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Abstract: Microplastics (MPs) are ubiquitous pollutants that have potentially harmful and toxic
effects. MPs are frequently ingested by aquatic animals, as microplastics share a similar size and color
to their food. Heavy metals are harmful and difficult to degrade, have a wide range of sources and an
extended residual time from exposure to recovery. Although the effects of MPs and heavy metals on
the performance of aquatic species have been extensively studied, the molecular mechanisms of MP
and heavy metal (Pb, Cd and Cu) exposure on aquatic organisms remain unclear. Here, the effects of
MPs and heavy metal accumulation on the line seahorse, Hippocampus erectus, were investigated at the
molecular level using transcriptome analysis. Using gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses, we found that immune, metabolic, and apoptotic
pathways were affected in the heavy metal group, whereas the DNA damage repair and metabolism
pathways were mainly involved in the MP group. Both types of stress caused significant changes in
the genes related to the antioxidant pathway in H. erectus larvae. Transcriptome differences between
the treatment groups were analyzed, and sensitive candidate genes (Hsp70, Hsp90, Sod, etc.) were
screened. The response characteristics of seahorses to MP environmental stress were also investigated.
Using seahorse as a biological model and candidate sensitive genes as a basis, our results provide a
theoretical basis for detecting MPs and heavy metals pollution in coastal areas.
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1. Introduction

Plastic pollution in the ocean is among the most important global environmental
problems. Plastics are widely used in manufacturing and everyday life, owing to their
durability, water resistance, light weight, and inexpensive cost [1]. Since the first production
of plastic in 1907, plastic production has increased approximately 200 fold. In 2019, global
plastic production reached 368 million tons [2]. Hence, a large amount of plastic waste
is released into the marine environment. Because plastics are non-degradable, they are
usually broken down into smaller particles by biotic and abiotic factors [3].

Microplastics (MPs), plastic granules of less than 5 mm in size [4,5], are widely dis-
tributed in the ocean and readily ingested by marine organisms [6]. Aquatic organisms
can directly or indirectly ingest MPs and accumulate them in the food chain [7,8]. MPs
have been found in different trophic levels, from invertebrates to vertebrates [9,10]. The
intake of MPs can affect the feeding rate, digestion rate, and behavior of organisms [11].
Excessive accumulation leads to metabolic disorders, oxidative stress, immune damage,
and even genetic changes, thereby leading to biological growth retardation [12]. Therefore,
it is particularly important to study the pollution, toxicity, migration, metabolism, safety,
and ecological risks of MPs in marine environments.
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In environmental waters, MPs do not exist alone. Because they are hydrophobic, they
can be used as ‘carriers’ for toxic pollutants [13] such as heavy metals [14,15] and persistent
organic pollutants [16,17] that can accumulate in organisms. Heavy metals are harmful
and difficult to degrade and have a wide range of sources and an extended residual time
from exposure and recovery [18,19]. Moreover, heavy metals have strong accumulation
characteristics, thereby directly or indirectly threatening human health [20,21]. Owing
to increasingly serious marine pollution, it is important to study the harmful effects of
heavy metal pollution on marine organisms. Many studies have reported that heavy metals
accumulate in various marine fishes. Edem et al. [22] studied the accumulation of heavy
metals in the various tissues of Nile tilapia (Oreochromis niloticus). Upon reaching a certain
level, heavy metal accumulation caused lesions in the main organs and tissues of the
fish, eventually leading to their death. Duran et al. [23] detected heavy metals content in
the muscles of 11 commercial fish species in Turkey and evaluated their food safety and
pollution status. Furthermore, the effects of heavy metals and MPs on the physiological
responses of aquatic species have been investigated. However, few studies have evaluated
the effects of combined exposure of heavy metals and MPs on the immune and metabolic
aspects of aquatic organisms, especially on their molecular mechanisms.

Recent advances in DNA sequencing and omics technologies have promoted the study
of biological mechanisms. High-throughput RNA-seq technology enables the compre-
hensive analysis of differentially expressed genes (DEGs) under different treatments to
improve the understanding of the entire transcriptome of an organism [24]. RNA-seq has
been widely used in various fields of aquatic biology, and white shrimp [25], zebrafish [26],
oysters [27], and holothurians [28] have been studied. The liver is one of the most important
metabolic organs of fish and plays an important role in regulating immune defense and
hormone synthesis in fishes [29]. Liu et al. [30] studied grass carp (Ctenopharyngodon idella)
exposed to MPs for 21 days and performed transcriptome sequencing of the livers; they
identified 1554 annotated DEGs. Gene ontology (GO) and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses further identified important path-
ways, such as those involved in energy and lipid metabolism. In addition, heavy metals
in marine environments can enter aquatic animals through the food chain and gradually
accumulate [31]. The accumulation of heavy metals not only has a strong toxic effect on
marine aquatic organisms, but also directly threatens food quality and safety through
enrichment. Therefore, heavy metal accumulation has received considerable research
attention worldwide.

The lined seahorse Hippocampus erectus, is a small marine teleost fish belonging to
the same order, family, and genus as the sea dragon. It mainly feeds on live organisms
such as small crustaceans and newly hatched fish larvae. Seahorses are valuable aquatic
organisms that have medicinal, food, and ornamental purposes. At least 46 species of
seahorses have been identified worldwide [32]. Previous studies on seahorses have mostly
focused on the effects of single pollutants, and there have been a few studies on the
toxic mechanisms of combined pollutants. Complex interactions between pollutants may
trigger different biochemical pathways and toxicological reactions in organisms [33,34].
In particular, the effect of the coexistence of MPs and heavy metals on organisms requires
further investigation.

Thus, this study was aimed at investigating the effects of marine plastics and heavy
metal exposure. Transcriptome analysis revealed the effects of the accumulation of MPs
and heavy metals on H. erectus via molecular mechanisms. In addition, transcriptome
differences between the treatment groups and the related molecular mechanisms were
analyzed. Biomarkers under the stress of environmental pollutants were screened to
provide a basis for the healthy breeding and quality control of seahorses. The response
characteristics of seahorses to MP environmental stress were also described.
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2. Materials and Methods
2.1. Experimental Materials

The seahorse used in this experiment was H. erectus, which was obtained from the
Tianjin Hangu salt farm (Tianjin, China). Healthy seahorses with a length of 7.20 4= 0.49 cm
and weight of 1.70 & 0.35 g were selected. After transportation to the laboratory, they
were briefly cultured in an indoor recirculating aquaculture system for seven days. The
seawater was sand-filtered with a salinity range of 24-26%o., temperature of 25 = 1 °C, and
a dissolved oxygen concentration of >5 mg/L.

The high-density polyethylene (HDPE) MP standard was produced by Sinopec Maom-
ing Petrochemical Company (Tianjin, China). White, uneven powder particles (particle
size range: 15-80 um) were observed. HDPE (1 g) was uniformly dispersed in water, and
10* MP particles per gram were observed by microscope. Seahorse feed was comprised of
frozen mysid shrimp (Tianjin, China). The mysid shrimp culture was captured in the pond,
frozen in 50 x 30 x 5 cm block of ice, and wrapped in a nylon bag stored at 20 °C.

2.2. Experimental Design

A total of 135 seahorses of similar size and weight were selected, equally divided
into three groups (n = 45), and housed in 60 L glass breeding aquarium containers. Three
replicates were set up for each group, that is, 15 seahorse larvae were placed in each
experimental tank. The treatment groups were as follows: the HM-group was the heavy
metal + MPs group and fed with mysid shrimp containing heavy metals (Pb, Cd and Cu,
Sinopharm Chemical Reagent Co. LTD, Tianjin, China) and MPs; the MP-group was the
MPs group fed a diet containing only MPs without heavy metals, and the number of MPs
on the bait was 1600/g; the Control group was fed with frozen mysid shrimp without
heavy metals and MPs.

The diets were prepared as previously described [35]. Details of the feed preparation
method are summarized in Supplementary Table S1. Briefly, MP particles were placed into
a4 L glass aquarium tank and the tank was aerated for even distribution. A heavy metal
solution comprising 0.05 mg/L lead, 0.01 mg/L cadmium, and 0.05 mg/L copper was
added, and the heavy metal ions were adsorbed onto MPs via aeration. The concentrations
of the heavy metals were determined using inductively coupled plasma mass spectrometry
(ICP-MS). MPs containing saturated heavy metal ions were centrifuged, collected, and
mixed with the mysid shrimp. MPs containing heavy metal ions were adsorbed onto the
mysid shrimp. The same method was used to prepare the MP diet without heavy metal
ions. The control group was fed only mysid shrimp (no pollution). Fresh feed was prepared
before each feeding.

Daily management of the experiment was as follows: seahorses were fed approx-
imately 10% of the total weight of the farmed seahorses twice a day at 9:00 a.m. and
15:00 p.m. After feeding for 2 h, the residual feed was removed using the siphon method.
On day 45 of the culture experiment, 6 seahorse juvenile were randomly selected from
each treatment group for transcriptome analysis. The livers of the juveniles were removed
with sterilized scissors and tweezers, immediately placed in a CMO tube, frozen in liquid
nitrogen, and stored in a freezer at —80 °C until further analysis.

2.3. Total RNA Extraction from Liver

RNA extraction was performed as described by Brown et al. [36]. Briefly, on an
ultra-clean bench, total RNA was extracted using a universal RNA kit (Accurate Biotech-
nology Co., Ltd., Shenzhen, China) according to the manufacturer’s instructions. Frozen
liver samples were homogenized and added with chloroform and isopropanol for sepa-
ration and purification. RNA concentration and quality were determined using a K5500
spectrophotometer (Caio, Beijing, China) and 1% agarose gel electrophoresis.
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2.4. cDNA Synthesis

The PrimerScript™ RT reagent Kit with gDNA Eraser (Takara, Dalian, China) was
used according to the manufacturer’s instructions. First, genomic DNA was extracted. The
reverse transcript reaction (reaction system; Table S1) was performed at 42 °C for 2 min
(Tables S2 and S3). The synthesized cDNA samples were stored at —20 °C.

2.5. Transcription Library and Sequencing

A NEBNext ® Ultra™ RNA library preparation kit (NEB, Ipswich, MA, USA) was
used to construct the sequencing libraries. Transcriptome high-throughput sequencing was
performed on the Illumina platform, and the sequencing strategy was PE150 (Annuoyouda
Gene Technology (Beijing) Co., Ltd. Beijing, China).

Perl scripts [37] were used to process raw data to ensure the quality, and the filter conditions
were as follows: (1) reads with junction contamination (the number of bases in reads that
were junction contaminated was >5 bp); (2) low-quality reads (the bases with mass value
Q < 19 accounted for 50% of the total bases in reads); and (3) reads containing >5% N.

2.6. Transcriptome Assembly and Annotation

The resulting transcripts and unigenes were evaluated using Trinity software (v2.4.0;
Trinity Release, CA, USA) [38]. Bowtie2 (version 2.2.3) was used to compare the assembled
sequences with the assembled transcript sequences. The read ratio of the above sequence
was compared for rate analysis, and uniformity was analyzed using a Python script. BUSCO
(Benchmarking Universal Single-Copy Orthologs) obtained standard non-redundant ho-
mologous gene information from the OrthoDB database, and BLAST (NCBI) [39], HMMER-
SCAN (v3.2.1), and other methods were used to evaluate the integrity of the transcriptome
assembly data.

TransDecoder (version 3.0.1) [40] predicted the open reading frame (ORF), and Trino-
tate annotates the predicted ORFS.

2.7. Transcriptome Differential Expression Analysis

RSEM software (v1.1.17) [41,42] was used to calculate the expression levels of genes
or transcripts, and DEGseq software (v1.18.0) [43] was used to analyze DEGs. Genes with
Q <0.05and | log, _ratio | > 1 were selected as DEGs.

2.8. GO and KEGG Analysis

GO and KEGG metabolism pathways were analyzed. The Goatools (v0.5.7) software
(https://github.com/tanghaibao/Gatools accessed on 1 November 2022) were used to
determine highly enriched GO terms in genes, and KOBAS 3.0 (http://kobas.cbi.pku.edu.
cn/annotate/ accessed on 1 November 2022) for significantly enriched KEGG pathways.

2.9. Real-Time Fluorescent Quantitative PCR Analysis

Ten DEGs were selected to verify the RNA-Seq results. According to the unigene sequence
in the transcriptome library, specific primers (Table 1) were designed using the Primer Premier
5 software (http:/ /www.premierbiosoft.com accessed on 1 November 2022).

2-Microglobulin (B2m) was used as the internal reference gene. The relative ex-
pression level of each gene was calculated according to Livak et al. [44], and the relative
expression level of the target gene was calculated using the 2744t method. TB Green
Premix Ex Taq™ II (TaKaRa, Japan) was used for quantitative expression analysis in the
Eppendorf realplex4. There were nine seahorse larvae in each group, and three seahorse
livers were mixed in a sample with three replicates.
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Table 1. Genes used in RT-qPCR and their primer sequences.
Gene Name Primer Sequences (5'-3) Amplification Efficiencies
XRCC2 F: CCGCCAAAGTGTTCGTGA 99

R: TGATCCAAATGCGCCATG

Sod F: TCACATACTTCACGGGTTTCG 102
R: AGGGAAATGTTCAAGGTACTGC

Heo70 F: GTCGGTGAAATAACAGGGAACA -
P R: CTCTGGGTCTACAGGTATTAAGGTG

Stard7 F: CGTTTGGCTCCTTTTGTGC o7
ar R: GCGGGTTTGTCTACTCCTCTG

Consial F: CGCCTGGTTGGGTTTCTT 0
yp R: TCAAACAACGCTCCAACAGG

Fadsde F: TGGTGCTTGTCATACTACCTTCG 104
ads R: CTTGATGCTTCTCGTGGTCG

Avont F: CGTCTTCGTTTTGGCTGTTT 103
poa R: TCTTTTCCGAGATCCGACTGT

AKE3 F: GCGACGGAGAAGTTGTTGAG 9%
R: GTTGTCAAGGAAGGATGGGTC

1-10 F: GGAGGACACGAGGGACTTGA 100
R: GCCTTTGTTTTGCATCTGACTG

Aifl F: ACGCCATCAATGAGGCTTTT 102
if R: TCTTGGCAAGTCCCAGTTTCT

Bom F: TACACCCACCAGCCAGGAAA 100
R: GGACTCGACGACATCGAACATC

2.10. Statistical Analysis

FDR < 0.001 and | log ratio | > 1 were used as the thresholds to determine significant
differences in gene expression. Data obtained from the experiments were analyzed using
SPSS statistical software and are expressed as the mean =+ standard deviation. Significant
differences were measured using analysis of variance and Duncan’s multiple comparison
method. Statistical significance was set at p < 0.05.

3. Results
3.1. Sequencing Results

After high-throughput sequencing (Table 54), the Control group, HM-group and
MP-group obtained 49,556,386, 49,404,042, and 48,043,100 raw reads, respectively. After
filtration, 47,880,348 (Control group), 47,987,534 (HM- group), and 46,520,778 (MP-group)
clean reads were obtained. The clean Q30 base rate (%) represents the proportion of
bases with a mass value > 30 (error rate < 0.1%) in the filtered total sequence, which is an
indicators of data reliability. Q30 values were >94%, indicating that the data were reliable.

3.2. Transcriptome Assembly Results

According to Table S5, high-throughput DNA sequencing data generated 86,712
transcripts, with a length of 200-1000 bp, an average length of 1,443,25 bp, and an N50
length of 2485 bp. After further assembly, 42,264 single gene clusters were obtained, with
an average length of 1,122.71 bp and N50 of 2223 bp. Among them, unigenes in the range
of 200-600, 600-1000, 1000-2000, and >2000 bp accounted for 53.3%, 12.4%, 16.3%, and
18.0%, respectively.

According to Table S6, the proportion of unigenes annotated in the Nr database was
the highest, reaching 53.6%. The unigenes annotated by the Nt database accounted for
44.5%; 19,506 unigenes were annotated in the GO database, accounting for 46.2%; the KO
database annotated the least number of unigenes (12,046).

3.3. GO and KOG Statistics

Using the annotation results of Trinotate, the genes annotated in each GO entry
were counted, and statistical results were obtained according to the secondary GO entry
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(Figure 1). The main category of biological processes was cellular processes, accounting for
74.7%, followed by biological regulation and metabolic processes, accounting for 56.7% and
49.7%, respectively. The most important categories in the molecular functional categories
were binding function (72.9%) and catalytic activity (35.3%). The representative categories
of cell components were cell parts (87.3%), organelles (57.2%), and organelle parts (45.4%).
In the KOG database, 15 454 genes were annotated into 25 orthologous groups (Figure 2).
Among them, signal transduction mechanisms (T, 21.3%) and general function prediction (R,
21.1%) represented the largest group, followed by post-translational modification/protein

turnover/molecular chaperones (O, 8.3%).
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Figure 1. GO statistics histogram.
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Figure 2. KOG chart of Functioned gene dives.

3.4. DEGs
After comparing the HM-group with the Control group, 14,009 DEGs were obtained

(Figure 3), of which 5543 were significantly upregulated and 8466 were significantly down-
regulated. A total of 20,030 DEGs (14,016 were significantly upregulated and 6014 were
significantly downregulated) were obtained by comparing the MP-group with the Control
group. The number of upregulated genes in the heavy metal A group was lower than that
of the downregulated genes, whereas the number of upregulated genes in the MP-group
accounted for the majority. As shown in Figure 4, there were 2851 DEGs in the three groups
after pairwise comparison. There were 7324 DEGs between the HM-group vs the Control
group and the MP-group vs the Control group, whereas only 6685 DEGs were significantly
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expressed between the HM-group vs the Control group, and 12,706 DEGs were significantly
different expressed in the MP group vs the Control group.

m Total differentially expressed genes
Up differentially expressed genes

25000 Down differentially expressed genes
20000
15000
10000
5000
0
HM vs MP HM vs Control MP vs Control

Figure 3. Differentially expressed genes in the liver transcriptome of H. erectus.

@ H-test vs Control
H-test vs L-test
(> L-test vs Control

Figure 4. Venn diagram of differentially expressed gene in the liver transcriptome of H. erectus.

3.5. KEGG Enrichment Analysis

The differentially expressed genes between the HM-group and the Control group were
enriched in 332 pathways. The significantly enriched pathways included protein digestion
and absorption, steroid biosynthesis, and ECM-receptor interaction. The differentially
expressed genes in the MP-group and the Control group were enriched in 332 pathways,
and the significantly enriched pathways included homologous recombination and DNA
replication.

Tables 2 and 3 list the top 20 KEGG enriched metabolic pathways. Among them,
immune pathways (such as ECM-receptor interaction, IgA intestinal immune network,
Legionella disease, and PI3K-Akt signaling pathway), metabolic pathways (such as protein
digestion and absorption, steroid biosynthesis, fat digestion and absorption, and glyceride
metabolism), and apoptosis (iron-dependent programmed cell death) were affected in
the HM-group. The significantly expressed genes mainly included superoxide dismutase
(SOD), heat shock protein 70 (Hsp70), heat shock protein 90 (Hsp90), phosphatidylinositol
3-kinase regulatory subunit (Pik3r1), cytochrome C (Cycs), caspase-9 (Casp9), caspase-3
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(Casp3), cyclin-dependent kinase inhibitor (P21), RAC-y serine/threonine-protein kinase
(Akt3), interleukin 10 (IL-10), Toll-like receptor 2 (TIr2), and chemokine receptor 9 (Ccr9).

Table 2. Top 20 KEGG metabolic pathways of HM-group vs. differential control genes.

Pathway ID UplggEtg:ted Dovgléggsulated Q Value Metabolic Pathway Annotation
map(04974 23 45 49 x 1073 Protein digestion and absorption
map00100 3 13 59 x 1073 Steroid biosynthesis
map04512 22 44 1.23 x 1072 ECM-receptor interaction
map(04923 9 31 7.38 x 1072 Regulation of lipolysis in adipocytes
map04975 20 5 1.947 x 107! Fat digestion and absorption
map00561 17 19 1.947 x 107! Glycerolipid metabolism
map(04672 7 8 1.947 x 107! Intestinal immune network for IgA Production
map05134 21 4 1.947 x 1071 Legionellosis
map(05145 31 23 1.947 x 107! Toxoplasmosis
map04978 12 9 2.153 x 1071 Mineral absorption
map04151 62 81 2153 x 1071 PIBK-Akt signaling pathway
map04930 6 24 2153 x 1071 Type II diabetes mellitus
map00604 6 5 2.153 x 1071 Glycosphingolipid biosynthesis—ganglio series
map00830 11 8 2.153 x 1071 Retinol metabolism
map04721 17 19 2.153 x 1071 Synaptic vesicle cycle
map02010 18 16 2.802 x 1071 ABC transporters
map00520 23 5 2.802 x 1071 Amino sugar and nucleotide sugar metabolism
map05414 27 24 3.534 x 1071 Dilated cardiomyopathy
map(04612 19 1 6.349 x 107! Antigen processing and presentation
map04216 18 4 6.349 x 107! Ferroptosis

Table 3. Top 20 KEGG metabolic pathways for MP-group vs control enrichment.

Pathway ID Upll‘ggElg:ted Dovglézgsulated Q Value Metabolic Pathway Annotation
map03440 39 1 2.7 x 1073 Homologous recombination
map03030 34 0 9.2 x 1073 DNA replication
map00590 27 6 2.594 x 1071 Arachidonic acid metabolism
map04110 92 2 2.594 x 1071 Cell cycle
map03460 40 4 2.594 x 1071 Fanconi anemia pathway
map(04724 80 32 2.594 x 1071 Glutamatergic synapse
map00480 33 3 2.594 x 1071 Glutathione metabolism
map(00240 62 9 2.594 x 1071 Pyrimidine metabolism
map04977 25 4 2.594 x 1071 Vitamin digestion and absorption
map(03420 32 0 2,685 x 1071 Nucleotide excision repair
map00520 35 4 5.093 x 1071 Amino sugar and nucleotide sugar metabolism
map03410 25 1 5.093 x 1071 Base excision repair
map00010 44 6 5.093 x 1071 Glycolysis/Gluconeogenesis
map00340 11 7 5.093 x 1071 Histidine metabolism
map(03430 15 0 5.093 x 1071 Mismatch repair
map04114 80 12 5.093 x 1071 Oocyte meiosis
map03050 28 0 5.093 x 1071 Proteasome
map00230 113 14 5.093 x 1071 Purine metabolism
map04742 24 12 5.093 x 1071 Taste transduction
map05414 59 15 5.416 x 1071 Dilated cardiomyopathy

The MP-group should include enrichment for DNA damage repair (such as homol-
ogous recombination, DNA replication, cell cycle, nucleotide excision repair, and base
excision repair) and metabolism (arachidonic acid metabolism, glutathione metabolism,
and glycolysis). It was found that SOD, Hsp70, Hsp90, P21, P53 (tumor protein P53), Bcl-2-
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related X protein (Bax), STAR-related lipid transfer domain protein 7 (Stard7), apolipopro-
tein A-IV (Apoa4), lanosterol 14x-demethylase (Cyp51), A-6 fatty acyl desaturase (Fadsd6),
DNA mismatch repair protein MSH3 (Msh3), DNA damage binding protein DDB2 (Ddb2),
DNA repair protein XRCC2 (Xrcc2), DNA repair protein RAD52 (Rad52), 8-oxoguanine
glycosylation enzyme (Ogg1), mismatch repair endonuclease PMS2 (Pms2), and other genes
play an important role in the physical stress caused by MPs.

3.6. Real-Time Fluorescent Quantitative PCR Results

To verify the accuracy of the RNA-Seq results, 10 differentially expressed genes
(Table 1) were selected for validation. Using 32m as the internal reference gene, the
differences in transcription patterns of these 10 genes in the experimental and treatment
groups were detected by RT-qPCR analysis (Figure 5a). The results of the RT-qPCR analysis
were compared with those of the transcriptome analysis. The results paralleled those
of transcriptomics, and the trend of relative expression level was consistent with that of
RNA-seq (Figure 5b), confirming that the results of the transcriptome analysis were reliable.

(@)

|| RNA-Seq
10 ’- QRT-PCR I-10

6 - Hsp70

Relative expression

Differentially expressed gene

] RNA-Seq|
10 4|[C_JqRT-PCR

Relative expression
N
|

Xrcc2 Sod Hsp70 Stard7 Cyp51Fadsdé Apoad AKt3 11-10

Aif1

Differentially expressed gene
Figure 5. Comparative analysis of RT-qPCR and RNA-Seq results in HM-group (a) and MP-group (b).

4. Discussion

Drastic changes in environmental conditions greatly affect the growth, development,
and feeding of aquatic organisms [45,46]. Stress due to environmental pollutants also
affects physiological activities, such as the growth and development of aquatic organisms.
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In this study, we analyzed the transcriptomic changes in the liver of juvenile lined seahorses
under heavy metal stress. Compared with the Control group, 14,009 and 20,030 genes
were differentially expressed in the heavy metal group, indicating that heavy metal stress
may activate various cellular metabolic pathways in response to the toxic physiological
stress effects on the lined seahorse. Heavy metal stress caused significant changes in the
expression of genes related to antioxidants and apoptosis, including SOD, Hsp70, Hsp90,
Cycs, Casp9, Casp3, P21, P53, and Bax, and significantly altered the expression of Pik3r1,
P21, Akt3, 1I-10, Tlr, and other genes in the immune pathway. Meanwhile, a total of 20,030
differentially expressed genes were obtained in the MP-group compared with the control
group (14,016 differentially expressed genes were significantly up-regulated and 6014
differentially expressed genes were significantly down-regulated). MPs stress significantly
affected the expression of genes related to fatty acid synthesis and DNA damage repair,
such as Stard7, Apoa4, Cyp51, Fadsd6, Msh3, Ddb2, Xrcc2, Rad52, Oggl, and Pms2. The
number of upregulated genes due to MP stress (Figure 5) was 2.6 times that of heavy metal
stress, indicating that MP stress affected more genes, which may be related to the ability of
H. erectus larvae to resist physical damage.

Heavy metal and MPs stress can increase the reactive oxygen species (ROS) content
in aquatic organisms. ROS accumulation partly stimulates the body’s resistance and
infection response [47,48]. In this study, both stress treatments resulted in the significant
upregulation of antioxidant-related genes, such as Hsp70, Hsp90, and SOD, possibly to
eliminate excessive ROS, whereas heat shock proteins (HSPs) act as molecular chaperones
to prevent the aggregation of harmful proteins, promote protein folding, and help repair
damaged proteins [49,50].

We found that the significantly upregulated genes under heavy metal stress were
mainly P21, Cycs, Casp9, and Casp3, whereas the differentially expressed apoptosis-related
genes in the MP stress group were p53, P21, and Bax. A large release of cytochrome C
activates caspase-9, which in turn activates caspase-3 and induces apoptosis [51]. P53 is
involved in a variety of DNA damage-repair pathways, such as chromatin remodeling and
base excision repair [52]. P21 is a cyclin-dependent kinase inhibitor located downstream of
the P53 gene. Its main role is to reduce the replication and accumulation of damaged DNA
and inhibit apoptosis [53]. Bax affects apoptosis via an antioxidant mechanism [54]. Our
results showed that heavy metal stress activated the caspase-dependent apoptosis pathway,
whereas MP stress caused the upregulation of genes related to the inhibition of apoptosis
and activated many DNA damage repair genes to resist physical damage [49].

The PI3K-Akt signaling pathway regulates important processes, such as apoptosis,
protein synthesis, and the cell cycle, in organisms upon exposure to an environmental
stimulus or cytotoxic damage [55]. Our results showed that the expression of genes related
to the PI3K-Akt signaling pathway was significantly affected by heavy metal stress, with
62 and 81 upregulated and downregulated genes, respectively. The expression of two
key genes, Pik3r1 and Akt3, in this pathway was significantly downregulated. Under
MP stress, the PI3K-Akt signaling pathway was not significantly affected. In a study on
Haliotis diversicolor, Sun et al. [56] found that the expression of Pi3k and Akt3 genes was
significantly downregulated during stress, hypoxia, or a pathogen attack. In addition,
the differential genes involved in immunity in this pathway, such as IL-10 and Tlr, were
significantly upregulated, whereas Ccr9 was downregulated. IL-10 can downregulate the
expression of T helper cytokines (Thl and Th2) and chemokines and is a key regulator of
immunity and inflammation [57,58]. The Tlr signaling pathway also plays a key role in
innate immune defense mechanisms [59,60]. These results indicate that chemical stress,
rather than physical stress, is more likely to lead to immune system disorders in lined
seahorses, which may eventually result in increased disease frequency.

We found that genes related to fatty acid metabolism under MP stress, such as Fadsd6,
Apoad, Stard7, and Cyp51, were significantly upregulated, whereas only Apoa4 was signif-
icantly upregulated in the heavy metal stress group. Fatty acid metabolism in fishes is
sensitive to physical damage [61,62]. STAR is a rate-limiting protein that mainly mediates
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mitochondrial transport during cholesterol biosynthesis [63]. CYP51 is a key enzyme in
sterol biosynthesis and is the most evolutionarily conserved member of the CYP super-
family [64]. In this study, MP stress led to the upregulation of genes related to steroids
and unsaturated fatty acids, whereas heavy metal stress led to the opposite trend, prob-
ably because fatty acids play an important role in the resistance of seahorses to physical
damage stress.

Related studies have shown that changes in environmental conditions can disrupt
the balance between oxidation and antioxidant systems of the body, resulting in DNA
damage. Protein chaperones, cell cycle regulation, DNA repair, and other processes often
reduce DNA damage [65]. In this study, multiple DNA damage repair pathways, such
as homologous recombination, nucleotide excision repair, DNA replication, cell cycle,
mismatch repair, pyrimidine metabolism, and base excision repair, were enriched under
MP stress. The upregulated genes identified were Msh3, Ddb2, Xrcc2, Rad52, Oggl, and
Pms2. Among these genes, only Pms2 was significantly upregulated under heavy metal
stress, indicating that physical stress was more likely to cause DNA damage in seahorses
and the organism resisted the damage caused by external heavy metal stress by inducing
the overexpression of repair genes.

5. Conclusions

In this study, the Control group, HM-group, and MP-groups were cultured for 45 days,
and transcriptome of the liver was sequenced using analysis. After sequencing the data
assembly, 22,513 unigenes were obtained. GO and KEGG enrichment analyses revealed
that the immune, metabolic, and apoptotic pathways were affected in the heavy metal
group, whereas DNA damage repair and metabolism were mainly involved in the MP
group. Both types of stress caused significant changes in genes related to the antioxidant
pathway (Hsp70, Hsp90, and SOD) in lined seahorse larvae. Moreover, the transcriptome
differences between the treatment groups were analyzed to screen for sensitive candidate
genes that could be used to monitor heavy metal contamination during artificial breeding
of H. erectus and detect changes in heavy metal concentrations in the marine environment.
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