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ARTICLE INFO ABSTRACT

Keywords: The Pearl River Estuary (PRE) is the largest estuary in southern China and under high metal stress. In the present
Metals study, we employed an integrated method of transcriptomics and proteomics to investigate the ecotoxicological
Pearl River Estuary effects of trace metals on the Hong Kong oyster Crassostrea hongkongensis. Three oyster populations with distinct
g:;(:::;}; spatial distributions of metals were sampled, including the Control (Station QA, the lowest metal levels), the
RNA High Cd (Station JZ, the highest Cd), and the High Zn-Cu-Cr-Ni (Station LFS, with the highest levels of zinc,

copper, chromium, and nickel). Dominant metals in oysters were differentiated by principal component analysis
(PCA), and theirgene and protein profiles were studied using RNA-seq and iTRAQ techniques. Of the 2250
proteins identified at both protein and RNA levels, 70 proteins exhibited differential expressions in response to
metal stress in oysters from the two contaminated stations. There were 8 proteins altered at both stations, with
the potential effects on mitochondria and endoplasmic reticulum by Ag. The genotoxicity, including impaired
DNA replication and transcription, was specifically observed in the High Cd oysters with the dominating in-
fluence of Cd. The structural components (cytoskeleton and chromosome-associated proteins) were impaired by
the over-accumulated Cu, Zn, Cr, and Ni at Station LFS. However, enhanced tRNA biogenesis and exosome ac-
tivity might help the oysters to alleviate the toxicities resulting from their exposure to these metals. Our study
provided comprehensive information on the molecular changes in oysters at both protein and RNA levels in
responding to multi-levels of trace metal stress.

anthropogenic activities.
Estuarine areas are highly dynamic environments and are influenced
by numerous factors such as tidal action, rainfalls, freshwater discharge,

1. Introduction

The Pearl River Delta has become one of the most active industri-

alized regions, with millions of inhabitants and the high annual ecnomic
output (trillions of US dollars) (HKTDC, 2020). Increasing industriali-
zation has resulted in their direct discharges into the aquatic environ-
ment. Such intensive industrial activities lead to a typically high level of
trace metals and threaten the organisms there. Trace metals occur
naturally, and many of them are the essential elements for living or-
ganisms, such as copper (Cu), zinc (Zn), and nickel (Ni). Furthermore,
trace metals are non-degradable, persistent, and relatively abundant in
the environments. In this regard, it is important to monitor the
contamination levels of trace metals as well as to evaluate the effects on
local organisms, especially in the estuarine environments with intensive

industrial sewage disposal, reclamation, and shipping (Dong et al., 2004;
Tang et al., 2009). Metals in such environments can vary substantially
over various tidal, daily, or seasonal cycles (Tan et al., 2018). Therefore,
measurements of trace metal concentrations in a single time point could
not reflect the overall status of the estuary. As such, biomonitors or
bioindicators are used to manifest pollution levels in the environment.
Oysters are regarded as the ideal candidates for metal contamination
due to the sessile habitat and the ability to hyper-accumulate trace
metals (Luo et al., 2014; Wang et al., 2011; Weng and Wang, 2015; Yin
and Wang, 2017; Yu et al., 2013). Traditionally, ecotoxicological effects
of metals are evaluated by the responses of several selected general
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biochemical and physiological biomarkers in organisms (e.g., glycogen,
catalase, metallothionein, and heart rate) (Chan and Wang, 2019; Liu
and Wang, 2016a, b). However, most of these biomarkers might not be
sensitive or applicable, and novel molecular biomarkers in oysters are
needed to indicate the metal contamination level and toxicity.

The emerging omic tools could obtain high-throughput results in
terms of the target organisms, and are more sensitive and specific in
studying the molecular changes in organisms (Vailati-Riboni et al.,
2017). RNA-sequencing (RNA-seq, also named as transcriptome) allows
the detection of whole expressional profile at the transcript level
(thousands of genes). The application of RNA-seq provides an important
understanding of the molecular responses to toxicants in oysters, which
can help discover new and specific genes potentially used as novel
biomarkers. For example, Meng et al. (2018) employed RNA-seq to
investigate the cellular toxicity of Pb and identified the endoplasmic
reticulum as a biomarker. Comparative transcriptomics of oysters also
found that cytoskeleton disruption was an indicator of severe metal
stress (Li et al., 2020). Moreover, the mass spectrometry proteomics
could detect much more proteins (thousands of them) with bioinfor-
matics than traditional biochemical methods, which greatly favors our
understanding at the protein level. The isobaric tags for relative and
absolute quantification (iTRAQ) could further compare the corre-
sponding expressions from different samples accurately (Wiese et al.,
2007; Zhang et al., 2015).

However, poor correlation between mRNA and protein expressions
was previously documented in a few earlier studies (Haider and Pal,
2013; Higdon et al., 2017; Peng et al., 2018). The possible reasons could
be attributed to the post-translational modification (Parkes and Nir-
anjan, 2019), inefficient translation (Taylor et al., 2013), resident time
of protein and mRNA (Carneiro et al., 2019; Zhang et al., 2007), alter-
native splicing (Blencowe, 2006), and microRNA (O’Brien et al., 2018).
Furthermoer, the negative correlation (e.g., high transcripts but low
protein level) was also found, probably due to the transportation of
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proteins among cells and tissues (Moritz et al., 2019). Therefore, it is
important to validate whether these genes were also expressed differ-
entially at the protein level. Integrated analysis of RNA-seq and prote-
omics thus provides a powerful approach since it can gain a more
comprehensive insight at both mRNA and protein levels that might not
be observed from a separated technique (Guerette et al., 2013; Kumar
et al., 2016).

Well-controlled laboratory experimentation may depict the re-
sponses of organisms under established conditions but cannot reflect the
actual status under the field conditions. Therefore, field study is neces-
sary during the identification of biomarkers for environmental pollu-
tion. In the present study, three populations of oyster C. hongkongensis
were sampled in the PRE. The oysters are native in the PRE and widely
distributed in the inter-tidal area, including the east and west sides (Lam
and Morton, 2003; Li et al., 2013). The transcriptomic and mass
spectrometry-based proteomic analyses were integrated to construct the
comprehensive database for the oysters under metal stresses at the RNA
and protein levels. We hypothesized that the spatial differences of trace
metals in PRE would differentiate the accumulated levels of trace metals
and change the molecular profiles of oysters. Our study provided an
understanding of the effects of trace metals on the field-growing oysters,
and important information on evaluating the ecotoxicological risks by
integrating omic tools.

2. Materials and methods
2.1. Oyster sampling

In this study, PRE was selected to study the molecular changes of
field-collected oyster C. hongkongensis under metal accumulation
(Fig. 1). During the spring tide (tide height < 50 cm), three oyster
populations were collected since these organisms were in water most of
the time.. Two oyster populations inhabited the west side of PRE: Station
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Fig. 1. A. Locations of three oyster populations in the Pearl River Estuary. QA: Qi’ao island in Zhuhai; JZ: Jiuzhou island in Zhuhai; LFS: Lau Fau Shan in Hong Kong.
B. Concentrations of trace metals in the gills of oysters. Different letters signify the statistical difference between stations (p value < 0.001). The dashed line with red

color indicates the baseline concentrations in oysters across China and the red figure indicates the specific amount (Lu et al.,

2019).
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QA (113.38 °E, 22.39 °N) in Qi’ao island of Zhuhai, and Station JZ
(113.61 °E, 22.25 °N) in Jiuzhou island of Zhuhai. The other one was
located on the eastern side, Station LFS (113.95 °E, 22.44 °N) in Lau Fau
Shan, Hong Kong. There were 12 individuals with similar shell heights
(about 8 cm) collected in each station. Previous studies documented that
the physical factors (e.g., temperature, salinity, pH, and DO) would
affect the expressional profiles of oysters (Dineshram et al., 2015; Li
et al., 2019; Zhang et al., 2015; Zhao et al., 2012). Therefore, acclima-
tion in the laboratory for two days was carried out before the dissection
to avoid the possible effects on expressional profile from physical pa-
rameters among the three stations. The 2-d indoor acclimation would
not lead to the significant decrease of metals in oyster C. hongkongensis
due to the low elimination rates (Ke and Wang, 2001; Pan and Wang,
2009). These oysters were kept healthy, and there was no observed
anomality after the 2-d indoor acclimation at 24 + 1 °C, pH 8.1, and
salinity 15 + 1 ppt (artificial seawater). The visible particles on the
oyster surface were removed by ultra-pure water (Milli-Q, 18.2 MQ,
Millipore). For each individual oyster, the gill was divided into three
pieces for metal determination, RNA-seq, and proteomics, respectively.
All these samples were frozen by liquid nitrogen and stored at —80 °C
until further experiments.

Before further analysis, polymerase chain reaction (PCR) was
employed to check the species of oysters. In each population, 5 oysters
were selected randomly for DNA extraction. Specifically, the genomic
DNA of adductor muscle was isolated by Tissue DNA Kit (D3396-01,
Omega Bio-Tek, USA), and then cytochrome oxidase subunit I (COI)
fragment was amplified in ProFlex™ PCR (Thermo Fisher, USA) as
described in previous studies (Li and Wang, 2021; Wang and Guo, 2008).
As aresult, all 15 samples owned the specific fragment (387 bp) of oyster
Crassostrea hongkongensis (Fig. S1).

2.2. Metal determination

In total, 36 gill samples were freeze-dried (SCIENTZ, China) to
remove moisture and used for metal concentration determination.
About 100 mg samples were weighted for acid-digestion with 3 mL of
65% nitric acid (purris level, Sigma-Aldrich). The homogenized solution
was obtained after 12 h of digestion at room temperature, followed by
another 12 h at 80 °C. The levels of six metals (Cd, Cr, Cu, Ni, Ag, and Zn)
were measured by inductively coupled plasma mass spectrometry (ICP-
MS, NexION 300X, PerkinElmer). The efficiency of acid digestion was
measured by the standard reference material (SRM 1566b, Sigma-
Aldrich) via calculating the recovery of metals with the same proced-
ure. During the analytical run, the multi-element standards (Quality
Control Standard 21, PerkinElmer) were used as the quality control (QC)
via monitoring the variation during ICP-MS detection, which was
detected every 10 samples. In the present study, both the QC values and
the recoveries of six metals (except for Cr without specified concentra-
tion in standard reference material) fluctuated from 90% to 110%.

2.3. Protein extraction and iTRAQ analysis

After frozen in liquid nitrogen, about 150 mg gill sample was milled
into powder by a mortar and incubated in 1 mL lysis buffer (pH 8 Tris-
base, 8 M Urea, 1% SDS, complete protease inhibitor cocktail) at 4 °C for
20 min. The supernatant containing total protein was obtained by
centrifugation (12,000 g, at 4 °C for 15 min). The cold acetone with 10
mM DTT (4 vol) was mixed with the supernatant and then was kept at
—20 °C overnight. The pellet collected by centrifugation was dissolved
in 8 M Urea with Tris-base (pH = 8). Finally, 12 protein homogenates in
each population were obtained (i.e., 36 ones in total).

Pooling strategy could be the alternative way to obtain the general
expression of proteins, thus alleviating the difference among individuals
(Kaur et al., 2012; Yan et al., 2014). In each population, 4 of 12 protein
homogenates (from 12 replicated individuals) were randomly selected
and mixed with an equal amount, resulting in 3 biological replicates.
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Then, a 100 pg pooled sample was digested by trypsin Gold (Promega,
USA), desalted by a Strata X C18 column (Phenomenex, USA), and then
vacuum-dried. iTRAQ technique allows researchers to compare the
relative abundance of proteins up to 8 samples in a single run simulta-
neously. In this study, the analysis of the total 9 samples was finished in
3 separated determinations with iTRAQ® Reagent-4PLEX Multiplex Kit
(Applied Biosystems, USA). Specifically, 1 of 3 biological replicates in
each population was labeled by isobaric tags (114 for Control, 115 for
High Zn-Cu-Ni-Cr, and 117 for High Cd). Then, they were mixed for the
following LC-MS/MS detection.

In each analytic run, the first 20 fractions of the sample were
collected by the LC-20AB High-Performance Liquid Chromatography
(HPLC) Pump system (Shimadzu, Japan). These fractions were firstly
subjected to the EASY-nLC™ 1200 System (Thermo Fisher, USA) and
then Q-Exactive HF-X mass spectrometer (Thermo Fisher, USA) for
separation and mass determination, respectively. The threshold of mass
acquisition was given below: positive polarity mode with capillary
temperature of 320 °C for 1 h, full MS scan (range: 350-1500; resolu-
tion: 60,000; AGC target value: 3e6; Maximum IT: 20 ms), and data-
dependent acquisition (fragment method: HCD spectra; TopN: 40; MS2
resolution: 15,000; Maximum IT: 45 ms; AGC target value: 1e5).

In the present study, the identification and quantification of proteins
were slightly modified from our previous study (Li and Wang, 2021).
The generated raw data (.raw) was firstly converted into mzML format
via ProteoWizard (version 3.0.20192) and then subjected to Trans
Proteomics Pipeline (TPP, version 5.2.0) (Deutsch et al., 2010; Kessner
et al., 2008). The MS/MS search parameters in Comet (version 2017.01
rev. 0) were the suggested values by the developer, which is suitable for
high res MS1 and high res MS2, and iTRAQ 4-plex (Eng et al., 2013). The
database consisted of 29,482 proteins from the Crassostrea hongkongensis
genome (Zhang et al., 2021) and their randomized peptides. The false
discovery rate of predicted peptides was evaluated by the PeptidePro-
phet (Nesvizhskii et al., 2003), and only peptides with false discovery
rate (FDR) below 1% were subjected to iProphet for the protein pre-
diction (Shteynberg et al., 2011). The threshold of reliable proteins was
set as at least two unique peptides and FDR <1%. The Libra in TPP
worked in quantifying the intensity of reporter ions (114, 115, and 117),
which was used to compare the abundance of proteins among samples.
The moderated t-test analysis was employed to compare the abundance
of proteins, as Kammers et al. (2015) demonstrated. The criteria for
differentially expressed proteins (DEPs) was fold-change < 0.87 or
fold-change >1.15, with the moderate g value < 0.05. The principal
component analysis (PCA) was conducted as mentioned earlier (Li et al.,
2021). In the following sections, the fold-change of proteins in the
bracket is shown for the result of proteomics unless otherwise noted.

2.4. RNA isolation and RNA sequencing

In each population, 5 gills from 5 individual oysters were selected to
conduct RNA-seq. Total RNA of gill sample was extracted using TRIzol
(Invitrogen, USA) under manufacture guidelines. The Agilent 2100
(Agilent Technologies, USA) was employed to check the RNA integrity
number, and the Qubit® RNA Assay Kit with Qubit® 2.0 Fluorometer
(Life Technologies, USA) was employed to measure the accurate RNA
yield. Only high-quality RNAs (RIN >8.0 and RNA yield > 2 pg) were
processed in the following steps. Briefly, mRNA with poly-A tail was
enriched and then used for the cDNA synthesis and library construction
by NEBNext® Ultra™ RNA Library Prep Kit (NEB, USA). In this study,
more than 750 million short reads (150-bp Paired-End) were received by
Hiseq 4000 (Illumina, USA) platform, which was deposited in the Na-
tional Center for Biotechnology Information (NCBI), with the accession
number PRINA707394.

Trimmomatic was used to trim the adaptors and eliminate the low-
quality reads (i.e., N content > 5% and the quality value of read <
20) (Bolger et al., 2014). Two scripts in Trinity (align_and_estima-
te_abundance.pl and abundance_estimates_to_matrix.pl) were employed
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to evaluate the gene expression, including the valid reads of each gene
(read counts) and Transcripts Per Million (TPM) (Bjarnmark et al.,
2016). Of these, different tools were integrated, BOWTIE2 for reads
mapping, and RNA-Seq by Expectation Maximization (RSEM) for
quantification (Langmead and Salzberg, 2012; Li and Dewey, 2011). The
R package DESeq2 comapred the gene expression among oyster pop-
ulations to calculate the fold-change and the statistical level (Love et al.,
2014). Blast (version 2.7.1) was employed to obtain the general anno-
tation of those proteins and genes (Camacho et al., 2009). The Blast-
KOALA helped to identify the pathway and ortholog of proteins
(Kanehisa et al., 2016). In this study, differentially expressed genes
(DEGs) were filtered by q value below 0.05, with the Station QA as the
Control.

2.5. RT-qPCR verification

The real-time quantitative polymerase chain reaction (RT-qPCR) is
an excellent method to study the relative abundance of genes at the
mRNA levels. In total, the relative expressions of 11 genes in 15 samples
(i.e., 5 replicated samples in each population) were checked by RT-
qPCR, which was applied to check the reliability of RNA-seq and
iTRAQ. The isolated RNA for RNA-seq was also suitable in this section.
The RT-qPCR workflow details, including the primer design, reagents,
and conditions, were described earlier (Li et al., 2021). The sequences of
primers are shown in Table S1. Data acquisition was performed in
LightCycler 480 II (Roche, USA). The amplification efficiency was
assumed as 100% (i.e., ratio between the amplified sequence and the
original template). Thus, the 222t method was adopted to calculate the
relative expression, with the elongation factor 1a (EF-1a) as an internal
standard.

2.6. Statistical analysis

Origin (version 2018) was employed to draw metal concentrations in
the gill of oysters (i.e., and calculate the statistical difference (i.e., in-
dependent t-test). GraphPad (version 8.0) was used in calculating and
visualizing the relationship among protein expression from iTRAQ, gene
expression from RNA-seq, and RT-qPCR. The statistical significance of
identified protein and differential analysis of expression was finished by
the corresponding R package or software mentioned before. The
threshold of significant differences varied in different calculations,
shown in the above methods.

3. Results and discussion
3.1. Trace metals in different oyster populations

Based on the reports in the past ten years, the organic pollutants
levels in PRE did not exceed the environmental criteria in China (Yu
et al., 2021; Zhao et al., 2019). In details, PCB and DDT concentrations
in sediments from our nearby collected sites were as low as 187.4 and
6.98 ng/g, respectively (Luo et al., 2014; Pintado-Herrera et al., 2017;
Tang et al., 2020). Other organic contaminants such as polycyclic aro-
matic hydrocarbon (PAH) in the PRE was <1000 ng/g in sediments
(HKEPD, 2020; Xiao et al., 2014) and <830 ng/L in water (Yu et al.,
2021; Yuan et al., 2020), indicating that the threats by organic pollut-
ants in PRE were not obvious. By comparison, trace metals were the
major concerns in PRE, such as Cd, Zn, and Cu (Liu et al., 2017; Niu
etal., 2020; Wang and Rainbow, 2020). Trace metals in estuarine waters
varied greatly due to river discharge, whereas oysters could continu-
ously accumulate trace metals, reflecting the history of metal contami-
nation (Lu et al., 2020).

In this study, a native species, Hong Kong oyster C. hongkongensis was
selected to monitor the spatial patterns of trace metals in the PRE. Gill
plays a key role in accumulating and further responding to metals. Lu
et al. (2019) conducted the cumulative frequency distribution analysis
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of trace metals in oysters across China and proposed the 5% cumulative
values as the baseline concentrations, which are indicated as the red
values and dashed line in Fig. 1B. The concentrations of trace metals in
the gill of oysters from PRE were much higher than the baselines (except
for Cr at Station QA), implying severe metal contamination in the PRE
(Fig. 1B).

Nonetheless, a clear spatial pattern was observed in this study. The
top two PCA components (PC1: 71.4% and PC2: 18.6%, explaining 90%
variance) distinguished them well and indicted the dominant metals
(Fig. 2): Cd for Station JZ, Ag for both stations, the other four metals (Cu,
Zn, Ni, Cr) for Station LFS. As shown in Fig. 1B, the lowest concentra-
tions of all six trace metals were found in oysters from Station QA (1769
ng/g for Zn, 3250 pg/g for Cu, 2.81 pg/g for Ag, 14.25 pg/g for Cd, 2.66
ng/g for Ni, and 0.30 pg/g for Cr). In our study, the main objective was
to study the effects of metals on oysters within PRE. The three stations
were only separated by short distances, and the genetic backgrounds of
oysters in this study were similar or the same (Fig. 1A). Therefore, it was
feasible to consider Station QA as the control in the following RNA-seq
and iTRAQ analysis, although the metal levels in oysters from this sta-
tion were higher than the nationwide baseline values (except for Cr).

Except for Cu in Station JZ and Cd in Station LFS, oysters in these two
stations contained statistically higher levels of the other metals than
Station QA. Oysters at Station JZ accumulated the highest Cd, with
27.63 pg/g (1.9 times as that at Station QA) in the gill tissue. A similar
Ag level was observed at both Station JZ and LFS, i.e., 23.7 ng/g (8.43
times as that of Station QA). The other four trace metals pointed to the
Station LFS, which contained the highest levels of metals, i.e., up to
19,270 pg/g for Zn (10.9 times as that at Station QA), 5820 pg/g for Cu
(1.78 times), 20.4 pg/g for Ni (7.8 times), and 3.41 pg/g for Cr (11.3
times). Therefore, the three stations were labeled according to their
dominant metals, Control (Station QA, the lowest levels), High Cd
(Station JZ, the highest Cd), and High Zn—-Cu—Cr-Ni (Station LFS, with
the highest levels of Zn, Cu, Cr, and Ni).

3.2. Integrated analysis by RNA-seq and iTRAQ

RNA-seq was applied to evaluate the expression of protein-coding
genes. Among the 29,482 protein-coding genes, 18,185 (61.68%) were
detected as expressed genes at the transcript level with the effective
reads (count > 0), and their expressions were further compared in
oysters from three stations. The transcriptional profiles of three oyster
populations were distinguished from each other, with different levels of
metal burden (Fig. S2A). Compared to Control (Station QA), a compa-
rable number of DEGs was identified in the more contaminated oysters
(944 at High Cd and 962 at High Zn-Cu-Ni-Cr) (Fig. 3B).

Generally, more than 1.2 million spectra were generated from the
three analyses of LC-MS/MS. With the threshold of at least two unique
peptides and FDR <0.01, LC-MS/MS analysis identified 3758 proteins in
total from three analytic runs, 2949 in the first run, 2977 in the second
run, and 3027 in the third run (Fig. S2B). Only proteins found in all three
runs were quantified and were then proceeded in differential analysis of
their abundance among populations, i.e., 2264 proteins in this study
(Fig. S2B).

As mentioned before, the altered genes at the transcript level might
not be consistent with the expression at the protein level. In this regard,
integrating proteomic and transcriptomic approaches would overcome
the shortcomings, screening out the corresponding proteins and genes
under metal stress. In this study, we identified 2250 proteins, which
became the database of the following in-depth investigation (Fig. 3A).
All the abundance values of proteins (at both transcript and protein
levels) are shown in Table S2. The principal component analysis of 2250
protein abundance implied the discriminated characteristics of proteins
among three oyster populations, and the distribution of each population
at protein abundance was similar to the trace metal concentrations in
oysters, implying the role of metal contamination on the expressional
profile (Fig. 3C). Thus, the protein-related method could be the better
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way to differentiate the molecular effects in metal-rich oysters.

This study aimed to identify the signature biomarkers and investigate
the responses under the complex metal contamination in the field.
Therefore, the transcripts and the corresponding proteins identified with
differential expression would provide more convincible results. In the
present study, proteins were identified as positive correlations if they
exhibited similar expression patterns between protein and transcript
level (i.e., the transcript expressed higher, and the corresponding pro-
tein also expressed higher). Otherwise, they were named as the negative
correlation. Compared to the Control, there were significant differences
of 149 proteins in terms of their abundance, and 33 of them exhibited a
positive and linear correlation again the transcriptional expression (R?
= 0.8370, Fig. 4A and B). By contrast, more DEPs (230 proteins) were
identified at High Zn-Cu-Ni-Cr (Station LFS) due to the much more
critical levels of trace metals (Fig. S2B). Of these, 44 proteins exhibited
similar expression patterns at the transcript level (DEGs), with linear
correlation (R? = 0.7047, Fig. 4C and D). Interestingly, there was an
intersection of those positively correlated proteins between these two
stations (8 proteins). And 37 and 25 proteins were unique differentially
expressed in oysters from High Zn-Cu-Ni-Cr (Station LFS) and High Cd
(Station JZ), respectively (Fig. S2C). The significant linear correlation of
the relative expression between RT-qPCR and the omic tools indicated
the reliability of such unique tools in investigating the molecular dy-
namics (Fig. S3).

3.3. Similar alterations at two stations in PRE

Eight differentially expressed proteins were identified at both sta-
tions via iTRAQ and RNA-seq, with 4 up-regulation and 4 down-
regulation (Fig. 5). A higher abundance of endoplasmic reticulum resi-
dent protein 29 (ERP29, 1.31-fold at Station LFS, 1.22-fold at Station JZ)
was observed in oysters from both stations. ERP29 is a ubiquitous pro-
tein in the lumen of ER, participating in the protein-folding of normal
cells and ER stress after stimulation (Mkrtchiana et al., 1998; Shnyder
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and Hubbard, 2002). Therefore, the elevated Ag level might have
resulted in endoplasmic reticulum (ER) stress in oyster C. hongkongensis.
In the present study, a protein (ornithine aminotransferase, mitochon-
drial, OAT) located in the mitochondria matrix was observed with a
higher abundance at both stations (1.33-fold at Station LFS, 1.52-fold at
Station JZ). OAT is the enzyme catalyzing the synthesis of amino acids,
which is associated with the normal function of mitochondria (Ginguay
et al., 2017; Kobayashi et al., 1995). The role of OAT has been
well-studied in plants, which is closely related to the tolerance to
drought and salt (Anwar et al., 2018). Besides, the Golgi-associated
plant pathogenesis-related protein 1 (GAPR-1) was significantly
down-regulated in both stations (0.77-fold at Station LFS, 0.74-fold at
Station JZ), indicating the potential impacts on the Golgi apparatus. It
was also reported that GAPR-1 participated in the innate immune sys-
tem, and the lower expression of GAPR-1 in the mussel was induced by
the Vibrio splendidus infection (Eberle et al., 2002; Saco et al., 2020).

Interestingly, there were comparable Ag concentrations (around
23.7 ug/g) in oysters between Station JZ and Station LFS, which were
also higher than Station QA (2.81 pg/g). Previous studies have investi-
gated the effect of elevated Ag on living organisms, including mito-
chondria and ER (Loeffler and Lee, 1987; Xu et al., 2015; Yan et al.,
2021; Yuan et al., 2017). Thus, the up-regulation of OAT might be the
active compensation for the mitochondrial damage, indicating the po-
tential toxicity of Ag in oysters. On the other hand, these 8 proteins
could be the available biomarkers of higher metal contamination in
oysters at both stations (Fig. 5). One explanation was that there was no
dose-dependent effect on these proteins, although the concentrations of
Zn, Cr, and Ni in three oyster populations were significantly different
from each other and ranked as Control < High Cd < High Zn-Cu-Ni-Cr.
Similar effects were observed in previous studies, such as zebrafish liver
cell line under different levels of Cu exposure and oysters with high
metal burdens across Southern China (Kwok et al., 2020; Li and Wang,
2021; Li et al., 2020).

High Cd High Cd (Station JZ
A (Sta?ion Jz) B = ’ 0(_ ) Y =0.3018*X - 0.03273
’ R? = 0.8370
0.5
[ ]
9,: ..\ -e- Positive
g-ls Iz ;', -#- Negative
[ )
% 057 Y =-0.3948*X - 0.04028
R® = 0.8734
-1.0-
Total =43 RNA-seq

C High Zn-Cu-Ni-Cr
(Station LFS)

D High Zn-Cu-Ni-Cr (Station LFS) Y =B34 0 05445

1.0 5
R? = 0.7047
0.5-
| |
g -e- Positive
é ) : . -# Negative
o ] " Y =-0.2765*X - 0.04049
R® = 0.8636
-1.0-
Total = 55 RNA-seq

Fig. 4. Correlation between RNA-seq and iTRAQ. (A) and (B) High Cd (Station JZ). (C) and (D) High Zn-Cu-Ni-Cr (Station LFS). Only terms that were differentially
expressed at both mRNA and protein levels were presented. The red color indicates the positive correlation, whereas the green color shows the negative. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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green for lower ones.

3.4. Genotoxicity in high Cd oysters

25 unique proteins only expressed differentially in the High Cd
oysters (Fig. 6 and S2C), with 7 up-regulated and 18 down-regulated at
both protein and transcript levels. Interestingly, 7 of 18 down-regulated
proteins were involved in the genetic process (Fig. 6), including DNA
replication and transcription.

The proliferation in the eukaryotic cell is highly controlled with the
single run of DNA replication in each cell cycle. Specifically, a licensing
system prevents the re-replication, a heterohexameric complex with six
mini-chromosome maintenance proteins (MCM2-7) (Vijayraghavan and
Schwacha, 2012). In the present study, 3 proteins annotated as MCM2,
MCMS5, and MCM7 were identified as the down-regulated proteins only
in oysters from Station JZ (0.76-0.84-fold). Hence, a less abundance of
the complex or some incomplete ones might result from their down-
regulation, which would further cause the regulatory error. For
example, DNA might be replicated more than once, or the replication
might not be initiated normally. In mice, the low MCM expression would
limit the origin licensing and replication stress (aberrant DNA replica-
tion patterns), further influencing hematopoietic stem cells (Alvarez
et al., 2015).

Apart from the DNA replication, Cd may also pose damage to the
transcription in oysters. A series of precise systems work to guarantee
the storage and transfer of genetic information in organisms. In detail, 4
proteins in transcription with lower abundance at Station JZ were
observed (Fig. 6): DNA-directed RNA polymerase II subunit RPB2
(RPB2, 0.82-fold), zinc finger CCCH domain-containing protein 18
(ZC3H18, 0.80-fold), splicing factor U2AF 50 kDa subunit (U2AF2, 0.80-
fold), nucleolin-like (0.80-fold). As part of the core components in the
transcriptional machinery between DNA-template and mRNA, RPB2 is
responsible for synthesizing mRNA precursors (Acker et al., 1992).
Nucleolin plays key roles in many pathways, including the maturation of
pre-ribosomal RNA and initiation of RNA transcription (Mongelard and
Bouvet, 2007). ZC3H18 could bind with core histone protein, directly
associated with RNA production (Winczura et al., 2018). Furthermore,
ZC3H18 could bind with the BRCA1 promoter and then induced ho-
mologous recombination (HR), implying its role in DNA repair
(Kanakkanthara et al., 2019). The pre-mRNAs need splicing in the
spliceosome before transported to the ribosome for translation.

In our study, the PCA of trace metals indicated that Cd might be the
dominant metal contamination factor at High Cd (Station JZ), with
concentrations up to 27.6 pg/g (the highest among three stations) in the

gill filaments of oysters. In contrast to Station JZ, those changes in the
genetic process were not observed at High Zn—-Cu-Ni-Cr (Station LFS),
although the oysters contained the highest Cu, Zn, Cr, and Ni. The
genotoxicity of Cd in marine organisms has been well studied using the
comet assay (Martins and Costa, 2014; Sarkar et al., 2015). Furthermore,
Meng et al. (2017) demonstrated the decreased DNA repair ability might
be the underlying mechanism of Cd in oyster C. gigas via indoor exposure
at the protein levels. Therefore, the protein changes in the field-collected
oysters with the highest Cd contents were consistent with the corre-
sponding effect of Cd.

3.5. Critical threats on high Zn—Cu-Ni—Cr oysters

Station LFS contained typically higher contamination of four metals
(Cu, Cr, Ni, and Zn) than the other two stations within the PRE; thus, it
required further attention in this study (Fig. 1B). The integration be-
tween iTRAQ and RNA-seq identified 37 novel proteins that were only
expressed differentially at High Zn-Cu-Ni-Cr and exhibited a similar
pattern at both protein and transcript levels. Among these, 5 proteins in
the cytoskeleton were detected with lower abundance. Both neurabin-1
(0.85-fold) and tight junction protein ZO-1 (TJP1,0.84-fold) bind to
actin filaments, contributing to the formation of cytoskeleton and
communication among cells (Fanning et al., 1998; Nakanishi et al.,
1997). In addition, the doublecortin domain-containing protein 1
(DCDC1 or DCDC5) is involved in the cytokinesis via interacting with
other cytoskeleton proteins, such as microtubule and dynein (Kaplan
and Reiner, 2011). The lower abundances of two proteins were also
found in the gill oysters from Station LFS: tektin-3 (TEKT3, 0.75-fold)
and dynein beta chain (0.84-fold).

The cytoskeleton alteration has been documented in bivalves when
they were under critical stress, including the elevated pH (Su et al.,
2018), osmotic stress (Zhao et al., 2012), and hyperthermia (Truebano
et al,, 2010; Zhang et al., 2015). The cytoskeleton disruption was
observed in oyster C. hongkongensis with extremely high Cu and Zn
burdens (about 4000 and 40,000 pg/g, from Rongjiang Estuary) (Li and
Wang, 2021; Li et al., 2020). In this study, the oysters at Station LFS
accumulated up to 6000 pg/g Cu and around 20,000 pg/g Zn, and
similar effects were observed there. In the eukaryotic cells, the cyto-
skeleton acts as the frame to maintain cell shape and contribute to cell
mobility and signal transduction. The damaged cytoskeleton might
directly lead to the abnormal functions of the cell. The outcome would
be much more significant in oysters than other species (e.g., fish). Tektin
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and dynein are indispensable elements in the cytoskeleton and play
more significant roles in cilia and flagella for locomotion and sensory
functions (Bastin and Schneider, 2019; Ibanez-Tallon et al., 2003). Apart
from the above down-regulated proteins, the cilia- and
flagella-associated protein 69 were expressed lower at High
Zn—Cu-Ni—Cr (Station LFS) than Control (Station QA) with 0.77-fold. As
mentioned before, the gill was the targeted tissue in detecting the mo-
lecular changes, implying the suppression of normal function in the gill.
Gills are responsible for the gas exchange and food filtration of oysters.
Therefore, the severe metal contaminations in PRE might influence the
filtration of oyster C. hongkongensis, which is critical in acquiring
nutrition from the ambient food particle environments.

Moreover, the elevated metal concentration in High Zn-Cu-Ni-Cr
oysters (Station LFS) caused the chromosome damage, with 2 down-
regulated proteins belonging to “Chromosome and associated pro-
teins” (ko:03036). The centrosomal protein of 135 kDa (CEP135, 0.80-
fold) is involved in regulating the centriole duplication and biosyn-
thesis of centrosomes (Naveed et al., 2018). The knockdown of CEP135
by RNA interference would cause the dysfunction of microtubule and
centrosomes in human cells (Hussain et al., 2012). The
chromodomain-helicase-DNA-binding protein Mi-2 homolog (MI2B,

0.82-fold) could maintain the genome stability and remodel chromatin
during the DNA-related process (Nagarajan et al., 2009).

3.6. Possible surviving mechanisms for high Zn-Cu—Ni-Cr oysters

One intriguing question is the tolerance of oysters from Station LFS
when facing the typically higher levels of trace metals, especially for Cu
and Zn. Apart from the 24 down-regulated proteins discussed before, 13
proteins were defined as up-regulated ones in oysters from the High
Zn-Cu-Ni-Cr compared to the Control (Station QA). As shown in Fig. 7,
5 out of 13 up-regulated proteins belonged to aminoacyl-tRNA synthe-
tases (i.e., asparagine, glycine, tyrosine, aspartate, and tryptophan),
which catalyze the attachment of amino acids to tRNA (Alexander,
2013; Popow et al., 2012).

Before proteins functioning within the cell, they need to be translated
from mRNA according to the correct interpretation (Rubio Gomez and
Ibba, 2020). During the process, aminoacyl-tRNA synthetases are the
most important ones, implementing the correct assembly between the
amino acid and their codons (Kaiser et al., 2020). Only if there were
enough tRNA, the translation process could go through smoothly. The
higher abundance of 5 aminoacyl-tRNA synthetases might indicate more
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demands for translation, which might compensate for the damage of
structural proteins from the hyperaccumulated metals in oysters.
Furthermore, some studies reported that the increase of aminoacyl-tRNA
synthetases contributed to positively coping with abiotic stress (El-Rami
et al., 2018; Wei et al., 2014). For instance, the recruitment of some
tRNA molecules is regarded as a strategy in yeasts to increase some
required proteins under stress (Torrent et al., 2018).

Besides, 3 proteins in “Exosome” (ko: 04147) and 2 ones in “Mem-
brane trafficking” (ko:04131) owned the higher abundances at Station
LFS, including small glutamine-rich tetratricopeptide repeat-containing
protein alpha (SGTA, 1.18-fold), galactokinase-like (GALK, 1.25-fold),
4-hydroxyphenylpyruvate dioxygenase (HPD, 1.18-fold), Golgi phos-
phoprotein 3 homolog Sauron (GOLPH3, 1.19-fold), and myophilin
(1.19-fold) (Koh et al., 2016; Roberts et al., 2015; Sechi et al., 2014).
Exosome is a type of extracellular vesicle in most eukaryotic cells, which
participates in signal transduction by transporting small molecules (e.g.,
mRNA, proteins) (Jones et al., 2018). Besides, the exosome works as a
cleaner to excrete the damaged proteins, thus maintaining cellular

homeostasis (Desdin-Mico and Mittelbrunn, 2017). The cytoskeleton
might be disupted by the high metal burdens at Station LFS, implying the
potential impairment of signal transduction relied on it. Furthermore,
the excess metal ions would attack the proteins directly or via inducing
reactive oxidative species indirectly (Li and Wang, 2021). GOLPH3 has
been identified with protein trafficking, receptor recycling, and further
related to cell transformation (Scott and Chin, 2010). In summary, the
activated exosome and membrane part in High Zn-Cu-Ni-Cr oysters
(Station LFS) could help the oyster perform normal signal transduction
and maintain cellular homeostasis when the high levels of metals might
injure the cytoskeleton and some proteins.

4. Conclusion

For the first time, this study adopted the integrated analysis of RNA-
seq and iTRAQ to investigate the ecotoxicological effects of trace metals
on oyster C. hongkongensis (a bioindicator for metal contamination
levels). The metal concentrations in oysters were different among the
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three oyster populations, indicating the spatial distribution of metal
contamination in the PRE. A similar pattern (visualized by PCA) was
observed between the metal accumulations in oysters and their protein
profiles (Figs. 2 and 3C). Oysters from Station QA accumulated the
lowest levels of all six trace metals and were labeled as ‘Control’ in the
bioinformatics analysis. A total of 70 proteins were expressed differen-
tially in oysters under metal stress, and those proteins exhibited similar
alteration patterns at both protein and RNA levels. Among these pro-
teins, 8 proteins at both stations could be the potential biomarkers for Ag
level, such as the components in mitochondria (OAT) and endoplasmic
reticulum (ERP29). There were 25 unique proteins at High Cd (Station
JZ), and 7 of them were related to genetic materials (DNA and RNA) ,
including MCM subunits and RPB2. These differential expressions
implied the potential genetic toxicity from Cd and could be the potential
markers for Cd pollution. The remaining 37 proteins were solely
observed in High Zn—-Cu-Ni-Cr oysters, which could be used to indicate
the relative levels of Cu, Zn, Cr, and Ni, such as TEKT3 and CEP135. The
hyperaccumulated metals, especially for Cu, and Zn, would cause the
disruption of structural proteins (i.e., cytoskeleton and chromosome).
Nonetheless, the higher abundances of proteins related to tRNA gener-
ation and exosome would help oysters to cope with the severe stress
from metals. Altogether, our study provided the molecular alteration on
oysters stressed by metals in the PRE and further proposed some po-
tential biomarkers which could be used in ecological assessments.
However, we only discussed the limited contribution of trace metals to
expressional profiles in oysters but overlooked other factors.. Therefore,
it will be important to further test the applicability of these molecular
biomarkers in larger environmental settings.
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