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Abstract: In agricultural and fishery production, the occurrence of cyanobacterial blooms and the
contamination of freshwater systems with microplastics have become increasingly important research
focuses. However, the individual and combined toxic mechanisms of these two pollutants are not yet
fully understood. Therefore, in this study, we analyzed the effects of these two stressors, microcystins
(MC) and nanoplastics (NP), on the transcriptome and metabolome of the hepatopancreas of river
clams. RNA and metabolites extracted from river clams treated with MC, NP, and a combination
of MC and NP were used to construct standardized cDNA libraries, which were then subjected to
integrated analysis. Significant enrichment of 49 pathways, 34 pathways, and 44 pathways was
observed in the MC group compared to the control group, NP group compared to the control
group, and NP-MC group compared to the control group, respectively. In these three experimental
groups, we found that the lysosome pathway, which affects immune function and cell apoptosis,
was enriched with numerous differentially expressed genes and metabolites. Changes in ATP6N
and ADP may impair lysosomal acidification and disrupt normal lysosomal degradation processes,
indicating interference with the hepatopancreatic metabolism of pollutants. Interestingly, we observed
significant alterations in the cathepsin family, and the downregulation of cathepsin genes, along with
the downregulation of ATP6N, implies a potential disruption in lysosomal proteolysis. In the NP-MC
group, the downregulation of purine expression levels suggests an impact on the immune system
of river clams by NP-MC. In conclusion, while there is some overlap in the damage caused to the
hepatopancreas of river clams by MCs, MPs, and the combination of NP-MC, further research is
necessary to fully understand their effects.

Keywords: transcriptome; metabolome; Asian clam; nanoplastics; microcystin-LR

1. Introduction

The contamination of aquatic ecosystems by nanoplastics (NPs) and harmful algal
blooms (HABs) is an increasing concern worldwide [1,2]. NPs are small plastic particles
(<5 mm) that accumulate in the environment and can negatively impact aquatic organisms
by causing physical damage or ingestion, while HABs produce toxins that can lead to
significant harm to human health and ecosystem stability [3,4]. Microcystin-LR (MC-LR),
a common toxin produced by cyanobacteria, has been shown to have adverse effects
on freshwater organisms, including the Asian clam (Corbicula fluminea) [5]. Predicted
environmental concentrations of nanoplastics are ≤1 µg/L; the concentrations of MCs
in some marine environments were reported in the range 0.1–20 µg/L [6]. As a filter
feeder, C. fluminea is a significant component of freshwater ecosystems and can accumulate
harmful substances such as NPs and MC-LR [7]. Therefore, understanding the mechanisms
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underlying the responses of C. fluminea to these stressors is essential to assess their potential
impact on freshwater ecosystems. In this study, we performed an integrated analysis of
transcriptomic and metabolomic data to evaluate the responses of the hepatopancreas of
C. fluminea to NP and MC-LR stress.

Freshwater aquaculture has been recognized as an important source of animal protein
for human consumption. However, the presence of NPs and MC in freshwater systems has
raised concerns about their potential risks to aquaculture. NPs are small plastic particles
that have become ubiquitous in freshwater systems worldwide, posing a significant threat
to aquatic organisms, including fish, shellfish, and crustaceans [8]. On the other hand, MC,
a group of toxic cyclic peptides produced by cyanobacteria, have also been detected in
freshwater systems and can accumulate in fish and shellfish tissues. The distribution of NPs
and MC in freshwater systems has been reported globally. NPs have been found in surface
waters, sediments, and biota, with concentrations varying depending on the location,
season, and hydrological conditions. MC have been detected in freshwater systems affected
by harmful algal blooms, which are becoming more frequent due to eutrophication caused
by anthropogenic activities [1–5].

Both NPs and MC can pose significant health risks to aquatic organisms and human
consumers of aquaculture products [1–4]. NPs can cause physical damage, blockage
of digestive tracts, and accumulation of toxic substances, leading to reduced growth,
reproduction, and survival of aquatic organisms. MC can cause acute or chronic toxicity in
fish and shellfish, leading to liver damage, neurotoxicity, and even death [5–8].

Despite the potential risks, the research on the impacts of NPs and MC on freshwater
aquaculture is still limited. Studies have focused on the detection of NPs and MC in aquatic
organisms and their environments, but the mechanisms of their toxicity and the response of
aquatic organisms to their exposure are not yet fully understood. Therefore, more research
is needed to understand the effects of NPs and MC on freshwater aquaculture and to
develop effective management strategies to reduce their impacts.

Transcriptomic and metabolomic investigations have become pivotal in examining the
reactions of organisms to environmental pressures [9]. The first is the holistic exploration of
gene expression in an organism or specific tissue, whereas the latter looks at the production
of minute molecules or metabolites by an organism. Both techniques offer an exhaustive
insight into the molecular processes that underpin organismal responses to environmental
factors. Studying Peneaus vannamei through multiomics analysis uncovers the individual
and combined impacts of NPs and di-(2-ethylhexyl) phthalate (DEHP). The combination
of NPs and DEHP disrupts the balance of amino acid and lipid metabolism, leading to
inflammatory reactions and impairing purine metabolism [10]. In the case of rare minnow
(Gobiocypris rarus), exposure to NPs resulted in metabolic shifts within the liver. The
findings suggest that NP exposure provoked immune responses, oxidative stress, and
disrupted glycolipid and energy metabolism [11].

The hepatopancreas is a vital organ in C. fluminea that plays a crucial role in digestion,
nutrient storage, and metabolism [12–14]. Therefore, it is an essential target for investigating
the effects of NP and MC-LR stress. In this study, we focused on the hepatopancreas of
C. fluminea and performed an integrated analysis of transcriptomic and metabolomic data
to evaluate the responses of this organ to NP and MC-LR stress. Our results provide
insights into the molecular mechanisms underlying the responses of C. fluminea to these
stressors and contribute to the understanding of the potential impact of NP and MC-LR
contamination on freshwater ecosystems.

2. Materials and Methods
2.1. Procurement and Cultivation of Experimental Subjects

The Asian clam specimens utilized in this research were sourced from Songjiang,
Shanghai, China. The clams had an average weight of 6.75 ± 0.22 g and a shell length
of 25.28 ± 1.09 mm. Prior to the experiment, the clams were acclimated in a laboratory
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incubator with freshwater at a temperature range of 25 ± 0.85 ◦C for a duration of 7 days.
Only healthy C. fluminea were selected for the subsequent experiments.

2.2. Collection of Samples for NP and MC Exposure

The experimental clams, C. fluminea, were randomly allocated into four distinct groups,
each group having three tanks and each tank having 10 clams: a control group with no
exposure to any substances, a group exposed to 320 µg/L of microcystin-LR (≥95) (MC
group) (Yuanye, Shanghai, China), a group exposed to 640 mg/L of nanoplastics (NP group)
(Zhongtai, Nantong, China), and a group exposed to both 320 µg/L of microcystin-LR
and 640 mg/L of nanoplastics (NP-MC group). The nanoplastics used in this experi-
ment were spherical polystyrene plastic particles with a diameter of 20 µm. Post 96 h of
exposure, hepatopancreas samples were swiftly extracted under sterile conditions. The
replicates (n = 3) were collected from each group for high-throughput transcriptome se-
quencing and subsequent qRT-PCR. The replicates (n = 7) were collected from each group
for metabolomic analyses.

2.3. Sample Processing and Examination

Total RNA was extracted using the Trizol Reagent Kit (YuanYe, Shanghai, China). The
quality of RNA was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA), and the integrity of RNA was confirmed through RNase-free agarose
gel electrophoresis. Subsequently, eukaryotic mRNA was enriched using oligo (dT) mag-
netic beads, while prokaryotic mRNA was enriched using the Ribo-ZeroTM Magnetic Kit
(Epicentre, Madison, WI, USA) to remove rRNA. The enriched mRNA fragments were then
fragmented using a lysis buffer, followed by reverse transcription into cDNA using ran-
dom primers. The cDNA fragments were purified using the QiaQuick PCR Extraction Kit
(Qiagen, Venlo, The Netherlands) and further processed through end-repair, adenylation,
and ligation to Illumina sequencing adapters. Gel electrophoresis was performed to select
the ligated products, which were then amplified by PCR. Sequencing was carried out on
the Illumina Novaseq6000 platform by Oebiotech Technology Inc. (Shanghai, China).

A total of 100 mg of accurately weighed sample was transferred to a 1.5 mL Eppendorf
tube. Two small steel balls were added to the tube. L-2-chlorophenylalanine (0.3 mg/mL)
dissolved in methanol as internal standard and a mixture of methanol and water (4/1, v/v)
were added to each sample. Samples were stored at −20 ◦C for 2 min and then grinded
at 60 HZ for 2 min, and the whole samples were extracted by ultrasonic for 10 min in
an ice-water bath and stored at −20 ◦C for 30 min. The extract was centrifuged at 4 ◦C
(13,000 rpm) for 10 min. Supernatant in a glass vial was dried in a freeze concentration
centrifugal dryer. The mixture of methanol and water (1/4, vol/vol) was added to each
sample and samples were vortexed for 30 s, extracted by ultrasonic for 3 min in an ice-water
bath, then placed at −20 ◦C for 2 h. Samples were centrifuged at 4 ◦C (13,000 rpm) for
10 min. The supernatants from each tube were collected using crystal syringes, filtered
through 0.22 µm microfilters, and transferred to LC vials. The vials were stored at −80 ◦C
until LC-MS analysis. QC samples were prepared by mixing aliquot of all samples to be a
pooled sample. [15,16].

2.4. Bioinformatics Analysis

Using the unigenes as the library, the software packages bowtie2 (http://bowtie-bio.
sourceforge.net/bowtie2/manual.shtml, accessed on 10 July 2023) and express (Nucleotide
BLAST: Search nucleotide databases using a nucleotide query (nih.gov), accessed on 20
March 2023) were used to calculate the expression abundance of each unigene in each
sample through the comparison of sequence similarity. The expression of the unigenes was
calculated by the fragments per kilobase per million reads (FPKM) method. The DESeq
R package (1.8.3) was used to analyze differential expression of control and experimental
groups. DESeq provides a statistical program for determining differential expression in
digital gene expression data by using a model based on the negative binomial distribution.

http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
http://bowtie-bio.sourceforge.net/bowtie2/manual.shtml
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Benjamini and Hochberg’s approach was used to control the false discovery rate (FDR) to
adjust the resulting p-values. Genes with an adjusted p-value < 0.05 found by DESeq were
designated as differentially expressed genes (DEGs). The obtained transcriptome libraries
undergo clean read filtering, alignment with ribosomal RNA (rRNA), sample correlation
analysis (including alignment with the reference genome (Gracilariopsis Chorda), gene
abundance quantification, and principal component analysis), as well as GO enrichment
analysis and KEGG enrichment analysis of differentially expressed genes (DEGs).

The raw data files (.raw) were imported into the CD database search software. Simple
filtering parameters such as retention time and mass-to-charge ratio were applied. Dif-
ferent samples were then peak-aligned based on a retention time deviation of 12 s and
a mass deviation of 3 ppm. Subsequently, peak extraction was performed based on set
parameters. Meanwhile, the peak area was quantified. Target ions were then integrated,
followed by molecular formula prediction through molecular ion peaks and fragment
ions and comparison with the mzCloud, mzVault, and Masslist databases. Background
ions were removed using blank samples, and the quantification results were normalized.
The metabolites were annotated using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://www.genome.jp/kegg/, accessed on 14 January 2023), Hu-
man Metabolome database (http://www.hmdb.ca/, accessed on 14 January 2023), and
Lipidmaps database (http://www.lipidmaps.org/, accessed on 15 January 2023). The
metabolites were analyzed using principal component analysis (PCA) and orthogonal
projection to latent structure discriminant analysis (OPLS-DA) at metaX. The statistical
significance (p-value) of differences was calculated using univariate analysis (t-test). The
metabolites were differential metabolites at VIP > 1, p-value < 0.05, and fold change
(FC) ≥ 2 or ≤0.5. Metabolites of interest were filtered using volcano plots created with the
log2 (FC) and −log10 (p-value) metabolite data. Clustering heat maps were plotted using
the Pheatmap package of R, and the data were normalized using z-scores of the intensity
areas of differential metabolites. The correlation between differential metabolites was
analyzed by cor () in R (method = Pearson). A p-value < 0.05 was statistically significant,
and correlation plots were plotted using the corrplot package in R. The KEGG database
was used to analyze the functions of these metabolites and their metabolic path ways.
Metabolic pathway enrichment analysis of differential metabolites was performed, and
a metabolic pathway was enriched when the ratio was satisfied by x/n > y/N and the
p-value was <0.05.

To further evaluate the ability of multiple omics features to distinguish sample groups,
a random forest model was constructed using the normalized multi-omics features. The
ROC curve was used to assess the model’s classification performance, determining whether
the multi-omics features can effectively predict different sample groups. This random forest
model can also be utilized for biomarker selection. The correlation analysis of differential
substances between different omics can provide insights into the associations across omics.
First, we performed filtering on the gene and metabolite data separately. Under the premise
of meeting the significance of differential analysis within each omics, we selected the top
1000 data entries with the highest absolute log2 (fold change). If the number of data entries
was less than 1000, all data were selected.

2.5. Validation of DEGs by qRT-PCR

We selected 9 DEGs to verify the accuracy of transcriptome sequencing results using
qRT-PCR with increased and decreased expression levels, and these DEGs belonged to the
pathways that were more affected in high salinity. The RNA samples used for qRT-PCR
were the same as those used to construct the transcriptome library. The optimal primers
(Table 1) were selected by plotting standard, which could generate single PCR products.
Expression of β-actin is more stable than that of other housekeeping genes, so we used it
as the endogenous control to verify the success of reverse transcription and to calibrate
the cDNA template [17]. The total qRT-PCR reaction contained 500 ng of cDNA, 6.8 µL of
RNase-free water, 10 µL of 2× TB Green® Premix Ex Taq™ II (TaKaRa, Kyoto, Japan), and

http://www.genome.jp/kegg/
http://www.hmdb.ca/
http://www.lipidmaps.org/
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0.8 µL of each forward and reverse gene-specific primer (10 mM). The cycling parameters
included an initial denaturation step at 95 ◦C for 30 s, followed by 35 cycles at 95 ◦C for
5 s and 55 ◦C for 30 s. The relative expression levels of the DEGs were calculated using
the 2−∆∆CT method (K.J. Livak, T.D. Schmittgen, Analysis of relative gene expression data
using real-time quantitative PCR and the 2−∆∆CT method, Methods 25 (4) (2001) 402–408).

Table 1. List of primers used for quantitative RT-PCR validation.

Gene Name Forward and Reverse Primer
(5′–3′) TM (◦C) Amplicon

Length (bp)
Application
Efficiency

β-actin ACCTATCTATGAGGGGTACGCC 61 136 100.2%
AATTTCTCTTTCGGCTGTTGTG 58

COX1 ATGTTCTATCAATGGGAGC 58 190 102.1%
TCTGAGTAGCGTCGTGGT 56

COX3 GATTCTTCTGAGCGTTCTAT 52 187 104.3%
TGGTTTCGTTTACCTTCTAT 53

GADD45 TCGAGTGTGCAAGCTACCTG 60 147 99.8%
CCTTGACAACGTGTATGTCGTT 59

TLR1 ATACCGCTAAATGTTCCAAG 54 179 99.4%
GTACTGAAAGGCGTGATGTT 56

NFKB ATTTGGAGGATTGAATGTAG 55 240 99.7%
ATAATGTGAGTTCCGTTGTC 52

TBK1 AGAACTGCTGAAGGCTGTCAAC 61 167 103.8%
ATTCCTTCTCCTCAAAGCCAAG 58

NBR1 TGTGAATCCTGCGAGGACAA 57 184 101.6%
CGCCTTCTGGATAGATGGGT 59

CASP8 ACCTCATAGGCTATTCCACG 55 155 102.7%
GGCTACCTTTCGGTTTACTT 54

CASP7 CCGACGAAGACAAAGAGGTT 56 189 97.4%
ACTCCATGTTTCCAGCGAAG 57

3. Results
3.1. Transcriptomic Analysis
3.1.1. DEG Analysis

The sequencing data for the hepatopancreas tissues analyzed in control and experi-
mental groups (MC, NP, and NP-MC) were obtained using Illumina paired-end sequencing
technology. Figure 1 shows the changes in mRNA levels of the three experimental groups.
In MC vs. control (Figure 1A), expression levels of 8561 genes had changed significantly,
with 3525 genes upregulated and 5036 genes downregulated. In NP vs. control (Figure 1B),
expression levels of 2043 genes had changed significantly, with 865 genes upregulated
and 1178 genes downregulated. The total number of DEGs increased to 1630 in MC vs.
NP (Figure 1C) and peaked in NP-MC vs. MC (Figure 1E), with 8432 upregulated and
7669 downregulated genes. In NP-MC vs. control (Figure 1D), 2749 DEGs were identified,
with 1940 genes upregulated and 809 genes downregulated. In NP-MC vs. NP (Figure 1F),
7675 DEGs were identified, with 4563 genes upregulated and 3112 genes downregulated.
To confirm the accuracy of the transcriptome data, expression levels of nine DEGs were
measured by qRT-PCR, and expression patterns were similar to those of the RNA-Seq
results of MC vs. control (Figure 2). The PCA analysis demonstrates that samples from the
same treatment group cluster together, indicating consistency among samples within each
treatment group (Figure S1).
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3.1.2. Enrichment Analysis of DEGs

To evaluate the significance of the DEGs, all DEGs identified in hepatopancreas tissues
of four groups were assigned GO terms. In the GO analysis of DEGs, there were significant
enrichment items under the p-value < 0.05 in MC vs. control, NP vs. control, MC vs. NP,
NP-MC vs. control, NP-MC vs. MC, and NP-MC vs. NP, which classified into biological
process (BP), cellular component (CC), or molecular function (MF) groups (Figure 3). The
largest number of DEGs was assigned to the BP category, followed by CC and MF.
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To further evaluate the effect of MC and NP on biochemical pathways, DEGs were
mapped using the KEGG database. Some DEGs were involved in the lysosome path-
way, TCA cycle pathway, histidine metabolism pathway, and purine metabolism pathway
(Figure 4). According to NR annotation, many DEGs were related to immune defense,
apoptosis, and the cytoskeleton, including growth arrest and DNA damage-inducible pro-
teins (GADD45), cyclooxygenase 1 (COX1), cyclooxygenase 3 (COX3), caspase-7 (CASP7),
caspase-8 (CASP8), Toll-like receptor 1 (TLR1), nuclear factor kappa-B (NF-κB), and TANK
binding kinase 1 (TBK1). These results suggest that these genes might promote adaption of
Asian clams to MC and NP. The Venn diagram analysis indicates that there are 3216 unique
differentially expressed genes in the MC vs. control comparison, 442 unique differentially
expressed genes in the NP vs. control comparison, and 491 unique differentially expressed
genes in the NP-MC vs. control comparison. (Figure S3).
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Figure 3. Gene ontology (GO) classification of the DEGs in (A) MC vs. control, (B) NP vs. control,
(C) MC vs. NP, (D) NP-MC vs. control, (E) NP-MC vs. MC, and (F) NP-MC vs. NP. Green
indicates genes enriched in biological process, orange indicates genes enriched in cellular component,
blue indicates genes enriched in molecular function. The horizontal axis indicates the number of
differentially expressed genes and the vertical axis indicates term names.
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3.2. Metabolomic Analyses
3.2.1. Metabolic Responses to Stress

A total of 5216 metabolites (Table S1) were obtained using LC-MS from the Asian clam
hepatopancreas samples. The metabolic data in the hepatopancreas of C. fluminea in MC,
NP, and NP-MC groups were analyzed by PCA (Figure S2) and OPLS-DA (Figure 5). These
analyses revealed significant differences in metabolism of clams between the three experi-
mental groups. OPLS-DA analysis showed that differences in metabolite concentrations
from MC, NP, and NP-MC groups could be characterized based on both identified and
unidentified metabolites, and the sample data could be divided into two distinct groups
according to contaminants.
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3.2.2. Analysis of Different Metabolites

A bidirectional clustering analysis was performed on all differentially expressed
metabolites and samples in the liver and pancreas tissues, and the results showed high
correlation and good uniformity (Figure 6). Analysis of the metabolomic data from the
Asian clam revealed 564 differentially expressed metabolites in MC vs. control, with
332 upregulated metabolites and 232 downregulated metabolites (Figure 7A). In NP vs.
control, there were 499 differentially expressed metabolites, with 294 upregulated and
205 downregulated metabolites (Figure 7B). MC vs. NP had 258 differentially expressed
metabolites, with 89 upregulated and 469 downregulated metabolites (Figure 7C). In NP-
MC vs. control, there were 542 differentially expressed metabolites, with 181 upregulated
and 361 downregulated metabolites (Figure 7D). NP-MC vs. MC had 484 differentially ex-
pressed metabolites, with 140 upregulated and 344 downregulated metabolites (Figure 7E).
Lastly, NP-MC vs. NP had 396 differentially expressed metabolites, with 108 upregulated
and 288 downregulated metabolites (Figure 7F). The Venn diagram analysis reveals that
there are 45 unique metabolites in the MC vs. control comparison, 42 unique metabolites
in the NP vs. control comparison, and 101 unique metabolites in the NP-MC vs. control
comparison (Figure S4).

3.3. Integrated Transcriptomic and Metabolomic Analysis

In this study, the genes and metabolites that differed significantly from MC, NP,
and NP-MC groups were evaluated based on metabolic pathways defined by the KEGG
database. KEGG analysis of the aggregated gene and metabolite data identified the top
30 pathways of each (Figure 8). After multi-omics integration analysis in each comparison
group, the top three pathways with the highest number of associated elements mainly
focused on carbohydrate metabolism and amino acid metabolism. These pathways include
glycolysis/gluconeogenesis, citrate cycle (TCA cycle), alanine, aspartate, and glutamate
metabolism, arginine, and proline metabolism, among others (Table 2).
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control, (C) MC vs. NP, (D) NP-MC vs. control, (E) NP-MC vs. MC, (F) NP-MC vs. NP after MC
and NP exposure. Red and blue in each picture represent the upregulated and downregulated
transcripts, respectively.



Water 2023, 15, 3519 25 of 35Water 2023, 15, x FOR PEER REVIEW 26 of 35 
 

 

 

 
Figure 8. Cont.



Water 2023, 15, 3519 26 of 35Water 2023, 15, x FOR PEER REVIEW 27 of 35 
 

 

 

 

Figure 8. Cont.



Water 2023, 15, 3519 27 of 35Water 2023, 15, x FOR PEER REVIEW 28 of 35 
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The blue color bar represents the abundance of differentially expressed genes and metabolites en-
riched along the marked pathway on the horizontal axis. 
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Figure 8. Key pathways based on transcriptomics and metabolomics analysis. (A) MC vs. control,
(B) NP vs. control, (C) MC vs. NP, (D) NP-MC vs. control, (E) NP-MC vs. MC, (F) NP-MC vs. NP. The
blue color bar represents the abundance of differentially expressed genes and metabolites enriched
along the marked pathway on the horizontal axis.
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Table 2. Aggregated metabolites and genes in KEGG pathway.

Group Pathway Name Up
Stream

Down
Stream Kegg Level 2

Glycolysis/Gluconeogenesis 1 17 Carbohydrate metabolism
MC-control Citrate cycle (TCA cycle) 3 14 Carbohydrate metabolism

Alanine, aspartate, and
glutamate metabolism 14 2 Amino acid metabolism

Cysteine and methionine
metabolism 4 1 Amino acid metabolism

NP-control Arginine and proline
metabolism 4 1 Metabolism of other

amino acids
Glutathione metabolism 2 2 Amino acid metabolism

Alanine, aspartate, and
glutamate metabolism 16 1 Amino acid metabolism

NP-MC
-control Glycolysis/Gluconeogenesis 0 17 Carbohydrate metabolism

Citrate cycle (TCA cycle) 1 13 Carbohydrate metabolism

Glycolysis/Gluconeogenesis 1 8 Carbohydrate metabolism

NP-MC Glycine, serine, and threonine
metabolism 2 6 Amino acid metabolism

Alanine, aspartate, and
glutamate metabolism 7 1 Amino acid metabolism

Alanine, aspartate, and
glutamate metabolism 10 4 Amino acid metabolism

NP-MC
-MC

Glycine, serine, and threonine
metabolism 0 10 Amino acid metabolism

Arginine and proline
metabolism 5 3 Amino acid metabolism

Alanine, aspartate, and
glutamate metabolism 10 5 Amino acid metabolism

NP-MC
-NP

Glycine, serine, and threonine
metabolism 1 10 Amino acid metabolism

Glycolysis/Gluconeogenesis 1 10 Carbohydrate metabolism

4. Discussion

This study provides a comprehensive analysis of the impact of MC and NP on the
hepatopancreas of Asian clams. The results reveal distinct pathway enrichments associated
with different treatment groups (MC, NP, and combined NP-MC). Among the affected
pathways, several are implicated in immune functions, energy metabolism, and signal
transduction, suggesting a broad biological response to MC and NP stress. Interestingly,
the combined NP-MC treatment led to the enrichment of certain pathways not observed
in the other groups, hinting at a potentially unique interaction between MC and NP at a
cellular level.

Pathway mapping analysis was performed to integrate transcriptomic and metabolomic
data, which identified key regulatory nodes within these pathways [14,18]. This integrative
analysis revealed how specific pathways are modulated under MC and NP stress, shedding
light on the potential mechanisms of the clams’ resistance to these environmental stressors.
For instance, changes in ATP6N and ADP levels in the lysosome pathway, and MDH1 and
L-Malate levels in the citrate cycle (TCA cycle) pathway, suggest they might be important
regulatory components in the resistance to MC and NP stress.

Furthermore, the study found significant alterations in gene expression and metabolite
levels in pathways such as histidine metabolism, purine metabolism, and phenylalanine
metabolism, with key genes and metabolites playing potential roles in the clams’ response to
MC and NP stress. The application of KGML pathway mapping provided a comprehensive
understanding of inter-pathway connections and shared alterations [19,20], contributing to
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a deeper understanding of the biological processes and metabolic regulation under MC and
MP stress. These findings could serve as a foundation for further functional exploration
and targeted interventions for water quality and ecosystem health.

4.1. Analysis of Lysosome Pathway

The lysosome pathway was one of the significantly enriched pathways that were
identified to be affected by the exposure to MC and NP in the hepatopancreas of Asian
clams. The lysosome pathway plays a crucial role in cellular homeostasis, and disruptions
in this pathway may lead to multiple cellular dysfunctions [21]. In the lysosome pathway,
the downregulation of ATP6N and the concomitant increase in ADP levels suggest signifi-
cant perturbations in energy metabolism and lysosomal function in response to MC and
NP exposure [22–25].

ATP6N is a key subunit of the vacuolar ATPase (V-ATPase) complex, which is responsi-
ble for acidifying various intracellular compartments, most notably lysosomes [26–28]. The
ATPase activity of this complex is crucial for maintaining the low pH environment within
the lysosomes, which is essential for the optimal function of many lysosomal enzymes
involved in the degradation and recycling of various macromolecules [29,30]. The observed
downregulation of ATP6N implies a potential impairment in the proton-pumping function
of the V-ATPase complex, which could compromise the acidification of lysosomes and
disrupt the normal lysosomal degradation processes [31,32].

The observed increase in ADP levels is also highly significant. ADP is a direct
product of ATP hydrolysis, the primary reaction providing energy for most cellular
processes [33–35]. An increase in ADP levels might imply a heightened state of ATP
hydrolysis, potentially reflecting an elevated energy demand in cells under MC and NP
stress. Moreover, as ATP is also directly utilized by the V-ATPase complex to fuel its
proton-pumping activity [36], the downregulation of ATP6N and an increase in ADP levels
could be interconnected, with the potential dysregulation of ATPase activity leading to an
overconsumption of ATP and subsequent rise in ADP levels.

The downregulation of cathepsin genes within the lysosome pathway suggests another
critical aspect of the potential impact of MC and NP on the hepatopancreas of Asian clams.

The cathepsin family of proteins plays a pivotal role in lysosomal proteolysis, which
is central to the degradation and recycling of proteins within cells [37]. Their activity
is highly dependent on the acidic environment of the lysosome, maintained by the V-
ATPase complex that includes ATP6N [38]. The observed downregulation of cathepsin
genes, in conjunction with the downregulation of ATP6N, implies a potential disruption
in lysosomal proteolysis. With decreased levels of cathepsins, the breakdown of proteins
into amino acids could be compromised, leading to a build-up of undigested proteins
within the lysosomes [39]. This could not only disrupt the normal functioning of lysosomes,
but also potentially lead to cellular toxicity if these undigested proteins accumulate to
harmful levels [9]. Moreover, this could also affect the availability of free amino acids
within the cell, which could have wider implications for protein synthesis and overall
cellular metabolism [40]. Furthermore, cathepsins have been implicated in various cellular
processes beyond proteolysis, including apoptosis and autophagy [41]. Downregulation of
cathepsin genes could potentially influence these processes, leading to alterations in cell
survival and homeostasis under stress conditions induced by MC and NP.

Altogether, these changes suggest that MC and NP exposure could instigate a stress
response in the hepatopancreas of Asian clams, which affects their energy metabolism and
potentially disrupts their lysosomal function. The alterations in the lysosome pathway
highlight the potential impacts of MC and NP on the normal functioning of lysosomes,
which could further influence overall cellular homeostasis.

4.2. Analysis of Citrate Cycle/TCA Cycle Pathway

The citrate cycle, also known as the tricarboxylic acid (TCA) cycle, plays a pivotal
role in aerobic cellular respiration by generating energy in the form of ATP through the
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oxidation of acetyl-CoA [42]. The observed downregulation of malate dehydrogenase 1
(MDH1) and decreased levels of L-Malate in this study suggest alterations in the TCA cycle
in the hepatopancreas of Asian clams subjected to MC and NP.

MDH1 is an essential enzyme that catalyzes the reversible oxidation of malate to
oxaloacetate, a key step in the TCA cycle [43]. Its downregulation could hinder the TCA
cycle’s operation, potentially leading to a decrease in energy production, which could
contribute to the energy deficit under the stress of MC and NP [44,45]. This may have
substantial implications on the clams’ physiological processes and their ability to cope with
these environmental stressors. Moreover, L-Malate, the substrate for MDH1, also exhibited
a decrease in its levels, corroborating the reduced activity of the MDH1-catalyzed step of
the TCA cycle [46]. L-Malate is not only a critical intermediate of the TCA cycle, but also a
significant component of many metabolic pathways, including gluconeogenesis and the
malate–aspartate shuttle [47]. Its decrease could, therefore, echo broader disruptions in
the clams’ metabolic balance. In the proteomic study of resistance to brown ring disease
in the Manila clam, the energy metabolism (e.g., TCA cycle), pathogen recognition, and
lysosome trafficking enriched 49 significantly accumulated proteins; it may play important
and interrelated roles in resistance to infection by Vibrio tapetis in the Manila clam [48].
In the single-cell transcriptomic study of oysters, the crucial role of the tricarboxylic acid
(TCA) cycle in immune regulation of blood cells was also emphasized [49].

These results reflect the potential metabolic perturbations induced by MC and NP,
particularly in the TCA cycle, which may hamper the clams’ energy production and
overall metabolic homeostasis. It highlights the potential compensatory or adaptive
mechanisms clams might adopt to withstand the metabolic challenges posed by these
environmental pollutants.

4.3. Analysis of Histidine Metabolism Pathway

The histidine metabolism pathway is a critical part of the metabolic network, convert-
ing the essential amino acid histidine into various metabolites and signaling molecules [50].
This study found notable shifts in the expression levels of N-Formimino-L-glutamate, L-
Histidine, and the enzyme histidine ammonia-lyase in the hepatopancreas of Asian clams
exposed to MC and NP. These alterations could have significant impacts on the clams’
metabolic balance and overall health.

The upregulation of N-formimino-L-glutamate across all treatment groups suggests
an enhanced activity of the histidine degradation pathway. N-formimino-L-glutamate
is an intermediate metabolite in histidine catabolism, acting as a link between histidine
degradation and folate-dependent one-carbon metabolic processes [51]. Increased levels of
N-formimino-L-glutamate may indicate higher histidine degradation rates, potentially
leading to an altered balance of one-carbon metabolism, which is crucial for numer-
ous biological processes, including DNA synthesis, methylation reactions, and amino
acid metabolism [52–54].

L-histidine, the amino acid substrate for histidine metabolism [55,56], showed contrasting
expression patterns among the treatment groups, with upregulation in the MC group and
downregulation in the NP and NP-MC groups. As histidine serves as a precursor for key
bioactive molecules, such as histamine, its fluctuating levels could influence these derivative
pathways. For instance, the study of Ctenopharyngodon Idella [57], Seriola dumerili [58], and
Sciaenop ocellatus [55] shows that reduced histidine levels may lead to a diminished histamine
production, potentially affecting immune responses and neurotransmission.

The enzyme histidine ammonia-lyase, which initiates the degradation of histidine to
urocanate [59], showed downregulation in the MC group. This enzyme is a key regulatory
point in histidine metabolism, and its downregulation might impede the normal flow of
histidine catabolism. This could result in an accumulation of histidine or a deficiency of its
downstream metabolites, potentially disrupting the overall metabolic homeostasis.

In summary, these results suggest that MC and NP exposure significantly affects
the histidine metabolism pathway, likely altering the hepatopancreas’ metabolic equilib-
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rium in the Asian clams. These changes could reflect the clams’ adaptive responses to
these environmental stressors or signify metabolic dysregulations under stress conditions.
These insights can help inform our understanding of how these stressors impact aquatic
organisms’ physiology and metabolic health.

4.4. Analysis of Purine Metabolism Pathway

The purine metabolism pathway plays a pivotal role in the metabolism of purine bases,
which are fundamental constituents of DNA, RNA, and energy carriers such as ATP. In
the present study, the exposure of Asian clams to MC and MP led to a number of changes
in gene and metabolite expression in the purine metabolism pathway, which could have
profound effects on cellular functions and overall organism health.

The upregulation of adenosine deaminase (ADA) in all three treatment groups is of
particular interest, as this enzyme catalyzes the irreversible deamination of adenosine to
inosine, a critical step in the degradation of purines [60]. The increased expression of
adenosine deaminase might imply an accelerated breakdown of adenosine, which could po-
tentially deplete adenosine pools and impact energy balance, signal transduction processes,
and nucleotide synthesis in the clam’s cells [61]. In an experiment where Rhamdia quelen
spleen and lymphocytes were stimulated with Pseudomonas aeruginosa, it was observed
that the activities of acetylcholinesterase (AChE) and ADA increased in the infected animals
compared to the uninfected animals. The increased activities of AChE and ADA resulted in
a proinflammatory profile, leading to immune system impairment and contributing to in-
flammatory damage [62]. In research conducted on hypoxia stress in Lophiosilurus alexandri,
it was observed that ADA activity escalated following 24 and 72 h of hypoxia exposure in
comparison to the group under normoxic conditions. Moreover, it is critical to underscore
that the enzymatic activities of nucleoside triphosphate diphosphohydrolase (NTPDase)
and ADA only reverted to their control levels following a recovery period of 72 h [63].

Concurrently, the downregulation of inosine in the MC and NP-MC treatment groups
further suggests an increased catabolism of purine bases [64]. As inosine can be metabolized
to form hypoxanthine [65], a precursor for the de novo synthesis of purines, its decreased
levels could hamper the replenishment of purine nucleotide pools, potentially affecting
DNA and RNA synthesis and repair, energy metabolism, and other purine-dependent
cellular processes. In studies conducted on juvenile Pagrus major, it was found that dietary
supplementation with inosine and inosine monophosphate (IMP) led to an improvement in
total serum protein, catalase, and lysozyme activity. Inosine supplementations significantly
enhanced intestinal cell vitality. Furthermore, these supplementations had a positive
impact on enhancing both freshwater stress and oxidative stress resistances [66]. Inosine
also plays a regulatory role in Cherax quadricarinatus, assisting in the resistance against
acute hepatopancreatic necrosis disease (AHPND) [65].

The NP-MC treatment group also exhibited a downregulation of xanthine, another
intermediate in purine degradation [67]. The implications of this change might be context-
dependent, as reduced xanthine levels could lead to decreased uric acid production (po-
tentially reducing antioxidant capacity) or could indicate a compensatory response to
maintain purine homeostasis under the dual stress of MC and NP. In studies conducted on
Procambarus clarkii [68], Hippocampus abdominalis [69], and Paralichthys olivaceus [70], similar
changes in the levels of xanthine were observed.

5. Conclusions

The pollutants MP and MC in water used for aquaculture may pose hazards to aquatic
products. A benthic organism, the river clam, serves as an excellent model organism
for studying such pollution. In this study, a combined analysis of transcriptomics and
metabolomics was conducted to investigate the mechanisms of damage caused by NP and
MC contamination in benthic organisms. We discovered significant alterations in energy
metabolism-related pathways such as the TCA cycle and purine metabolism, as well as
immune-related pathways such as the lysosome pathway, under the stress of MC and
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NP. Biomarkers such as 3-(2-Hydroxyethyl) histidine and 9S-HpHtrE were identified as
potential indicators for assessing the susceptibility of organisms to NP and MC stress.
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Figure S4: Venn analysis of metabolomic analyses.; Table S1: Differential Metabolite Statistical Table.
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