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• Acute and chronic toxicities of
triphenyltin (TPT) to Perna viridis were
studied.

• RNA sequences of gills and hepatopan-
creas for TPT toxicity were analysed.

• Differentially expressed genes and their
networks revealed biological processes.

• TPT disrupted the expression of steroid
metabolic genes and nuclear receptors.

• TPT interfered cellular processes of de-
toxication, protein metabolism and
apoptosis.
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Triphenyltin (TPT) is widely used as an active ingredient in antifouling paints and fungicides, and continu-
ous release of this highly toxic endocrine disruptor has caused serious pollution to coastal marine ecosys-
tems and organisms worldwide. Using bioassays and transcriptome sequencing, this study
comprehensively investigated the molecular toxicity of TPT chloride (TPTCl) to the marine mussel Perna
viridis which is a commercially important species and a common biomonitor for marine pollution in Southeast
Asia. Our results indicated that TPTCl was highly toxic to adult P. viridis, with a 96-h LC10 and a 96-h EC10

at 18.7 μg/L and 2.7 μg/L, respectively. A 21-day chronic exposure to 2.7 μg/L TPTCl revealed a strong bioac-
cumulation of TPT in gills (up to 36.48 μg/g dry weight) and hepatopancreas (71.19 μg/g dry weight) of
P. viridis. Transcriptome analysis indicated a time course dependent gene expression pattern in both gills
and hepatopancreas. Higher numbers of differentially expressed genes were detected at Day 21 (gills:
1686 genes; hepatopancreas: 1450 genes) and at Day 28 (gills: 628 genes; hepatopancreas: 238 genes)
when compared with that at Day 7 (gills: 104 genes, hepatopancreas: 112 genes). Exposure to TPT strongly
impaired the endocrine system through targeting on nuclear receptors and putative steroid metabolic
genes. Moreover, TPT widely disrupted cellular functions, including lipid metabolism, xenobiotic detoxifi-
cation, immune response and endoplasmic-reticulum-associated degradation expression, which might
have caused the bioaccumulation of TPT in the tissues and aggregation of peptides and proteins in cells
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that further activated the apoptosis process in P. viridis. Overall, this study has advanced our understanding
on both ecotoxicity and molecular toxic mechanisms of TPT to marine mussels, and contributed empirical
toxicity data for risk assessment and management of TPT contamination.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Endocrine disrupting chemicals have attracted global attention be-
cause of their negative effects on organisms and ecosystems (Porte
et al., 2006). Organotin compounds (OTs), especially tributyltin (TBT)
and triphenyltin (TPT), are considered one of the most toxic groups of
man-made endocrine disrupting chemicals. The release of OTs from an-
tifouling paints and agricultural biocides have seriously contaminated
coastal marine environments, and these chemicals have been com-
monly detected in tissues of different marine organisms worldwide
since the 1960s (Leung et al., 2006; Yi et al., 2012). Even though the
use of organotin-based paints has been prohibited by the International
Maritime Organization (IMO) since September 2008, TPT compounds
are still widely used as biocides and fungicides in many countries
(Antes et al., 2011). The continuous leaching of TPT compounds from
ship hulls and agricultural runoff poses a risk to aquatic ecosystems
(Yamada et al., 1997; Sham et al., 2020a, 2021). High concentrations
of TPT have been reported in Chinese coastal (up to 17.2 ng Sn/L) and
inland (up to 37.2 ng Sn/L)waters, sediments (up to 91.7 ng/g) andma-
rine biota (up to 3476.6 ng/g wet weight) (Liu et al., 2011; Wen et al.,
2018; Sham et al., 2020a). Because of its potential bioaccumulation in
food chains, TPT may pose a health risk to marine organisms and even
humans through dietary exposure (Ho and Leung, 2014; Wen et al.,
2018; Sham et al., 2020b).

Toxicological studies suggest that exposure to TPT disrupts the en-
docrine system and affects the development, reproduction and immune
function of aquatic organisms (Yi et al., 2012; He et al., 2021). For exam-
ple, TPT was shown to disturb estrogen biosynthesis in the rainbow
trout Oncorhynchus mykiss (Hinfray et al., 2006), larval development
of the marine medaka Oryzias melastigma (Yi and Leung, 2017), and re-
productive behaviors of the guppy Poecilia reticulata (Zhang et al.,
2019). Such deleterious effects were also observed in marine inverte-
brates. For instance, TPT impaired the development and sex ratio of off-
spring in the marine copepod Tigriopus japonicus through mediating
gene expression in response to oxidative stress and xenobiotic detoxica-
tion (Yi et al., 2014). Molecular studies suggest that OTs target on ste-
roidogenic enzymes, e.g., aromatase and sulfotransferase (Graceli
et al., 2013), as exemplified by the altered androgen metabolism and
P450-aromatase activity in the sea urchin Paracentrotus lividus after ex-
posure to TPT (Lavado et al., 2006). In gastropods, injection of TBT and
TPT induced the development of imposex in females of Reishia clavigera
and Nucella lapillus (Nishikawa et al., 2004; Laranjeiro et al., 2016). It is
widely accepted that OTs interact with the key nuclear receptor retinoid
X receptor (RXR) and stimulate the development of penis and vas
deferens in female gastropods (Nishikawa et al., 2004). A transcriptome
analysis of the dogwhelk N. lapillus indicated the involvement of an-
other nuclear receptor pathway, peroxisome proliferator-activated re-
ceptor (PPAR), in the TBT-mediated imposex development (Pascoal
et al., 2013).

Bivalves play many important roles in marine ecosystems, and have
been used as biomonitors worldwide for assessing the health of thema-
rine environment due to their sessile behavior, filter-feeding mode of
food procurement, and active bioaccumulation of pollutants within
their tissues (Goldberg and Bertine, 2000). In particular, mussels have
been demonstrated to be exceptional model organisms for toxicity as-
sessment of endocrine disruptors, heavy metals and persistent organic
pollutants in the marine environment (Goldberg and Bertine, 2000;
Monirith et al., 2003). In the Asia-Pacific region, the green-lipped mus-
sel Perna viridis is a widely distributed and cultivated species, and has
2

been commonly used as a biomonitor formonitoring the contamination
of endocrine disrupting chemicals such as DDTs and OTs in coastal ma-
rine environments (Monirith et al., 2003). Early molecular studies of
P. viridis have characterized some stress-associated biomarkers such as
metallothioneins (Leung et al., 2014a) and glutathione S-transferases
(GSTs; Li et al., 2013), for investigating the toxicity of marine pollutants.
Given the importance of P. viridis in ecotoxicological studies and envi-
ronmental monitoring, de novo transcriptome was assembled to pro-
vide an essential molecular resource for in-depth toxic mechanistic
studies of endocrine disrupting chemicals in this biomonitor (Leung
et al., 2014b).

Given that themolecular toxicmechanisms of TPT inmarinemussels
remain largely unknown, this study aimed to investigate the toxic
mechanism of waterborne TPT chloride (TPTCl) to P. viridis through an
integrative study on their concentration-response to TPT, bioaccumula-
tion of TPT, and transcriptomic responses to TPT based on mRNA se-
quencing. Two target tissues, namely gills and hepatopancreas, were
selected for chemical and transcriptome analysis due to their biological
functions in accumulation and detoxification of chemicals, respectively
(Leung et al., 2014b). Apart from revealing the toxic mechanisms of
TPT in themussel, the results of this studywill help identify biomarkers
for TPT toxicity, and contribute to the development of P. viridis as a
model organism for marine pollution and ecotoxicological studies in
Asia and Western Pacific regions.

2. Materials and methods

2.1. Chemicals and mussels

Stock solutions of triphenyltin chloride (TPTCl; 103 to 106 μg/L)were
prepared by dissolving TPTCl (>95%; Sigma Aldrich, Missouri, USA) in
dimethyl sulfoxide (DMSO). Test solutions were made by diluting ap-
propriate volumes of the stock solutions in filtered artificial seawater
(FASW, salinity: 30 ± 1 ppt, 0.45 μm; Instant Ocean, Virginia, USA).

Adult P. viridis (shell length 3–5 cm) were collected from a maricul-
ture farm at SamMun Tsai, Hong Kong (22°27′13″N, 114°12′30″ E). Ex-
periments were conducted at the Swire Institute of Marine Science
(SWIMS), the University of Hong Kong. The mussels were acclimated
at 25 ± 1 °C in an indoor aquarium in FASW (30 ± 1 ppt, 0.45 μm) for
14 days and fed with the microalga Isochrysis galbana once per day be-
fore experimentation.

2.2. Acute toxicity test

To determine the lethal (LC) and effect (EC) concentrations of TPTCl
on P. viridis, two sets of 96-h acute toxicity tests were carried out. In the
lethality test, mussels were exposed to different concentrations of TPTCl
(i.e., 1, 10, 25, 50, 75 and 100 μg/L) with seawater control (FASW) and
solvent control (0.05% DMSO, v/v, in FASW). There were four replicates
in each treatment or control. Within each replicate, ten mussels were
randomly assigned to glass tanks, each with 6 L of the corresponding
test solution. The exposure solution was maintained at a salinity of 30
± 1 ppt and a temperature of 25 ± 1 °C. Test solutions were renewed
after 48-h of exposure, and the mussels were not fed for the entire 96-
h test period. Mortality was recorded every 24-h and dead animals
were removed. Dead mussels were identified by their lack of response
to mechanical stimuli using a dissection needle.

For the sub-lethality test, reattachment ability of mussel was taken
as the end-point (Cope et al., 1997). Similar as the lethality test, ten
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mussels were placed into 6 L of the TPTCl solutionswith test concentra-
tions at a lower range (i.e., 1, 5, 10 and 25 μg/L), seawater control solu-
tion or solvent control solution, and each treatment had four replicates.
The byssal threads were cut after exposure for 72-h, and the mussels
were allowed to reattach to glass tank over a period of 24-h. Reattach-
ment of mussels was assessed at the end of the 96-h exposure period.

2.3. Chronic TPT exposure

A chronic exposure experiment was conducted to investigate the
transcriptomic responses of P. viridis to TPTCl. Adult mussels were ex-
posed to 2.7 μg/L TPTCl (based on the acute EC10 value determined
from this study) with seawater control and solvent control for
21 days, followed by depuration for 7 days. Each treatment (or control)
group consisted of three replicates (glass tanks with 0.5 L per mussel of
the test solution with aeration) and each replicate had 50 mussels. The
exposure system was maintained at a salinity of 30 ± 1 ppt and a tem-
perature of 25 ± 1 °C. Test solutions were renewed twice a week. Mus-
sels were fed ad libitum with I. galbana (105 cells/mL) once per day.
Twelve mussels were randomly collected in each replicate at three
time points (Day 7, Day 21, and Day 28, i.e., after depuration for 7
days). The gills and hepatopancreas from sixmussels were carefully dis-
sected on ice andwere immediately fixed in RNAlater® (Qiagen, Hilden,
Germany); the target tissues, which were also dissected from another
set of six mussels for chemical analysis, were stored at −20 °C until
further analysis.

2.4. RNA extraction and sequencing

Total RNA was extracted from each sample with the RNeasy® Mini
Kit (QIAGEN, Hilden, Germany) and treated with DNase I (QIAGEN,
Hilden, Germany) following the manufacturer's instructions. RNA sam-
ples were qualified and quantified using an Agilent 2100 Bioanalyser
(Agilent Technologies, Germany) and Qubit 2.0 Fluorometer
(Invitrogen, Carlsbad, USA), respectively. Sampleswith an RNA Integrity
Number (RIN) ≥8.0 were used for cDNA library preparation.

A total of 24 cDNA librarieswere generated for the two target tissues
[i.e., gills (Gi) and hepatopancreas (Hp)] collected at the three time
points [i.e., Day 7 (D7), Day 21 (D21) and Day 28 (D28)] in the solvent
control (SC) and TPT treatment (TPT), with two biological replicates
(i.e., 2 tissue types × 3 time points × 2 treatments × 2 replicates = 24
libraries). Each library was constructed with 1.0 μg of pooled, equal
amount of total RNA from six individuals of P. viridis to reduce the indi-
vidual variation and sequencing cost (Schlotterer et al., 2014). The sam-
ples were sent to the Centre of Genomic Sciences of the University of
Hong Kong for transcriptome library construction and sequencing. The
cDNA libraries were constructed using the Illumina® TruSeq Stranded
mRNA Sample Prep Kit (Illumina, California, USA). In brief, poly-A con-
taining mRNA was collected using poly-T oligo-attached magnetic
beads and purified. The mRNA was then broken down into small frag-
ments as a template for synthesizing the first strand cDNA by a random
hexamer primers and reverse transcriptase (SuperScript® II Reverse
Transcriptase; Invitrogen, Massachusetts, USA). The RNA template was
removed and second strand was synthesized to generate double-
stranded (ds) cDNA. The ds cDNA underwent adenylation of 3′ end
and subsequent ligation of the adapter, and the libraries were then pu-
rified and enriched by 10 cycles of PCR. The cDNA libraries were
assigned to two sequencing lanes with 1% PhiX control for error detec-
tion, and sequenced on Illumina HiSeq 1500 sequencer under the
paired-end mode to produce 101-bp reads.

The raw reads were filtered to remove adaptors and low-quality
reads with more than 5% unknown “N” bases, more than 50% bases
with a quality value less than 10 and reads length < 40 bp (Leung
et al., 2014b). The clean reads from the 24 libraries were individually
mapped to the de novo transcriptome of P. viridis (Leung et al.,
2014b), which contained 23,679 unigenes with open reading frames
3

(ORFs). Gene expression levels were normalized as transcripts per mil-
lion reads (TPM) using Salmon v0.9.1 (Patro et al., 2017).

2.5. Differential expression and enrichment analysis

Unigenes showing differentially expression were determined using
DESeq2 v1.22.2 (Love et al., 2014) with the DESeq normalization
method and paired test mode. Prior to the analysis, the reads were fil-
tered to remove weakly expressed genes by the independent filtering
option in DESeq2 (Love et al., 2014)with default settings. Only unigenes
with false discovery rate (FDR; Benjamini and Hochberg method) <
0.05 were considered as differentially expressed genes (DEGs). A
heatmap was made and clustering analysis performed using Morpheus
(https://software.broadinstitute.org/morpheus). Gene ontology (GO)
enrichment analysis was conducted on DEGs using the GOseq v1.39.0
under FDR < 0.05 (Young et al., 2012).

2.6. Co-expression network analysis

The weighted correlation network analysis (WGCNA) is a widely
used co-expression analysis tool to find functionally interesting mod-
ules of genes (Langfelder and Horvath, 2008). DESeq normalized
round counts were used as input for WGCNA v1.67 analysis to identify
modules of DEGs showing strong co-expression. Network construction
and module detection were conducted using an unsigned type of topo-
logical overlap matrix (TOM) with soft power of 12, minModuleSize of
50, and mergeCutHeight of 0.25. To identify modules that were signifi-
cantly associatedwith the experimental groups, themodule eigengenes
were calculated, and the significantly trait-related module was deter-
mined byhierarchical clustering analysis. EnrichedGO termswere iden-
tified and summarized byGOSeq and REVIGO (Supek et al., 2011)with a
threshold of P < 0.01, and the result was visualized using Cytoscape
v3.7.1 (Shannon et al., 2003).

2.7. Quantitative real-time PCR validation

The RNA samples used in quantitative real-time PCR (qPCR) analysis
were identical to the samples used for RNA sequencing, and cDNA was
synthesized from 1 μg of RNA from individual samples using High Ca-
pacity RNA-to-cDNA Kit (Applied Biosystems, Massachusetts, USA).
Primer pairs for qPCR assays were designed using Primer3 version
0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/; see Table S1). PCR efficiency
was determined by calculating the slopes of standard curves obtained
from 10-fold dilution of the mixture of all cDNA samples with efficien-
cies ranging from 90 to 105% with r2 > 0.98. For qPCR reactions, 2 μL
of cDNA sample and 1 mM of reverse and forward primers were used
in 20 μL reaction on a CFX96™ Real-Time System with iQ™ SYBR®
green supermix (Bio-Rad, California, USA), following themanufacturer's
protocol and default settings. The amplification was performed by a
3 min pre-heating at 95 °C, then 40 cycles of amplification (10 s at
95 °C and 30 s at 60 °C). To confirm the amplification of specific prod-
ucts, melt-curve analysis was performed after the 40th cycle with the
following parameters: 10 s at 95 °C, then heating up gradually from 65
°C to 95 °C by 0.5 °C in 5 s. Six biological replicates were examined for
each unigene. Relative expression levels of target unigenes were
calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001). The
18S rRNA gene was used as a reference and the solvent control was
employed as a calibrator sample (Leung et al., 2014b).

2.8. Chemical analysis

The target tissues were dissected from six individuals to form a rep-
licate. Three replicates were analysed. The tissues were freeze-dried for
48-h before analysis of OTs following a method described in
Guðmundsdóttir et al. (2011). All HPLC-grade solvents and chemical
standards were purchased from Tedia (California, USA) and Sigma-
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Aldrich (St. Louis, USA), respectively. Quantification of three OTs,
i.e., TPT, diphenyltin (DPT) and monophenyltin (MPT) was made
using a gas chromatograph (GC; Agilent 6890, California, USA) equipped
with a mass-selective detector (Agilent 5973, California, USA). A DB-
5MS fused silica capillary column with 0.25 mm i.d. x 30 m × 0.25 m
film thickness (J&W Scientific Inc., California, USA) was used. This ana-
lytical method was previously validated by using a certified reference
material ERM-CE477 with satisfactory results (Guðmundsdóttir et al.,
2011). A procedural blank was simultaneously analysed with each
batch of seven samples to identify any interference or contamination
during the analysis. The detection limits were estimated at 0.2–1.5 ng/g
dry weight (dw) for OTs. Tissue concentrations of OTs were reported
without correction to the recovery rates.

2.9. Statistical analysis

To determine LC10 and LC50 (i.e., lethal concentrations led to 10%
and 50% mortality of mussels, respectively), and EC10 and EC50
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(i.e., effect concentrations inhibited 10% and 50% reattachment of
mussels, respectively) based on the nominal concentration, mortal-
ity and reattachment data were fitted to a sigmoidal log-response
curve, and the LC or EC values were determined from the regression
models using GraphPad Prism 5.00 (GraphPad Software Inc., California,
USA). Tissue concentrations of OTs were compared between the
solvent control and TPT treatment groups among the three time
points (D7, D21 and D28) using two-way analysis of variance
(ANOVA), followed by the Tukey test in SPSS Statistics 19 (SPSS
Inc., Illinois, USA).

Principal component analysis (PCA) was performed to compare the
expression patterns of DEGs among treatments and time points by
Primer 7 (PRIMER-E, Lutton, UK). PCAwas based on the gene expression
data in terms of DESeq normalized round counts. Hierarchical clustering
analysis and K-means clustering were performed for selected DEGs
using Morpheus. The correlation between qPCR and RNA-Seq data
was determined by calculating the Spearman's rho correlation
coefficient.
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3. Results

3.1. Experimental paradigm

As toxicity data of TPT was virtually unavailable for P. viridis, lethal
and sub-lethal tests were first conducted to reveal the concentration-
response relationship, and the data served as a reference for the design
of chronic experiment in this study (Fig. 1A and B). No mortality of
P. viridiswas observed in the seawater control and solvent control during
the 96-h exposure. In mortality test, the 96-h LC10 and LC50 values were
calculated as 18.7 μg/L [95% confidence interval (CI): 15.3 to 22.9 μg/L],
and 30.4 μg/L (95% CI: 26.9 to 34.4 μg/L), respectively. In the reattachment
test, the 96-h EC10 and EC50 values were 2.7 μg/L (95% CI: 1.3 to 5.8 μg/L),
and 7.2 μg/L (95% CI: 5.2 to 10.1 μg/L), respectively (Fig. 1A).

To investigate the molecular toxicity of TPT, the acclimated mussels
were chronically exposed to EC10 concentration of TPTCl (i.e., 2.7 μg/L
TPTCl), and their tissue samples were collected at D7, D21 and D28
(after 7 days depuration) for transcriptomic profiling using RNA-Seq
and for tissue OTs measurement. The initial (Day 0) tissue concentra-
tions of TPT were found to be 5.42 ± 0.57 μg/g dry weight (dw)
(mean ± SD), which accounted for 89.7% of total OTs in Gi, and 10.51
± 1.71 μg/g dw, which accounted for 87.4% of total OTs in Hp. The bio-
accumulation of TPT over time was observed in both tissues under TPT
exposure (up to 36.48 ± 4.78 μg/g dw in Gi and 71.19 ± 12.55 μg/g
dw in Hp), while no significant reduction of TPT was observed in Gi
and Hp after depuration for 7 days (Tukey test, p > 0.05; Fig. 1C).

3.2. Transcriptome and sequencing data

A total of 24 cDNA libraries were constructed for the RNA extracted
from two target tissues (i.e., Gi and Hp) of mussels at three time points
(i.e., D7, D21 andD28) under the two treatments (i.e., SC and TPT). After
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Fig. 2. Gene expression profiles of Perna viridis under chronic exposure to solvent control (SC)
revealing the clustering of treatment groups in Day 21 and Day 28. Heatmaps show the Euclid
clustering. Dark to light blue color represents the value of Euclidean distance.
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the quality filtering, 460.7 million paired-end reads (average of 38.4
million reads) were obtained with an average of 38.3 million clean
reads and Q30 value above 93% from each sample. More than 78%
clean reads were successfully mapped to the P. viridis transcriptome
(Table S2). The RNA sequences have been deposited in NCBI Sequence
Read Archive (SRA) under BioProject PRJNA328764.

Principal components analysis (PCA) and hierarchical clustering re-
vealed strong clustering associated with treatment and time effect
(Fig. 2). The first principal component (PC1) accounted for 39% and
30% of variation in Gi and Hp, respectively (Fig. 2A and C). In Hp, PCA
plot exhibited clear temporal variations of expression profiles in TPT
groups at D21 and D28. Similar expression patterns of Gi were revealed
by PCA analysis, with PC2 accounting for 11% variation further separat-
ing D21_TPT and D28_TPT. A heatmap plot of Euclidean distance
showed a similar pattern with PCA analysis that the high tissue concen-
tration of OTs (D21 and D28) influenced the gene expressions (Fig. 2B
and D). The biological replicates had similar gene expression patterns
suggesting that the quality of our RNA-Seq data, in terms of reproduc-
ibility, was high.

3.3. Identification of differentially expressed genes

To evaluate the overall transcriptional changes during TPT exposure
compared to those in the solvent control, we performed the differen-
tially expression analysis using DESeq2. After data filtering, we found
that approximately 12,000 unigeneswere expressed in all experimental
groups with 10,617 in Gi and 10,084 in Hp, and approximately 70% and
90% of themwere shared between andwithin the target tissues, respec-
tively (Fig. S1). The abundance distribution of the DEGs in each library is
represented in Fig. 3A and B (full list in Table S3). Remarkable differ-
ences in fold-change of DEGswere found among the treatments. During
exposure period, Gi_D21 had more upregulated (833 vs 71) and
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Fig. 3. Comparative analysis of gills (Gi) and hepatopancreas (Hp) gene expression after TPT exposure. (A) The Venn diagrams show the proportions of shared and exclusive differentially
expressed genes (DGEs) between the two tissue types, Gi and Hp, and among all groups in Gi and Hp. (B) Up- and down-regulated DEGs in each group. Heatmap of DEGs and top 10 Gene
Ontology (GO) categories under biological process in (C) Gi and (D) Hp. Cluster groups in column and rowwere determined by theK-meansmethod. Rich Factor is the ratio of the number
of DGEs to the total number of genes in GO term.
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downregulatedDEGs (853 vs 33) thanGi_D7 relative to the solvent con-
trol. Notably, there was a significant decline of DEGs (238 upregulated
and 390 downregulated) in Gi_D28 after 7-day depuration when com-
pared to Gi_D21 group. In Hp, Hp_D21 also had the highest number of
DEGs during the experiment, and the number of downregulated DEGs
(925) was approximately double that of the upregulated DEGs (525).
We next determined genes that were shared or exclusively expressed
in each group. Venn diagram analysis of all 3098 genes revealed that
only 0.6% of Gi and 0.7% of Hp DEGs were shared by three time points,
respectively. Gi andHp shared a small number (16.9%) of their DEGs, in-
dicating tissue-specific responses to TPT. Gi_D21 and Gi_D28 shared
18.2% of their DEGs and Hp_D21 and Hp_D28 shared 8.1%. However,
the gene expression at D7 shared fewer common genes (1.8% in Gi
and 2.8% in Hp) with other groups (i.e., D21 and D28), suggesting the
6

bioaccumulation of TPT might have modulated the expression of the
specific classes of genes. It is worth noting that most of the DEGs were
exclusive to D21 in both tissue types, indicating the uniqueness of
high tissue TPT responses following the trend of TPT bioaccumulation
(Fig. 1C).

3.4. Clustering and enrichment analysis of DEGs

To gain insight into the time course effects, we further clustered the
2006 DEGs in Gi and 1616 DEGs in Hp by the K-means method (Fig. 3).
In Gi (Fig. 3C), Clusters 1 and 3 (i.e., unigenes in vertical axis) mainly
consisted of genes downregulated in TPT treatment groups, while Clus-
ter 3 also reflected the transcriptional regulation after depuration
(D28). Cluster 2 showed genes that were upregulated in the D21_TPT

Image of Fig. 3
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comparedwith other groups, and Cluster 4 displays included the upreg-
ulated genes in D21 and D28 TPT treatments. In addition, we preformed
GO enrichment analysis of each cluster to investigate the top enriched
pathways (Table S4), and the top 10GO categories under biological pro-
cess are shown in Fig. 3C. Remarkably, Clusters 2 and 4 of Gi showed sig-
nificant enrichment in processes related to ribosome (ribosome
biogenesis and rRNA processing), biosynthesis and transportation of
peptide and protein (translation and peptide biosynthetic process).
Cluster 2 of Gi comprised the strongdownregulated genes related to im-
mune responses, such as response to biotic stimulus, response to bacte-
rium and execution phase of apoptosis. In Cluster 1, although there was
no significant GO term (FDR> 0.05), the expression of several genes re-
lated to filter-feeding, such as cilium assembly, cilium organization and
glycogen biosynthetic process, was inhibited in D21_TPT groups.

In Hp (Fig. 3D), Clusters 1 and 2 (i.e., unigenes in vertical axis) rep-
resented genes downregulated in the D21_TPT and D28_TPT groups,
which stronger transcriptional inhibition observed in D21_TPT. Cluster
3 showed the upregulated genes in the TPT treatment (D7 and D21),
and Cluster 4 represented genes that were upregulated in D21_TPT
and D28_TPT groups. In GO enrichment analysis (Fig. 3D; Table S4),
Cluster 2 consisted of genes related to digestion under the D21_TPT
and D28_TPT groups. It is worth noting that the metabolic processes,
such as fatty acid metabolic process, carboxylic acid metabolic process
metabolism process
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and lipid metabolic process, were significantly inhibited under the TPT
treatment. Cluster 1 also included downregulated genes associated
with response to stimulus (defence response to virus and response to
external biotic stimulus) and protein secretion (protein targeting to
ER and protein targeting to membrane). Moreover, in Cluster 3, the up-
regulated genes had only one significant GO term (cellular amino acid
metabolic process), while in Cluster 4 the upregulated genes in the
TPT treated groups (D21 andD28)were enriched in transport and local-
ization of peptide and protein.

3.5. Co-expression network

To further elucidate TPT-associated genes and their integrative net-
work, WGCNA analysis was used to identify gene clusters (modules)
that have highly correlative expression profiles. With a similarity
threshold of 0.75, a total of 6 and 8 modules were determined from all
experimental groups of Gi and Hp, respectively (Fig. 4A and B). The hi-
erarchical clustering indicated that the turquoise module was highly
correlated in both tissue types (Fig. S2A and B). In Gi (Fig. 4A), the tur-
quoise module with 904 genes exhibited significantly positive correla-
tions with D21_TPT and D28_TPT, and the biological process of this
module was enriched for protein transport, RNA/protein metabolism
and ribosome biogenesis (Fig. 4A; Table S5). In addition, the turquoise
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module of Hp with 613 genes was also positively correlated with
D21_TPT and D28_TPT (Fig. S2B), and this module of genes was
enriched for response to chemical, regulation of cellular process and cel-
lular developmental process (Fig. 4B; Table S5). These enriched GO
terms of Gi and Hp were consistent with the TPT upregulated clusters
in Fig. 3C and D, respectively.

3.6. Regulation of steroid metabolism and nuclear receptors

Organotin compounds, as endocrine disruptors, disrupt steroid me-
tabolism and nuclear receptors in animals. To investigate the regulation
of endocrine function by TPT, we examined the expression profiles of
putative steroid metabolic genes and nuclear receptors (NRs). A total
of 32 expressed unigenes are associated with steroid metabolism,
where 11 of them [i.e., 3 unigenes of Cytochrome P450 17 (cyp17),
cyp3a, cyp356a1, cyp10, corticosteroid 11-beta-dehydrogenase
(hsd11b), 2 unigenes of 17beta-estradiol 17-dehydrogenase (hsd17b)
and steryl-sulfatase] were differentially expressed in at least one TPT
group (Fig. 5A; Table S6). In addition, 87 putative NRs were identified
in P. viridis by BLASTp search against the Pacific oyster Crassostrea
gigas nuclear receptors (Vogeler et al., 2014) with a threshold of E-
value <1E-20 (Table S6). Among the 55 expressed NRs, 17 of them
were differentially expressed in at least one TPT group, including rxr, es-
trogen related receptor (err), hepatocyte nuclear factor (hnf), liver X re-
ceptor, 6 unigenes of nuclear receptor subfamily 1 group E (nr1e), nr1p,
nr5a, 4 unigenes of nr5b and nr0b (Fig. 5B; Table S6).

3.7. Gene expression validation by qPCR

A total of 48 individuals from the SC and TPT at three time points (n
=8per group)were used for qPCR (Fig. S3). The RNA-Seq and the qPCR
data had significantly positive correlation (Spearman's rho test: y =
1.0602x – 0.1349, rs = 0.912, p < 0.001; Fig. S4). Highly upregulated
unigenes in RNA-Seq analysis, such as cyp17 and heat stock protein 60
(hsp60) in Gi, and rxr and err in Hp_D21, were also upregulated in
qPCR analysis. Unigenes related to apoptosis [hsp24.1 and caspase-9
(casp9)] were shown to be downregulated by both methods.
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4. Discussion

Organotin compounds are highly toxic to marine organisms, but
there is limited toxicity data of TPT on marine bivalves. The acute
aquatic toxicity of TPT was detected in some marine species, such as
the shrimp Penaeus japonicus (96-h LC50 of 23 μg/L; Hori et al., 2002),
the red sea bream Pagrus major (96-h LC50 of 92 μg/L) and the mummi-
chog Fundulus heteroclitus (96-h LC50 of 67 μg/L; Kakuno et al., 2009).
Molluscan larvae were relatively sensitive to TPT with 48-h LC50 of
4.6 μg/L in R. clavigera (48-h LC50 of 4.6 μg/L) and 48-h LC50 of 1.4 μg/L
in Haliotis discus discus (Horiguchi et al., 1998). In the present study,
the 96-h LC50 of P. viridis was found to be 30.4 μg/L, which was within
the range of acute toxicity endpoint values of previously tested marine
organisms. Although the application of OTs on sea-going vessels was
banned by IMO in 2008 (Guðmundsdóttir et al., 2011), high levels of
TPT (up to 23,008 μg/L) had been recorded in major marine ports with
association of shipping activities, sewage discharges and surface runoff
after the ban (Al-Shatri et al., 2015; Okoro et al., 2016). To better under-
stand the molecular toxicity to P. viridis at an environmentally realistic
scenario, we selected the EC10 concentration (2.7 μg/L TPTCl) from the
acute toxicity test with P. viridis for their chronic exposure experiment
in the current study. This concentration is environmentally relevant
(Yi et al., 2012), while it could cause inhibition of reattachmentwithout
inducing the lethal effect to P. viridis.

As well-known endocrine disruptors, OTs target on the key genes in-
volved in the biosynthesis and metabolism of steroid hormones in ver-
tebrates (He et al., 2021). Steroids might play a functional role in
reproduction in somemolluscs, for example, the sex reversal and induc-
tion of vitellin in bivalves after injection of estradiol (Blaise et al., 1999;
Osada et al., 2003), and the imposex development after treatment of
testosterone in female gastropods (Bettin et al., 1996). Based on two re-
view articles, it has been suggested that the presence of vertebrate ste-
roids inmollsucs is possibly through the uptake fromwaters and further
conjugating into fatty acids by cytochrome P450 enzymes and hydroxy-
steroid dehydrogenases (Fernandes et al., 2011; Scott, 2012). The ab-
sence of two key vertebrate steroidogenic enzymes CYP11A (convert
cholesterol to pregnenolone) and CYP19A (convert androgens to
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estrogens) further imply the uncertainty over steroidogenesis in inver-
tebrates (Castro et al., 2005). In this study, TPTmediated the expression
of putative steroid metabolic genes, i.e., cyp356a1, cyp3a and hsd17b in
P. viridis (Fig. 5A). A phylogenetic analysis of C. gigas CYP356A1 indi-
cated its orthologues to members of the CYP17 and CYP1 with putative
roles in steroidmetabolism (de Toledo-Silva et al., 2008). The functional
characterization of HSD17B indicated its ability to convert weak estro-
gen estrone to estradiol in H. diversicolor supertexta (Zhou et al., 2011).
Exposure to TBT resulted in the downregulation of hsd17b in N. lapillus
(Lima et al., 2013) and cyp3a in the marine mussel Mytilus edulis
(Cubero-Leon et al., 2012). In the freshwater snail Bellamya aeruginos,
OTs exposure also induced the expression of cyp1a, cyp3a and hsd17b
(Wu et al., 2020a). Therefore, the disruption of steroid metabolic
genes in P. viridis might be involved in the toxic mechanism of TPT on
bioaccumulation of steroids and the alternation of reproduction.

Nuclear receptors are a group of transcription factors that regulate
the expression of genes involved in development, endocrine and meta-
bolic functions of the organism, and they are susceptible to interference
by endocrine disrupting chemicals. TBT and TPT are strong agonists of
vertebrate RXR and PPARγ and able to induce the transactivation func-
tion of RXR and PPARγ (He et al., 2021). The involvement of molluscan
RXR is implicated in reproductive alternation by OTs. The reporter assay
confirmed the transactivation of gastropod RXR by TBT and TPT
(Nishikawa et al., 2004). The injection both RXR natural ligand 9-cis
retinoic acid and OTs induced the imposex development in female
N. lapillus and R. clavigera (Castro et al., 2007; Horiguchi et al., 2008).
High expression of rxr was reported in penis and gonad of R. clavigera
(Ip et al., 2016), and TPT also induced in the development of imposex
and rxr gene expression in reproductive tissues of female gastropods
(Horiguchi et al., 2010). In bivalve, OTs have toxic effects that lead to
shell thickening, growth reduction and developmental disruption (Yi
et al., 2012). Expression of rxrwas detected in the germ cell of the scal-
lop Chlamys farreri, suggesting its roles in sex differentiation (Lv et al.,
2013). The functional characterization of C. gigas RXR revealed the tran-
scriptional activation by 9-cis retinoic acid, TBT and TPT. The real-time
PCR analysis showed the actively transcription of C. gigas rxr in multiple
tissues, especiallymantle and during embryogenesis, indicating its roles
in development and shell formation (Huang et al., 2020). Tissue-specific
of RXR transcription was also reported in the Mediterranean mussel
M. galloprovincialis (Raingeard et al., 2013). In this study, P. viridis RXR
mRNA expression was significantly induced in hepatopancreas (Hp),
with slightly repression in gills (Gi) after exposure to TPT for 21 days
(Fig. 5B). In addition, TPT might disturb the tissue level of retinoic acid
in P. viridis through the induction of retinoic acid metabolic gene
cyp26a1 in Gi and cyp3a in Hp (Table S3; Marill et al., 2003). Therefore,
the transcriptional regulation of the functionally important nuclear re-
ceptor RXR and its ligand likely leads to the disruption of the endocrine
system in P. viridis.

Apart from rxr, TPT also induced the expression of multiple nuclear
receptors (NRs), such as err, hnf, nr1e and nr5b (Fig. 5B). Although the
molluscan estrogen related receptor (ERR) had lost the ligand binding
affinity to vertebrate estrogen (Katsiadaki, 2019), its reproductive func-
tions and tissue gene expression were reported in molluscan species.
Previous studies suggested that an ERR plays a crucial role in vitellogen-
esis synthesis and egg development in C. gigas (Matsumoto et al., 2007),
seasonal maturation of the ovary in R. clavigera (Kajiwara et al., 2006)
and gametogenesis inM. galloprovincialis (Raingeard et al., 2013). A ho-
mologous search of C. gigas NR1E and NR5B indicated their putative
function in embryonic development and reproductive tract
development (Vogeler et al., 2014). Vogeler et al. (2016) further dem-
onstrated the expression profiles of 34 NRs during early development
of C. gigas, where the high expression of hnf, nr1e and nr5b were
found during early embryogenesis. Consequently, the reproduction
and development of P. viridis may be impaired by TPT exposure.
However, the biological functions of these NRs in marine bivalves
need to be explored further.
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OTs are found to alter the lipid homeostasis in molluscs. Long-term
exposure to TBT caused increases of accumulation of lipids and changes
of fatty acids in the freshwater snail Marisa cornuarietis (Janer et al.,
2007). In contrast, a short-term exposure to TBT or TPT declined the
lipid content in the marine mussel Mytilus galloprovincialis (Fiorini
et al., 2012) and in M. cornuarietis (Lyssimachou et al., 2009), respec-
tively. Exposure of B. aeruginosa to TBT and TPT also altered the lipogen-
esis functions in hepatopancreas transcriptome (Wu et al., 2020a).
Currently, the toxic mechanism of OTs in lipid modulation still reminds
largely unknown in molluscs. In vertebrates, OTs disrupt lipid homeo-
stasis through the interaction with nuclear receptors PPAR and RXR/
PPAR, but PPAR may not be present outside the deuterostomes
(Capitão et al., 2017). Molluscan PPAR was mainly detected based on
the sequence homology approach, but the computation modelling of
C. gigas PPAR showed its weak ligand binding affinity to TBT (Vogeler
et al., 2014, 2017). Moreover, Lee et al. (2019) suggested RXR signalling
and lipid metabolism-related genes are involved into the toxic mecha-
nism of TBT on lipid homeostasis in invertebrates. In P. viridis, the ex-
pression of putative ppar was not induced by TPT. However, GO
enrichment analysis revealed a significant inhibition of fatty acid and
lipid metabolic process in digestive tract Hp, where the upregulation
of rxr was detected at Day 21 (Figs. 3D and 5B). In Gi, lipid
metabolism-related genes fatty acid desaturase 2, fatty acid-binding ad-
ipocyte and long-chain fatty acid CoA ligase 5were downregulated after
21 days of exposure (Table S3). The repression of lipid/fatty acid genes
and pathways strongly suggested that the toxic mechanism of TPT in-
volves lipid homeostasis, but the regulation network between these
genes and RXR remains to be investigated.

Protein biosynthesis and degradation are essential for regulating the
protein abundance and amino acid recycling. In eukaryotes, most of the
intracellular proteins are degraded by the ubiquitin-proteasome path-
way in the endoplasmic reticulum. The disorder of protein metabolism
may lead to accumulation of functional and misfolded proteins, causing
imbalance in cellular processes (Shi et al., 2009). NRs are degraded
through the ubiquitin-proteasome pathway, and the inhibition of their
degradation disturbs the transcriptional activity of NRs and recycling
of cofactors (Dennis et al., 2001). Exposure to TPT inhibited the protein
degradation process in B. aeruginosa by targeting on the ubiquitin pro-
teasome system (Wu et al., 2020a). The accumulation of proteins in
the endoplasmic reticulum also induced cellular toxicity and apoptosis
(Shi et al., 2009). Our results on DEGs revealed the regulation of ubiqui-
tin related proteins (Table S3) and the enriched pathways related to
amino acid and protein biosynthesis in P. viridis (Figs. 3 and 4). The ac-
tivation of ribosome biogenesis and tRNA metabolic process may facili-
tate the protein synthesis, while the regulation of protein and amino
acid transport to endoplasmic reticulum may interfere protein
degradation.

Apoptosis (programmed cell death) is a stress response and amech-
anism to remove unwanted or damaged cells. In the apoptosis pathway,
stimuli induce the disruption of mitochondrial membrane and lead to a
release of cytochrome c, which initiates the apoptosis via activation of
caspases (CASPs) and suppression of inhibitor of apoptosis proteins
(IAPs) (Salvesen and Duckett, 2002). In this study, exposure of
P. viridis to TPT caused downregulation of immune related pathways
in Gi and Hp (Fig. 3C and D). The regulation of multiple casp and iap
genes were detected in both target tissues at Day 21 (Table S3). The ex-
pression of hsp70 and hsp24, which involve in the regulation of cyto-
chrome c and CASPs in apoptosis process (Takayama et al., 2003),
were inhibited by TPT; and this inhibition may eventually promote ap-
optosis in P. viridis.

Themetabolism of OTs inmarine organisms involves the CYP depen-
dent monooxygenase or mixed function oxidase (MFO) system, which
remove the aryl groups from tin ion in TPT. The digestive tract of inver-
tebrates, as the primary site of detoxification, accumulates andmetabo-
lizes OTs via the cytochrome P450 system, while the exposure to OTs
may directly inhibit CYP and Phase II detoxification enzymes
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(Pagliarani et al., 2012). Inmolluscs, CYP enzymes also involve in thede-
toxication of OTs to produce relatively fewer toxic metabolites (Fent,
1996). In this study, the upregulation of cyp2c8 and cyp2g1 and the
downregulation of cyp3a29were detected in Gi, while cyp3a31was pro-
moted in Hp after accumulation of high tissue concentrations of OTs
(Day 21 and Day 28; Table S3). In vitro study indicated the CYP2C and
CYP3A as the main CYP enzymes responsible for TPT metabolism in
human liver (Ohhira et al., 2006). The exposure of B. aeruginosa to TPT
significantly induced the expression of cyp3a (Wu et al., 2020a).
Tissue-specific transcriptome of P. viridis showed that cyp3 genes were
highly expressed in Hp with key function in xenobiotic metabolism.
Therefore, the upregulation of cyp3amight contribute to the dearylation
of TPT in Hp. The expression of cyp2c and suppression of cyp3a might
impair the TPT metabolism in Gi. In addition, OTs also modulate the ex-
pression of phase II detoxification enzymes. Inhibition of glutathione S-
transferase (gst) genes were reported in the copepod T. japonicus (Yi
et al., 2014). The exposure to TPT also regulated the gene expression
of gst and sulfotransferase (sult) in zebrafish Danio rerio (Wu et al.,
2020b). In P. viridis, the expression of gsto1, gsts3, sult1b1 and sult1c4
were downregulated in Hp (Table S3), whichmight lead to dysfunction
of detoxification and result in bioaccumulation of OTs in tissues. Thus,
alternation of the functions of detoxification enzymes may further in-
duce the TPT cytotoxicity and apoptosis in P. viridis.

5. Conclusion

In summary, this study demonstrated the concentration-response
and tissue bioaccumulation of P. viridis to TPT exposure. Transcriptome
analysis of gills and hepatopancreas provided insight into the underly-
ing toxic mechanisms to TPT. The results suggested that TPT exposure
induced endocrine toxicities through the transcriptional regulation of
unigenes related to nuclear receptors and putative steroidmetabolisms.
TPT also disrupted lipid homeostasis and protein biosynthesis by down-
regulation of lipid/fatty acidmetabolic process and upregulation of ribo-
some activities. Alternation of the expression of detoxification-related
unigenesmight impair the xenobioticmetabolismand result in bioaccu-
mulation of TPT in tissues that further augmented the apoptosis process.
Overall, our study has provided empirical data on the toxicity and mo-
lecular toxic mechanisms of TPT in P. viridis, which would shed light
on biological effects of TPT to other bivalvemolluscs. The generated tox-
icity data can also be adopted in risk assessment and management of
TPT contamination.
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