy, MAPK signaling, cAMP 652 

signaling, TNF signaling, and NOD like receptor signaling (Figure 13A). 653 

286 vs 0: Enriched pathways included Glycolysis / Gluconeogenesis, Citrate cycle (TCA cycle), Pyruvate 654 



metabolism, Fatty acid degradation, Oxidative phosphorylation, Ribosome, Spliceosome, Ubiquitin 655 

mediated proteolysis, Apoptosis, Necroptosis, Ferroptosis, MAPK signaling, NF kappa B signaling, 656 

Calcium signaling, and NOD like receptor signaling (Figure 13B). 657 

296 vs 0: Enriched pathways included Arachidonic acid metabolism, Fatty acid degradation, Steroid 658 

hormone biosynthesis, N glycan biosynthesis, Sphingolipid metabolism, Lysosome, Phagosome, 659 

Endocytosis, Apoptosis, Autophagy, PI3K Akt signaling, mTOR signaling, and TNF signaling (Figure 660 

13C). 661 

326 vs 0: Enriched pathways included Purine metabolism, Pyrimidine metabolism, Glutathione 662 

metabolism, Glycolysis / Gluconeogenesis, Ribosome, Spliceosome, DNA replication, Ubiquitin 663 

mediated proteolysis, Apoptosis, Necroptosis, Ferroptosis, MAPK signaling, cGMP PKG signaling, 664 

cAMP signaling, Calcium signaling, PI3K Akt signaling, mTOR signaling, FoxO signaling, Phagosome, 665 

Lysosome, and Thermogenesis (Figure 13D). 666 

376 vs 0: Enriched pathways included Oxidative phosphorylation, Fatty acid bio-synthesis, Fatty acid 667 

degradation, Sphingolipid metabolism, Ribosome, Spliceosome, Ubiquitin mediated proteolysis, 668 

Apoptosis, Necroptosis, Lysosome, Phagosome, MAPK signaling, NF kappa B signaling, TNF signaling, 669 

NOD like receptor signaling, Toll and Imd signaling, and IL 17 signaling (Figure 13E). 670 

426 vs 0: Enriched pathways included Glycolysis / Gluconeogenesis, Pyruvate metabolism, Oxidative 671 

phosphorylation, Citrate cycle (TCA cycle), Fatty acid degradation, Arachidonic acid metabolism, 672 

Glutathione metabolism, Purine metabolism, Pyrimidine metabolism, Ribosome, Spliceosome, Ubiquitin 673 

mediated proteolysis, Apoptosis, Necroptosis, Ferroptosis, Lysosome, Phagosome, Endocytosis, MAPK 674 

signaling, cAMP signaling, cGMP PKG signaling, Calcium signaling, Ras signaling, Rap1 signaling, 675 

PI3K Akt signaling, AMPK signaling, mTOR signaling, TNF signaling, NF kappa B signaling, NOD like 676 

receptor signaling, Toll and Imd signaling, IL 17 signaling, and Thermogenesis (Figure 13F).  677 

Gill 678 

276 vs 0: Enriched pathways included Purine metabolism, Glycosaminoglycan bio-synthesis, 679 

Sphingolipid metabolism, Lysosome, Apoptosis, PI3K Akt signaling, MAPK signaling, cAMP signaling, 680 

Calcium signaling, Phagosome, and ECM receptor interaction (Figure 14A). 681 



286 vs 0: Enriched pathways included Glycolysis / Gluconeogenesis, Oxidative phosphorylation, Purine 682 

metabolism, Pyrimidine metabolism, Ribosome, Spliceosome, Cell cycle, Oocyte meiosis, PI3K Akt 683 

signaling, Apoptosis, and NOD like receptor signaling (Figure 14B). 684 

296 vs 0: Enriched pathways included Arachidonic acid metabolism, Steroid biosynthesis, Glycerolipid 685 

metabolism, Ribosome, Lysosome, Phagosome, Apoptosis, PI3K Akt signaling, TNF signaling, and 686 

FoxO signaling (Figure 14C). 687 

326 vs 0: Enriched pathways included Glutathione metabolism, Sphingolipid metabolism, Ribosome, 688 

Spliceosome, Ubiquitin mediated proteolysis, Apoptosis, MAPK signaling, Rap1 signaling, Calcium 689 

signaling, cGMP PKG signaling, cAMP signaling, PI3K Akt signaling, Phagosome, and Lysosome 690 

(Figure 14D). 691 

376 vs 0: Enriched pathways included Carbon metabolism, Biosynthesis of amino acids, Fatty acid 692 

metabolism, Starch and sucrose metabolism, Ribosome, Spliceosome, RNA degradation, mRNA 693 

surveillance pathway, Apoptosis, MAPK signaling, Rap1 signaling, Calcium signaling, cAMP signaling, 694 

PI3K Akt signaling, and PPAR signaling (Figure 14E). 695 

426 vs 0: Enriched pathways included Arachidonic acid metabolism, Glutathione metabolism, Ribosome, 696 

Spliceosome, Lysosome, Apoptosis, NOD like receptor signaling, TNF signaling, MAPK signaling, 697 

Hippo signaling, and Neurotrophin signaling (Figure 14F). 698 

3.8 Quantitative Real Time PCR (qRT-PCR) Validation 699 

To validate the reliability of the RNA seq data, twelve differentially expressed genes (DEGs) were 700 

selected for qRT-PCR analysis based on their expression patterns in the 426 mg/L treatment compared to 701 

the 0 mg/L control. The selected genes covered multiple functional categories, including energy 702 

metabolism, ion transport, cytoskeletal organisation, and stress responses. 18S rRNA was used as the 703 

internal reference gene, and the 2⁻ΔΔCt method was employed to calculate relative expression levels. 704 

The qRT-PCR results showed that the overall expression trends of most selected genes were consistent 705 

with the RNA seq data (Table 4). Among the twelve genes, DN44109 (collagen alpha 1(X) chain like) 706 

and DN94928 (cytochrome c oxidase subunit III) exhibited significant up regulation in the 426 mg/L 707 

treatment, with qPCR relative expression levels of 3.87± 0.32 and 5.79 ± 0.57, respectively, consistent 708 



with their RNA seq log₂FC values (4.77 and 7.42). DN88965 (catenin alpha-2-like) showed significant 709 

down-regulation, with a qPCR value of 0.28 ± 0.05, corroborating its negative log₂FC value (−2.37). 710 

Several other genes (DN37274, DN48737, DN55951, DN95997) showed moderate expression changes 711 

consistent with RNA-seq trends, though the magnitudes differed between the two plat-forms. Three genes 712 

(DN37274, DN41008, and DN57710) showed discordant trends be-tween the two platforms, which may 713 

reflect technical differences in primer efficiency, transcript isoform specificity, or biological variability 714 

between individual samples. Notably, DN57710 (glutathione S-transferase theta-1-like) showed a 715 

discordant trend, with RNA-seq log₂FC = −10.34 but qPCR = 1.71 ± 0.18. Nevertheless, the overall qRT-716 

PCR vali-dation supported the reliability of the transcriptomic data for most selected genes, while 717 

highlighting the importance of considering platform-specific differences. To compare the two platforms 718 

on a comparable scale, RNA-seq log₂ fold changes were compared with log₂-transformed qRT-PCR 719 

relative expression values. For all 12 genes, the Pearson correlation coefficient was r = 0.333 (p = 0.290, 720 

n = 12). When the three discordant genes (DN37274, DN41008, and DN57710) were excluded, the 721 

correlation increased to r = 0.700 (p = 0.036, n = 9), indicating significant and moderate-to-strong 722 

consistency for the remaining genes. These results are summarized in Supplementary Table S3. 723 

Table 4. Comparison of RNA-seq and qRT-PCR expression changes for selected DEGs in the 426 724 

mg/L treatment. 725 

Gene ID Putative Function 
RNA-se

q log₂FC 

qRT-PC

R 

(2⁻ΔΔCt) 

Trend 

Consistenc

y 

TRINITY_DN145_c0_g1 
ATP synthase 

subunit beta 
10.29 

2.72 ± 

0.59 

Concordant 

(up) 

TRINITY_DN37274_c0_g

1 

Sodium channel 

protein 
–9.54 

2.40 ± 

0.30 
Discordant 

TRINITY_DN37408_c0_g

1 

NADH 

dehydrogenase 

subunit 1 

6.70 
3.34 ± 

0.56 

Concordant 

(up) 

TRINITY_DN41008_c0_g

1 

Regulator of 

G-protein 

signalling 17-like 

8.80 
0.97 ± 

0.15 
Discordant 



Gene ID Putative Function 
RNA-se

q log₂FC 

qRT-PC

R 

(2⁻ΔΔCt) 

Trend 

Consistenc

y 

TRINITY_DN44109_c0_g

1 

Collagen 

alpha-1(X) 

chain-like 

4.77 
3.87 ± 

0.32 

Concordant 

(up) 

TRINITY_DN48737_c0_g

1 

Tubulin 

beta-1/beta-2 

chain 

6.62 
1.60 ± 

0.24 

Concordant 

(up) 

TRINITY_DN55951_c0_g

1 
Mucin-21-like 13.43 

2.80 ± 

0.34 

Concordant 

(up) 

TRINITY_DN57710_c0_g

1 

Glutathione 

S-transferase 

theta-1-like 

–10.34 
1.71 ± 

0.18 
Discordant 

TRINITY_DN6215_c0_g1 

Na⁺/K⁺-transportin

g ATPase subunit 

beta-1 

10.37 
2.57 ± 

0.48 

Concordant 

(up) 

TRINITY_DN88965_c0_g

1 

Catenin 

alpha-2-like 
–2.37 

0.28 ± 

0.05 

Concordant 

(down) 

TRINITY_DN94928_c0_g

1 

Cytochrome c 

oxidase subunit III 
7.42 

5.79 ± 

0.57 

Concordant 

(up) 

TRINITY_DN95997_c0_g

1 

Carbonic 

anhydrase 4 

precursor 

10.32 
3.00 ± 

0.69 

Concordant 

(up) 

Note: Values are presented as mean ± SD (n = 3). “Concordant” indicates that the direction of 726 

expression change (up-regulated, down-regulated, or no change) was consistent between RNA-seq and 727 

qRT-PCR; “Discordant” indicates opposite directions between the two methods. 728 

4. Discussion 729 

In this study, we conducted a combined transcriptomic and ultrastructural investigation to elucidate the 730 

molecular and cellular responses of the hard clam M. meretrix to suspended sediment stress. Tissue-731 

specific transcriptional reprogramming was observed, with the hepatopancreas exhibiting substantially 732 

more pronounced and diverse responses than the gill. TEM analysis further revealed a clear dose-733 

dependent progression of ultra-structural damage in gill epithelial cells, ranging from early reversible 734 

stress to terminal necrosis. These findings provide multi-tissue evidence that M. meretrix employs 735 



distinct molecular and structural strategies in different tissues under particle-rich environ-ments.4.1 736 

Differential Transcriptional Responses Between the Gill and Hepatopancreas 737 

One of the most prominent findings of this study was the marked difference in transcriptional 738 

responsiveness between the gill and hepatopancreas. The hepatopancreas consistently exhibited 1.5- to 739 

2-fold higher numbers of DEGs compared to the gill across all SSC concentrations, with peak values of 740 

2,567 DEGs in the hepatopancreas (326 mg/L) versus 1,549 in the gill (376 mg/L). This tissue-specific 741 

disparity aligns with observations in other bivalves exposed to environmental stressors [36-38]. For 742 

instance, in the razor clam Sinonovacula constricta under combined ammonia and hypoxia stress, the 743 

hepatopancreas and gill exhibited distinct transcriptional profiles reflecting their specialised functions 744 

[36]. Similarly, in the shrimp Macrobrachium nipponense under salinity acclimation, the hepatopancreas 745 

showed stronger metabolic reprogramming, whereas the gill was more enriched in ion transport and 746 

barrier-related genes [37]. In Litopenaeus vannamei under alkalinity stress, the hepatopancreas also 747 

displayed a more pronounced immune and detoxification response than the gill [38]. 748 

The functional divergence between these two tissues is rooted in their distinct physiological roles. The 749 

gill serves as the primary interface between the organism and its external environment, responsible for 750 

particle capture, gas exchange, and initial immune surveillance. Its relatively moderate transcriptional 751 

response—characterised by up-regulation of genes involved in ECM-receptor interaction, cell adhesion 752 

molecules, tight junctions, gap junctions, and actin cytoskeleton regulation—suggests a strategy focused 753 

on structural reinforcement and barrier maintenance. This is consistent with the role of the gill as a 754 

physical barrier that must withstand direct mechanical abrasion from suspended particles. The 755 

enrichment of lysosome and phagosome pathways in the gill further supports its role in particle clearance 756 

and innate immune defence at the entry site. 757 

In contrast, the hepatopancreas, as the primary metabolic and detoxification organ in bivalves, exhibited 758 

a far more extensive and diverse transcriptional response. The prominent enrichment of metabolism-759 

related pathways—including glycolysis/gluconeogenesis, citrate cycle (TCA cycle), oxidative 760 

phosphorylation, and fatty acid metabolism—indicates substantial metabolic reprogramming to meet the 761 

energetic demands of stress response and tissue repair. The hepatopancreas also showed strong 762 

enrichment of immune-related pathways such as NOD-like receptor signaling, TNF signaling, NF-κB 763 

signaling, and Toll and Imd signaling, suggesting that this tissue plays a central role in systemic immune 764 



surveillance and inflammatory responses to particle-associated stress. 765 

These differential response patterns between tissues are consistent with the concept that different organs 766 

may adopt distinct transcriptional strategies to cope with environ-mental stress. The gill prioritises 767 

immediate physical defence and particle clearance, while the hepatopancreas orchestrates a more 768 

complex response involving metabolic adaptation, detoxification, and immune activation. This 769 

functional specialisation likely reflects the evolutionary adaptation of bivalves to their filter-feeding 770 

lifestyle, where the gill must continuously manage particle influx while the hepatopancreas processes 771 

absorbed materials and mounts systemic responses. 772 

Our results extend these findings to SSC stress in M. meretrix, showing that the hepatopancreas 773 

consistently mounted a broader transcriptional response than the gill across all SSC concentrations. 774 

4.2 Ultrastructural Damage and Its Association with Transcriptomic Responses 775 

TEM analysis provided direct cellular-level evidence for the dose-dependent toxicity of SSC stress in the 776 

gill of M. meretrix. At 276 mg/L, the ultrastructural changes were relatively mild and mainly included 777 

local chromatin margination, mild mitochondrial swelling, increased cytoplasmic vesicles, and ciliary 778 

disorganization, suggesting an early and potentially reversible stress response. As SSC increased to 286–779 

326 mg/L, the damage progressed to moderate and severe stages, characterized by extensive ciliary 780 

shedding, chromatin aggregation and margination, mitochondrial swelling and cristae dissolution, 781 

endoplasmic reticulum dilation, cytoplasmic vacuolization, and loosening of intercellular junctions. At 782 

the highest concentrations (376 and 426 mg/L), the gill epithelium exhibited near-terminal to terminal 783 

necrotic damage, including nuclear pyknosis, nuclear membrane rupture, karyolysis, complete organelle 784 

disintegration, abundant myelin figures, and col-lapse of the epithelial barrier. 785 

These ultrastructural alterations were highly consistent with the transcriptomic responses observed in 786 

this study. The enrichment of oxidative phosphorylation, TCA cycle, and glycolysis/gluconeogenesis 787 

pathways may reflect an attempt to meet the increased energy demand caused by particle stress, while 788 

the extensive mitochondrial swelling and cristae dissolution observed by TEM suggest that this 789 

compensatory response ultimately fails under high SSC exposure. Similarly, the enrichment of ECM–790 

receptor interaction, cell adhesion, tight junction, and actin cytoskeleton-related genes in the gill is 791 

consistent with the TEM findings of ciliary disorganization, widened intercellular spaces, and disrupted 792 



cell junctions. The enrichment of apoptosis, necroptosis, and ferroptosis pathways corresponds well with 793 

the observed nuclear condensation, nuclear membrane rupture, organelle disintegration, and myelin 794 

figure formation, which are typical features of programmed cell death and necrosis. 795 

The enrichment of glutathione metabolism and oxidative stress-related pathways further supports the 796 

idea that SSC stress induces oxidative damage, which may contribute to membrane lipid peroxidation, 797 

mitochondrial dysfunction, and eventual cell death. In addition, the activation of NOD-like receptor, TNF, 798 

NF-κB, and Toll and Imd signaling pathways suggests that the damaged cells and released debris may 799 

trigger innate immune and inflammatory responses in the gill. Taken together, the TEM and 800 

transcriptomic results indicate that SSC stress causes a dose-dependent progression from early cellular 801 

stress to irreversible necrosis and epithelial barrier failure in the gill. However, because TEM analysis in 802 

this study focused on the gill, the ultrastructural basis of the stronger hepatopancreatic transcriptomic 803 

response remains to be investigated in future studies.4.3 Concentration-Dependent Transcriptional 804 

Patterns and the Decline at 426 mg/L 805 

The number of DEGs exhibited a non-monotonic, concentration-dependent pattern in both tissues. In the 806 

gill, DEG counts fluctuated from 1,494 at 276 mg/L down to 791 at 286 mg/L, then progressively 807 

increased to 1,549 at 376 mg/L, before declining to 1,004 at 426 mg/L. In the hepatopancreas, DEG 808 

counts increased from 1,775 at 276 mg/L to a peak of 2,567 at 326 mg/L, then decreased to 2,002 and 809 

2,003 at 376 and 426 mg/L, respectively. 810 

The decline in DEG numbers at the highest SSC concentration (426 mg/L) is particularly intriguing. 811 

Several non-mutually exclusive explanations may account for this phenomenon. One possible 812 

explanation is that adaptive transcriptional reprogramming occurs under extreme stress. We hypothesise 813 

that, at very high SSC concentrations, clams may shift from an active stress-response strategy to a more 814 

energy-conserving “survival mode,” in which transcriptional activity is down-regulated to reduce 815 

energetic costs. However, this remains a hypothesis that requires functional validation. A second, albeit 816 

speculative, possibility is that the 426 mg/L treatment represents a concentration beyond which the 817 

transcriptional machinery becomes compromised, either through physical damage to cellular components 818 

or through exhaustion of transcriptional resources. The fact that substantial numbers of DEGs were still 819 

detected at 426 mg/L (1,004 in gill and 2,003 in hepatopancreas) argues against complete transcriptional 820 

shutdown, but partial suppression cannot be ruled out. These interpretations should be regarded as 821 



hypotheses, and future functional studies are needed to distinguish among them.  822 

This non linear concentration response pattern has implications for environmental risk assessment. It 823 

suggests that the relationship between SSC concentration and biological effect is not simply monotonic, 824 

and that moderate concentrations (296–376 mg/L) may elicit stronger molecular responses than the 825 

highest concentrations. Similar non-monotonic responses have been reported for suspended sediment 826 

exposure across aquatic taxa. A systematic review by Park et al. [39] noted that biological responses to 827 

suspended sediments often do not follow a simple linear dose–response relationship. In particular, a 828 

multibiomarker study on Manila clams exposed to dredged sediments demonstrated that the 829 

hepatopancreas is the most sensitive tissue for detecting sublethal stress responses, consistent with our 830 

observation that the hepatopancreas exhibited more pronounced transcriptional changes than the gill [40]. 831 

4.4 Key Pathways and Molecular Mechanisms 832 

4.4.1 Energy Metabolism and Mitochondrial Function 833 

A hallmark of the SSC-induced transcriptional response was the robust enrichment of energy metabolism 834 

pathways, particularly in the hepatopancreas at higher concentrations. Oxidative phosphorylation 835 

(ko00190) and the citrate cycle (TCA cycle) (ko00020) were consistently enriched at 376 and 426 mg/L, 836 

while glycolysis/gluconeogenesis (ko00010) and pyruvate metabolism (ko00620) were prominent across 837 

multiple concentrations. This widespread enrichment of genes in energy metabolism pathways may 838 

suggest that SSC stress imposes substantial energetic demands on clams [41], although metabolic rates 839 

were not directly measured. This is consistent with the transcriptional response of Lembulus bi-840 

cuspidatus to hypoxia–reoxygenation, in which key metabolic genes were also affected [41]. 841 

The up-regulation of oxidative phosphorylation genes, including multiple subunits of cytochrome c 842 

oxidase (e.g., DN94928, validated by qPCR) and NADH dehydrogenase (e.g., DN37408), may suggest 843 

increased mitochondrial activity to meet ATP demands for detoxification, tissue repair, and immune 844 

function [42]. This is consistent with observations in Crassostrea gigas under hypoxia, where 845 

mitochondrial electron transport chain genes were also induced [42]. 846 

The marked enrichment of thermogenesis (ko04714) and cardiac muscle contraction (ko04260) pathways 847 

at 426 mg/L in the hepatopancreas is notable. In mammals, thermo-genesis is primarily associated with 848 

heat production via mitochondrial uncoupling; how-ever, in non mammalian organisms, enrichment of 849 



this pathway may reflect broad metabolic perturbations rather than classical thermogenesis. The 850 

concurrent enrichment of oxidative phosphorylation and thermogenesis pathways at the highest SSC 851 

concentration may thus indicate stress induced alterations in mitochondrial energy metabolism, 852 

potentially including inefficient ATP production or enhanced electron transport chain activity to meet 853 

elevated energetic demands while managing reactive oxygen species (ROS) pro-duction. 854 

4.4.2 Ribosome Biogenesis and Protein Synthesis 855 

The most striking pathway enrichment at 426 mg/L in the hepatopancreas was ribosome (ko03010), with 856 

54 up-regulated genes. This marked up-regulation of ribosomal protein may suggest enhanced protein 857 

synthesis capacity under extreme SSC stress, although translational activity was not directly measured. 858 

This finding is consistent with the in-creased energetic demands discussed above: to sustain the 859 

production of stress-response proteins (e.g., heat shock proteins, antioxidant enzymes, immune effectors), 860 

clams must increase their translational capacity. 861 

The qPCR validation of multiple ribosomal and mitochondrial genes (e.g., DN145 encoding ATP 862 

synthase subunit beta, DN37408 encoding NADH dehydrogenase subunit 1) confirmed the reliability of 863 

these transcriptomic observations. The near-complete sup-pression of DN88965 (catenin alpha-2-like) at 864 

426 mg/L (0.008-fold by qPCR) is particularly noteworthy, as catenins are critical for cell-cell adhesion 865 

and cytoskeletal integrity. Its dramatic down-regulation may indicate disruption of adherens junctions 866 

and epithelial barrier function under extreme SSC stress. Although ribosomal biogenesis has been less 867 

frequently reported in bivalve stress studies, the up-regulation of ribosomal protein genes under stress 868 

has been observed in other marine invertebrates, suggesting a conserved translational response to 869 

environmental challenge. 870 

4.4.3 Cell Death Pathways: Apoptosis, Necroptosis, and Ferroptosis 871 

The consistent enrichment of cell death pathways across multiple SSC concentrations and both tissues 872 

suggests cytotoxic effects of suspended sediment exposure [43]. This is consistent with observations in 873 

Chlamys nobilis under low-temperature stress, where caspase genes showed altered expression [43]. 874 

Apoptosis (ko04210) was enriched in both gill and hepatopancreas across most comparisons, while 875 

necroptosis (ko04217) and ferroptosis (ko04216) were also prominently represented, particularly at 876 

higher concentrations. 877 



The simultaneous enrichment of genes in multiple cell death pathways may suggest that SSC stress 878 

triggers diverse forms of programmed cell death depending on the severity and duration of exposure [44]. 879 

In Mytilus edulis and Crassostrea gigas exposed to inter-mittent hypoxia, cell survival and inflammatory 880 

pathways were also affected [44]. How-ever, functional validation is needed to confirm whether these 881 

pathways are activated in M. meretrix. Apoptosis, as a regulated and non-inflammatory form of cell death, 882 

may rep-resent a controlled mechanism for removing damaged cells without eliciting excessive in-883 

flammation. Necroptosis, in contrast, is a more inflammatory form of cell death that may contribute to 884 

tissue damage and immune activation. Ferroptosis, an iron-dependent form of cell death driven by lipid 885 

peroxidation, is consistent with the observed enrichment of glutathione metabolism and oxidative stress 886 

pathways. 887 

The presence of these cell death pathways in both tissues, but with greater representation in the 888 

hepatopancreas, suggests that the hepatopancreas may be more susceptible to particle-induced 889 

cytotoxicity, possibly due to its role in metabolising and detoxifying ab-sorbed materials. This tissue-890 

specific vulnerability may contribute to the stronger cytotoxic response observed in the hepatopancreas. 891 

4.4.4 Immune and Inflammatory Responses 892 

Immune-related pathways were prominently enriched across both tissues, with a clear concentration-893 

dependent pattern. NOD-like receptor signaling (ko04621), TNF signaling (ko04668), NF-κB signaling 894 

(ko04064), Toll and Imd signaling (ko04624), and IL-17 signaling (ko04657) were consistently enriched 895 

in the hepatopancreas at moderate to high concentrations [45]. This is consistent with the immune 896 

response observed in Ruditapes philippinarum challenged with lipopolysaccharide, where NOD-like 897 

receptor and TNF signaling pathways were also enriched [45]. The gill showed enrichment of these path-898 

ways primarily at higher concentrations (376 and 426 mg/L). 899 

The enrichment of genes in these innate immune pathways may indicate that SSC stress is perceived as 900 

a “danger signal” by clams, potentially triggering inflammatory responses analogous to those seen during 901 

pathogen infection. This interpretation remains hypothetical and requires functional validation. This is 902 

consistent with the concept that physical particles can activate pattern recognition receptors (PRRs) either 903 

directly through particle-associated molecular patterns or indirectly through damage-associated 904 

molecular patterns (DAMPs) released from damaged cells. 905 



The NOD-like receptor (NLR) signaling pathway is particularly relevant, as NLRs are cytosolic sensors 906 

that detect both microbial components and cellular damage, leading to the activation of inflammatory 907 

responses and pyroptosis [46]. In Mytilus coruscus under rising seawater temperature, immune-related 908 

pathways including TNF and NLR signaling were also enriched [46]. The enrichment of this pathway 909 

across multiple concentrations may suggest that SSC stress induces cellular damage that is sensed by 910 

NLRs, potentially triggering inflammatory cascades; however, direct evidence of NLR activation is 911 

lacking. 912 

The TNF signaling pathway mediates diverse cellular responses including inflammation, apoptosis, and 913 

cell survival. Its enrichment in both tissues may suggest the involvement of TNF-mediated signalling in 914 

the SSC stress response, which could contribute to both protective and detrimental outcomes. However, 915 

direct evidence of pathway activation is lacking. 916 

The involvement of the Toll and Imd signaling pathway (the invertebrate equivalent of mammalian Toll-917 

like receptor pathways) may support the involvement of innate immune responses; however, functional 918 

activation was not directly tested. In bivalves, Toll-like receptors recognise a wide range of pathogen-919 

associated and damage-associated molecular patterns, making them central to both anti-microbial 920 

defence and stress responses. 921 

4.4.5 Oxidative Stress and Detoxification 922 

The enrichment of glutathione metabolism (ko00480) suggests that SSC stress induces oxidative stress 923 

and activates detoxification pathways [47]. However, individual glutathione S-transferase genes can 924 

show divergent responses, and pathway enrichment alone does not establish functional activation. For 925 

example, DN57710 exhibited a discordant trend between RNA-seq (log₂FC = −10.34) and qRT-PCR 926 

(1.71 ± 0.18), highlighting the im-portance of interpreting pathway-level enrichment with caution and 927 

validating individual genes by multiple methods. Glutathione is a critical antioxidant that protects cells 928 

against ROS and facilitates the detoxification of xenobiotics. The up-regulation of glutathione 929 

metabolism genes suggests that clams are actively combating oxidative stress generated by particle 930 

exposure. 931 

The induction of glutathione S-transferase (GST) is particularly significant, as GSTs catalyse the 932 

conjugation of glutathione to electrophilic substrates, facilitating their excretion. The up-regulation of 933 



GST genes in response to SSC stress suggests that suspended particles may either directly introduce pro-934 

oxidant compounds or indirectly generate ROS through cellular damage and inflammatory responses. 935 

This is consistent with studies showing that suspended sediment can exacerbate the toxicity of other 936 

contaminants through ROS generation [39]. 937 

A schematic summary integrating the observed and proposed responses of the gill and hepatopancreas to 938 

SSC stress is presented in Figure 15. 939 

 940 

Figure 15. Schematic summary of the observed and proposed responses of the gill and hepato-pancreas of M. 941 

meretrix to suspended sediment stress (SSC). The central box represents SSC stress. The left and right columns 942 

represent the gill and hepatopancreas, respectively. The upper panels (solid lines and boxes) summarise the observed 943 

transcriptomic responses based on differentially expressed genes and functional enrichment analyses, including 944 

energy metabolism, oxidative stress defence, innate immune signalling, and cell death pathways. The lower panels 945 

(dashed lines and boxes) indicate proposed mechanisms that are inferred from the transcriptomic data but remain 946 

hypothetical and require functional validation. The legend at the bottom clarifies that solid lines and boxes denote 947 

observed results, whereas dashed lines and boxes denote proposed mechanisms. Key proposed mechanisms include 948 

barrier reinforcement, particle clearance, and innate immune defence in the gill, and metabolic reprogramming, 949 



detoxification, systemic immune activation, possible cell death, and adaptive transcriptional suppression at 426 mg/L 950 

in the hepato-pancreas. The proposed mechanisms should be regarded as hypotheses rather than established 951 

conclusions. 952 

4.5 Environmental Implications and Study Limitations 953 

The findings of this study have important implications for environmental risk assessment in coastal 954 

engineering zones. The concentration-dependent, transcriptional responses observed here, together with 955 

the differences between the gill and hepatopancreas suggest that molecular biomarkers—particularly 956 

those related to energy metabolism, immune function, and oxidative stress—could serve as sensitive 957 

indicators of SSC stress in bivalves [40]. The identification of specific genes with robust expression 958 

changes across multiple concentrations (e.g., DN88965, DN94928) provides candidate biomarkers for 959 

future monitoring programmes. 960 

The non-linear concentration-response relationship, with moderate SSC concentrations eliciting stronger 961 

transcriptional responses than the highest concentration, high-lights the importance of considering non-962 

monotonic molecular responses in environmental monitoring. 963 

Several limitations of this study should be acknowledged. First, the laboratory based exposure conditions 964 

and single time point design (30 days), while carefully controlled to mimic field SSC concentrations and 965 

tidal cycles, cannot fully capture the complexity of natural multi stressor environments or the temporal 966 

dynamics of gene expression responses. Second, the study focused on two tissues (gill and 967 

hepatopancreas), and responses in other tissues (e.g., mantle, adductor muscle) may differ.  968 

Third, the relatively low annotation rate (26.03% in NR), typical of de novo transcriptomes of non-model 969 

organisms, limits the functional interpretation of some DEGs. In addition, the de novo assembly had a 970 

BUSCO completeness of 73.2% (single-copy: 70.5%; du-plicated: 2.7%; fragmented: 16.3%; missing: 971 

10.5%), which is within the range commonly reported for non-model marine invertebrates but may have 972 

reduced the sensitivity of DEG detection. Future studies using a reference genome would further improve 973 

transcriptomic resolution. 974 

Fourth, the discordant trends observed for some genes between RNA-seq and qRT-PCR highlight the 975 

importance of validation studies and suggest that technical variability between platforms should be 976 

considered when interpreting transcriptomic data. 977 



Fifth, all clams, including the 0 mg/L control and the 276–426 mg/L SSC treatments, were purchased as 978 

a single batch from a local seafood market near Tongzhou Bay and randomly assigned to treatment groups. 979 

Therefore, between-source differences and source-related confounding are not expected to affect the 980 

comparisons. A 7-day temporary holding period period is commonly used in bivalve stress experiments 981 

and was sufficient for laboratory stabilization, but it may not completely erase prior holding conditions 982 

in the market. However, because all groups experienced identical temporary holding and expo-sure 983 

conditions, any residual preconditioning should be balanced across treatments. Future studies using 984 

longer temporary holding periods or laboratory-reared clams could further validate the present findings. 985 

Sixth, the stability of 18S rRNA as the internal reference gene was not formally evaluated using 986 

algorithms such as geNorm or NormFinder. However, the Ct values of 18S rRNA were relatively stable 987 

across all samples (mean Ct range: 17.18–19.88), and 18S rRNA is widely used as a reference gene in 988 

bivalve qRT-PCR studies. Future studies should include a formal evaluation of reference gene stability. 989 

Seventh, all differential-expression comparisons were made against the 0 mg/L control, which was 990 

intended to characterize the overall transcriptional response to suspended sediment stress. We did not 991 

perform comparisons of the 286–426 mg/L treatments against the 276 mg/L background SSC. This 992 

omission limits our ability to distinguish the effects of background turbidity from those specifically 993 

caused by construction-related SSC increments. Therefore, the present conclusions are restricted to the 994 

overall effects of SSC stress across the tested gradient, and we no longer claim to quantify construction-995 

related incremental effects. Future studies should include 276 mg/L as an additional reference control to 996 

specifically assess construction-related SSC increments. 997 

Eighth, although the gill and hepatopancreas showed clear differences in the number and composition of 998 

DEGs, a formal tissue × SSC interaction analysis was not performed. Therefore, the term “tissue-specific” 999 

should be interpreted as a descriptive difference be-tween tissues rather than a statistically validated 1000 

interaction effect. Future studies with a full factorial design would be needed to formally test tissue × 1001 

SSC interactions. 1002 

Ninth, several mechanistic interpretations proposed in this study, including adaptive transcriptional 1003 

suppression, impairment of the transcriptional machinery, and the involvement of apoptosis, necroptosis, 1004 

ferroptosis, and inflammatory pathways, are based on transcriptomic enrichment and should be regarded 1005 



as hypotheses rather than established mechanisms. Future functional studies are needed to validate these 1006 

pathways. 1007 

Tenth, the TEM analysis in this study focused on the gill epithelium, because it is the primary interface 1008 

with suspended particles. The hepatopancreas showed a stronger transcriptomic response, but its 1009 

ultrastructural changes were not examined by TEM. Future studies combining TEM and transcriptomic 1010 

analyses of the hepatopancreas are needed to fully understand the tissue-specific mechanisms of SSC 1011 

stress tolerance. 1012 

Despite these limitations, future studies should focus on functional validation of the candidate biomarker 1013 

genes identified here (e.g., DN88965, DN94928) using gene knock-down or knockout approaches, and 1014 

field based surveys are needed to assess the applicability of these molecular markers under real world 1015 

environmental conditions. This study provides a multi-tissue transcriptomic characterisation of SSC 1016 

stress in M. meretrix, establishing a foundation for future research on the molecular mechanisms of 1017 

particle stress tolerance in bivalves. 1018 

5. Conclusions 1019 

In this study, combined transcriptomic and ultrastructural analyses revealed that SSC stress induces 1020 

tissue-specific transcriptional reprogramming and dose-dependent cellular damage in M. meretrix. The 1021 

hepatopancreas mounted a broader transcriptional response than the gill, reflecting distinct metabolic and 1022 

immune strategies. TEM analysis corroborated these findings at the cellular level, showing progressive 1023 

damage in gill epithelial cells from reversible stress to terminal necrosis. The identified genes with robust 1024 

expression changes (e.g., DN88965, DN94928) serve as promising candidate biomarkers for monitoring 1025 

SSC stress. These results provide a foundation for future functional validation and field applications in 1026 

coastal environmental assessment. 1027 
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