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a b s t r a c t

Cadmium (Cd) is being frequently detected in marine organisms. However, dose-dependent effects of Cd
challenged unraveling the toxicological mechanisms of Cd to marine organisms and developing bio-
markers. Here, the dose-dependent effects of Cd on clams Ruditapes philippinarum following exposure to
5 doses of Cd (3, 9, 27, 81, 243 mg/L) were investigated using benchmark dose (BMD) method. By model
fitting, calculation of BMD values was performed on transcriptomic profiles, metals concentrations, and
antioxidant indices. Cd exposure induced not only significant Cd accumulation in clams, but also marked
alterations of essential metals such as Ca, Cu, Zn, Mn, and Fe. Gene regulation posed little influence on
essential metal homeostasis, indicated by poor enrichment of differentially expressed genes (DEGs)
associated with metal binding and metal transport in lower concentrations of Cd-treated groups. BMD
analysis on biological processes and pathways showed that peptide cross-linking was the most sensitive
biological process to Cd exposure, followed by focal adhesion, ubiquitin mediated proteolysis, and
apoptosis. Occurrence of apoptosis was also confirmed by TUENL-positive staining in gills and hepato-
pancreas of clams treated with Cd. Furthermore, many DEGs, such as transglutaminases (TGs), metal-
lothionein (MT), STEAP2-like and laccase, which presented linear or monotonic curves and relatively low
BMD values, were potentially preferable biomarkers in clams to Cd. Overall, BMD analysis on tran-
scriptomic profiles, metals concentrations and biochemical endpoints unraveled the sensitiveness of key
events in response to Cd treatments, which provided new insights in exploring the toxicological
mechanisms of Cd in clams as well as biomarker selection.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Due to industrial effluents and river discharge, cadmium (Cd)
pollution has been globally observed in marine environment (Fu
et al., 2014; Naser, 2013). As a non-essential metal, Cd is toxic to
aquatic organisms even at low concentrations (Qu et al., 2013;
Wang and Rainbow, 2006; Wu et al., 2017). The frequent detection
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of Cd in marine organisms is therefore of considerable concern,
which creates a pressing need to assess the potential ecological risk.
A recent study from our laboratory on metabolomic profiles
demonstrated that the altered metabolites presented linear, U-
shaped, or inverted U-shaped curves in polychaete Perineresis
aibuhitensis treated with a serial of Cd doses, suggesting the dose-
dependent effects of Cd (Liu et al., 2019). The dose-dependent ef-
fects of Cd challenge the characterization of toxicological mecha-
nisms and developing biomarkers of Cd toxicity.

Dose-response relationship is a necessary part of understanding
the cause and effect relationship between chemical exposure levels
and biological endpoints. In general, dose-response relationships
consist of monotonic responses like linear, power, and exponential
curves, as well as non-monotonic responses, such as U-shaped or
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inverted U-shaped curves (Calabrese and Baldwin, 2001). The U-
shaped response is characterized by a decrease at low dose and an
increase at higher dose, whereas the inverted U-shaped response
seems like the opposite of U-shaped curve (Calabrese and Baldwin,
2001). Benchmark dose (BMD) is US EPA’s preferred methodology
and is becoming the world’s standard for dose-response analysis.
As an alternative to No-Observed-Adverse-Effect-Level (NOAEL)
approach, BMD addresses many limitations of the NOAEL, such as
failure to take into consideration the shape of the dose-response
curve (Davis et al., 2011). By modeling dose-response relation-
ships and fitting curves, the BMD value that is defined as an
endpoint at x percent of the maximal effect can be obtained from
dose-response curves and result in a point of departure (POD).
Traditional endpoints used for measuring the POD are apical end-
points (e.g., organ weight, lethality or growth rate), which may fail
to reflect toxic effects at subtoxic levels. Omics approaches are
promising for ecological risk assessment since they enable to pro-
vide mechanism information and early warning signals by high-
throughput analysis on responses at gene, protein, and metabo-
lite levels (Cappello et al., 2016; Larras et al., 2018). Therefore, dose-
responses based on omics data enable to observe early and low
concentration-response to chemical exposures and to identify new
sensitive biomarkers (Smetanova et al., 2015). Especially, regulated
mRNA expression profile following chemical exposure is one of the
earliest quantifiable responses, which has been increasingly used to
determine the gene BMD value to estimate a chemical’s POD
(Farmahin et al., 2017). Furthermore, transcriptional gene BMD
values could be mapped to biological processes, such as pathways
and genes ontology (GO) terms, to allow for the identification of key
biological processes that are initiated at specific BMD values
(Chauhan et al., 2016).

Marine clams are preferable bioindicators to metal pollution
because of its wide distribution, ease of collection, as well as ca-
pacity of pollutant accumulation (Cappello et al., 2018; Wang et al.,
2012; Zorba et al., 1992). Though marine clams have been
frequently utilized for characterization of Cd toxicity and environ-
mental monitoring (Bao et al., 2016; Chora et al., 2009; Ji et al.,
2019), poor attention has been paid on the dose-dependent ef-
fects of Cd in marine clams. In this work, BMD analysis was con-
ducted on transcriptomic profiles, metals concentrations, and
antioxidant indices, aiming to reveal the dose-dependent effects of
Cd in clams. This study will provide new insights in exploring the
toxicological mechanisms of Cd in clams as well as biomarker
selection.

2. Materials and methods

2.1. Animals culture and Cd treatments

Adult clams Ruditapes philippinarum (White pedigree) were
purchased from a culturing farm (Qingdao, China). To avoid the
effect of size dependence, only those with shell lengths ranging
from 3.5 to 3.8 cm were selected for subsequent exposure experi-
ment. After acclimated in aerated seawater for 5 days, clams were
then randomly divided into 6 groups, including control group and 5
Cd-treated groups (3, 9, 27, 81, and 243 mg/L Cd2þ). The clams
cultured in the normal filtered seawater were used as control
group. The Cd concentrations, containing 3, 9 and 27 mg/L, were
environmentally relevant (Fu et al., 2014; Zhang et al., 2010), and
the highest of Cd exposure concentration (243 mg/L) referred to
about 20% of 96-h LC50 (1360 mg/L) of Cd to R. philippinarum. The
stock solutions of CdCl2 were prepared by dissolving analytical
reagent grade CdCl2 in deionized water. Each group consisted of
two replicate tanks, each of which was filled with 15 L seawater and
contained 15 clams. All clams used for subsequent analyses were
2

averagely selected from two replicate tanks. During the acclimation
and exposure periods, clams were kept in aerated seawater
(25 ± 2 �C, 31 psm) under a photoperiod of 12 h light and 12 h dark,
fed with Chlorella vulgari of 2% tissue dry weight once daily.
Seawater was completely replaced by fresh seawater daily. After
exposure for 14 days, four clamswere selected for histopathological
analysis on gill and hepatopancreas, and another 9 clams were
selected for measurements of metal contents, antioxidant indices,
and transcriptomic analysis. Of the 9 clams, the whole soft tissue of
each individual was ground to powder in liquid nitrogen. Each
sample was then divided into 3 parts for measurements of metal
contents, antioxidant indices, and transcriptomic analysis.

2.2. Determination of Cd and essential metals in clam whole body

The whole soft tissue samples of clams (n ¼ 9) were dried at
80 �C to constant weights and digested in concentrated nitric acid
(70%, Fisher Scientific) heated in water bath overnight. All
completely digested samples were diluted with ultrapure water for
the determination of Cd, Ca, Mn, Cu, Zn, and Fe using ICP-MS
technique (Agilent 7500i, Agilent Technologies Co. Ltd, Santa
Clara, CA, USA) (Sneddon and Vincent, 2008). Considering that Ca is
a macro metal, the measurement of Ca was separately conducted.
The limits of quantification (LOQ) of Cd, Ca, Mn, Cu, Zn, and Fe in
digestion solutions were better than 0.1, 10, 1, 0.1, 0.5, and 5 ppb,
which were two orders of magnitude lower than those detected in
clam samples. The analysis was validated by the standard addition
and a reference material. Marine mussel tissue standard reference
material (GBW08571) was employed as a certified reference ma-
terial for metal analysis to ensure internal quality assurance/quality
control (QA/QC) practices. The recovery of target elements, as
tested by three individual spiking experiments, was restricted
within 90%e110% for all metals mentioned above. Spearman cor-
relation analysis was conducted on Cd exposure concentrations and
other essential metals contents.

2.3. Transcriptomic analysis

The sequencing libraries were constructed using commercial
assay kit named NEB Next® UltraTM RNA Library Prep Kit for
Illumina® (New England Biolabs, MA, USA). A total of 18 sequencing
libraries (6 groups each containing 3 replicates, each replicate
including 3 samples) were constructed following manufacturer’s
instructions. Due to the limited information of clam genes in Na-
tional Center for Biotechnology Information (NCBI), the annotation
of gene function was carried out based on the following databases
in addition to NCBI non-redundant protein sequences and non-
redundant nucleotide sequences (Nt): Protein family (Pfam);
Clusters of Orthologous Groups of proteins (KOG/COG); Swiss-Prot;
Kyoto Encyclopedia of Genes and Genomes (KEGG) Ortholog
database (KO); Gene Ontology (GO).

Only genes with |log2 fold change| > 1 and Benjamini and
Hochberg adjusted p value < 0.05 were regarded as differentially
expressed genes (DEGs). Validation of the transcriptomic analysis
was performedwith quantitative real-time PCR (qRT-PCR) (Lu et al.,
2020). The primers sequences of 6 targeted genes and housekeep
gene were listed in Table S1. GO terms and KEGG pathways with
adjusted p values less than 0.05 together with at least 3 genes
included were considered significantly enriched by DEGs. The de-
tails on transcriptomics analysis were available in Supporting
Information.

2.4. Measurement of antioxidant indices

The antioxidant indices, including glutathione (GSH) and
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glutathione S-transferases (GST, EC 2.5.1.18) of R. philippinarum
(n ¼ 9) were assayed using a multicode microplate reader (infinite
M200, TECAN, Switzerland) according to the manufacturer’s pro-
tocols for enzyme kits (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The measurement of GSH was based on the in-
crease in absorbance at 412 nmwhen 5,50-dithiobis (2-nitrobenzoic
acid) (DTNB) is reduced by GSH (Simth et al., 1988). The GST activity
is determined by measuring the consumption of GSH in 1 min.
Protein content was measured by BCA assay with bovine serum
albumin as standard (Walker, 1994). The unit of GSH was the con-
tent of GSH per gram of total protein (mg/g protein), and the unit of
the enzyme was defined as the activity of an enzyme per milligram
of total protein (U/mg protein).
2.5. Apoptosis analysis

After immediate dissection from the clams, gill and hepato-
pancreas tissues (n ¼ 4) were fixed in the Bouin’s fixative solution
for 24 h, followed by dehydrated in a progressive series of ethanol
and embedded in paraffin. Tissues from control and Cd-treated
groups were processed together in batches to remove artefacts.
Histological sections (6e8 mm thickness) were cut from the paraffin
embedded tissues.

Terminal dUTP nick-end labeling technique (TUNEL-technique)
was performed with one step TUNEL kit (Beyotime Institute of
Biotechnology, Haimen, Jiangsu, China) according to our previous
work (Ji et al., 2014). Briefly, tissue sections were firstly treatedwith
proteinase K. Then the sections were incubated with TUNEL reac-
tion mixture (enzyme terminal transferase (TdT): fluorescein iso-
thiocyanate (FITC)) and propidium iodide (PI), by which apoptosis
nuclei were stained in green and red, respectively. Finally, the
sections were observed under a laser scanning confocal microscope
(Olympus FV 1000, Tokyo, Japan) using 559 nm and 488 nm laser
for excitation.
2.6. BMD modeling

A BMD is a dose or concentration that produces a predetermined
change in the response rate of an adverse effect. This pre-
determined change in response is called the benchmark response
(BMR). In this work, BMRwas set as 10% change in the response rate
of an adverse effect relative to the response of control group end-
points, including metal contents, antioxidant indices, and DEGs,
above control group. By using Benchmark Dose Modeling Software
(BMDS, version 3.1.1) proposed by U.S. Environmental Protection
Agency, automated BMD modeling analysis was performed on
endpoints including metal contents and antioxidant indices, to fit
the best model and calculate BMD values of endpoints. A series of
curves, including Linear, Polynomial, Power, Hill, Exponential (M2,
M3, M4, M5), were fitted to the datasets. Models were initialized
using BMDS 3.1.1 model defaults. The selection of best-fit model
was relied on the model recommendation decision logic. In brief,
the model in viable bin was first taken into consideration. The only
candidate model in the viable model bin was of course deemed as
the best-fit model. If the viable bin had more than one model, the
lowest Akaike information criterion (AIC) or lowest benchmark
dose lower confidence limit (BMDL) was selected. If the range of
BMDL values was sufficiently close (less than 3-fold different), the
AIC value was used; otherwise, the BMDL value was used. If no
viable model was recommended, model in questionable bin was
also considered and selected according to the selection criterion of
model in viable bin.

BMDExpress (version 2.20) was created for the purpose of dose-
response modeling and BMD estimation for transcriptomic data
3

(Yang et al., 2007). In this work, the DEGs exhibiting significant
changes in at least two doses were selected to fit to a series of
different models. A best-fit model was identified based on the
lowest AIC value as well as goodness-of-fit P value > 0.1. The Hill
model was considered only when k parameter was more than one
third of the lowest dose tested. The next best model with goodness-
of-fit P value > 0.05 was selected if a flagged Hill model was
selected as the best-fit model based on the above criteria. If the next
best model with P value > 0.05 was not available, the flagged Hill
model was retained and modified to 0.5 of the lowest non-flagged
Hill BMD value (Thompson et al., 2016). Other parameters for
modeling included: power restricted to �1, maximum iterations of
250, and confidence interval of 0.95. The final selected model was
used to calculate a BMD and BMDL. Those genes would be removed
if they showed BMD > highest dose, and BMD < one third of the
lowest Cd concentration tested. The BMD values of GO terms or
KEGG pathways were calculated based on averaging the enriched
DEGs’ BMD values.

3. Results

3.1. Cd accumulation and essential trace elements in clams

After exposure for 14 days, the average values of Cd accumula-
tion in clams from 3, 9, 27, 81, and 243 mg/L Cd groups were 4.58,
9.30, 17.1, 31.4 and 48.6 mg/g Cd (dry weight, dw) (Fig. 1 and
Table S2). Significant accumulations of Cd were observed in the Cd-
treated groups, with an exception for the lowest concentration
(3 mg/L) of Cd-treated group. Cd treatments also altered the con-
tents of Ca, Fe, Cu, Mn, and Zn in clams. With the increase of Cd
concentration for exposure, Zn and Cu contents decreased and then
stayed consistent, whereas Fe content increased and then kept
unchanged. Ca and Mn contents presented U-shaped and inverted
U-shaped responses, respectively. Fig. 2 showed a representative
response curve of Fe that was fitted to Exp 4 model. By fitting
models, BMD calculation demonstrated that Cd presented the
lowest BMD value (0.41) among these metals, followed by Cu
(3.00), Zn (3.34) and Fe (3.82). The changes of Ca and Mn failed to
be fitted to a suitable model, and therefore no BMD value could be
obtained (Table S2).

Spearman correlation analysis (Table S3) revealed that Cd
(r ¼ 0.986, P < 0.01) and Fe (r ¼ 0.662, P < 0.01) contents were
positively correlated with Cd exposure concentrations, whereas Zn
(r ¼ �0.632, P < 0.01) and Cu (r ¼ �0.427, P < 0.05) contents were
negatively correlated with Cd exposure concentrations. Further-
more, a significantly negative correlation was found between Ca
and Mn contents (r ¼ �0.406, P < 0.05).

3.2. Differentially expressed genes in response to Cd treatments

Compared with control group, a total of 32,340 genes were
identified to be differentially expressed with significances
(adjusted p < 0.05) in Cd-treated groups. As shown in Fig. 3A, the
number of DEGs approximately increased with the exposure con-
centrations of Cd, and the highest concentration of Cd (243 mg/L)
induced most of the DEGs (97.7%). Furthermore, Venn diagram
(Fig. 3B) showed that numerous DEGs were commonly changed in
more than one group. qRT-PCR analysis was performed on 6 typical
DEGs (transglutaminase 1, metallothionein, receptor of activated
kinase C 1, serine protease C, sarcoplasmic calcium-binding protein,
mannan-binding lectin serine protease 1) which were significantly
altered in at least 3 groups to validate the results of RNA sequencing
(Fig. S1). Correlation analysis demonstrated a strong correlation
(r ¼ 0.918, P < 0.0001) between the data of RNA sequencing and
qRT-PCR (Fig. 3C).



Fig. 1. Boxplots presenting the concentrations of metals (Cd, Ca, Fe, Mn, Cu and Zn) in clams. indicates mean value. The statistical differences between different groups were
analyzed by one-way analysis of variance (ANOVA) with Tukey post hoc test. Different lowercase letters indicate significant difference between groups.

Fig. 2. A representative curve of Fe contents that was best fitted to Exp 4 model.
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Model fitting was conducted on 893 genes that were signifi-
cantly altered in at least two Cd-treated groups. According to the
selection criteria mentioned above, a total of 474 genes were fitted
to a best model and BMD values were calculated accordingly. The
Venn diagram (Fig. 3D) showed the proportion of best-fit models, of
which Exp2 (27%), Poly3 (21%) and Linear (18%) were the top 3 best-
fit models.
4

3.3. GO and KEGG pathway enrichment analyses

Gene function annotation analysis demonstrated that 32,340
DEGs were involved in 2069 GO terms, including BP, MF, and CC
categories, and 230 KEGG pathways, of which 261 GO terms and 53
KEGG pathways were significantly (P < 0.05) enriched (Supporting
Table). In details, no GO term was significantly (P < 0.05) enriched



Fig. 3. Description of differentially expressed genes (DEGs) in clams treated with Cd. A, The numbers of DEGs in each Cd-treated group; B, Venn diagram shows the numbers of
unique and overlapped DGEs in Cd treatments groups; C, Correlation analysis between the results of q-RT-PCR and RNA sequencing; D, Pie graph shows the proportion of the best
fitted models based on 893 DEGs.
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in 3 and 9 mg/L Cd-treated groups, while down-regulation of pep-
tide cross-linking was commonly enriched in 27, 81, and 243 mg/L
Cd-treated groups. Like GO terms, no KEGG pathways was signifi-
cantly enriched in low concentrations of Cd-treated groups (3, 9,
and 27 mg/L). In 81 and 243 mg/L Cd-treated groups, up-regulations
of ubiquitin mediated proteolysis, apoptosis and multiple signaling
pathways were commonly enriched.

Enrichment analysis was also performed on the DEGs present-
ing a best-fit model to identify the dose-dependent responses of
biological processes and pathways. Significant enrichment
(adjusted P < 0.05) was only observed in DEGs which were fitted to
Exp2 and Power models (Table 1). Focal adhesion fitted to Exp2
model presented the lowest BMD value (57.3) among the enriched
pathways. Apoptosis was commonly fitted to Exp 2 and Power
models, and presented BMD values of 92.6 and 141, respectively.
Interestingly, ubiquitin mediated proteolysis showed the same
fitted models and BMD values. With respect to GO terms, no bio-
logical processes were significantly (adjusted P < 0.05) enriched to
any model. Only peptide cross-linking with the lowest adjusted P
value (0.099) exhibited a BMD value of 17.4.
Table 1
Enrichment analysis on the DEGs that were fitted to models.

Model Term Database ID Inpu

Power Apoptosis-multiple species KEGG PATHWAY ko04215 3
Power Ubiquitin mediated proteolysis KEGG PATHWAY ko04120 3
Exp2 Focal adhesion KEGG PATHWAY ko04510 7
Exp2 Apoptosis-multiple species KEGG PATHWAY ko04215 4
Exp2 NF-kappa B signaling pathway KEGG PATHWAY ko04064 3
Exp2 Ubiquitin mediated proteolysis KEGG PATHWAY ko04120 4
Exp2 peptide cross-linking GO-biological process GO:0018,149 3

5

3.4. The alterations of antioxidant indices

The details of antioxidant indices, including glutathione (GSH)
and glutathione S-transferase, in control and Cd-treated groups
were shown in Fig. 4 and Table S2. The changes of GSH contents in
clams showed a U-shaped curve with the increase of Cd exposure
concentrations. The highest content of GSH was identified in clams
treated with 243 mg/L Cd. Differing from GSH, the activities of GST
decreased with the increase of Cd exposure concentration. How-
ever, no significant difference was found in GST activities among
control and Cd-treated groups. Furthermore, neither changes of
GSH nor GST failed to be fitted to an appropriate model under the
selection criteria for best-fit model in this work.

3.5. Apoptosis in clam gills and hepatopancreas

As shown in Fig. 5, TUNEL-positive cells that were labeled in
green were only observed in gills from 81 mg/L Cd treatment group
(Fig. 5e). In details, the TUNEL-positive cells primarily distributed in
the abfrontal zone of gill filaments of 81 mg/L Cd-treated clams. In
243 mg/L Cd-treated group, clam gills exhibited no obvious TUNEL-
t number Background number P-Value Corrected P-Value BMD BMDL

256 4.06E-04 4.47E-03 141 69.3
473 2.34E-03 6.43E-03 141 69.3
889 6.68E-04 8.07E-03 57.3 41.3
256 8.96E-04 8.07E-03 92.6 75.8
235 7.09E-03 3.54E-03 96.6 79.0
473 7.87E-03 3.54E-03 92.6 75.8
70 1.96E-05 9.95 E�02 17.4 10.0



Fig. 4. Boxplots presenting the responses of glutathione (GSH) content and glutathione S-transferase (GST) activity in clams. indicates mean value. The statistical differences
between different groups were analyzed by one-way analysis of variance (ANOVA) with Tukey post hoc test. Different lowercase letters indicate significant difference between
groups.

Fig. 5. Representative SEM micrographs of clam gills (aeg) and hepatopancreas (hem) sections stained with TUNEL (green)-PI(red) from 0, 3, 9, 27, 81, and 243 mg/L Cd-treated
groups. ec, epithelial cells; gf, gill filament; n, necrosis; tl, tubular lumen . Scale bar: 50 mm. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)
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positive cells, whereas irregular shape of gill filaments and necrosis
of epithelial cells occurred in clams from this treatment (Fig. 5f).

Marked TUNEL-positive cells were also found in clam hepato-
pancreas from 27, 81, and 243 mg/L Cd-treated groups (Fig. 5j-l). It is
noteworthy that most of these cells labeled in green were distrib-
uted in intercellular substances. Some TUNEL-positive cells were
also observed inside digestive tubules from 81 to 243 mg/L Cd-
treated groups (Fig. 5k-l).

4. Discussion

4.1. The causes and effects of ion homeostasis induced by Cd

The influences of Cd on metal homeostasis have been found in
cells (Sampels et al., 2017), fish (De Smet et al., 2001) and bacteria
(Begg et al., 2015). However, the crucial issue that how Cd dysre-
gulates ion homeostasis has not been fully understood. According
to previous studies, Cd influenced ion homeostasis mainly by
means of competing for metal transporters and intracellular
binding protein as well as gene regulation of ion efflux or/and
influx. In general, Cd accumulation occurs via divalent metal
transporters, such as Ca2þ (Hinkle et al., 1987; Tan andWang, 2011),
Fe2þ (Min et al., 2008; Park et al., 2002), and Mn2þ (Begg et al.,
2015). In this work, however, Fe contents were unexpectedly
elevated with the increase of Cd exposure concentration. Similar
induction of Fe was also found in HepG2 cells treated with a set of
Cd concentrations, with the underlying mechanism that Cd
6

increased the expression of Fe uptake pathway (Sampels et al.,
2017). In this work, genes associated with Fe transport were only
altered in 243 mg/L Cd-treated group, suggesting that the elevation
of Fe contents was not resulted from the regulation of Fe uptake
pathway.

The U-shaped response of Ca and Mn contents indicated a
hormesis effect of Cd on Ca and Mn homeostasis in clams. The
uptake of Ca relies on Ca channel, which was also regarded as the
major channel of Cd influx (Craig et al., 1999; Qiu et al., 2005). The
decrease of Ca might result from the CdeCa competition for Ca
channel when the ambient Cd concentration was relatively low.
Other pathways of Ca influx might be activated with the increase of
Cd exposure concentration, leading to the increase of Ca content.
After Cd entering cells, intracellular Cd might compete with
essential metals like Cu and Zn by binding metal buffers like met-
allothionein (MT), subsequently dysregulated ion homeostasis. MT
represents a unique biological principle for buffering the most
competitive essential metal ion like Zn2þ and Cuþ (Calvo et al.,
2017; Krezel and Maret, 2017). Especially, Zn is the predominant
metal bound to MT. Cd has a higher affinity to MT than Zn and can
compete to bind to MT in cytoplasm (Romero-Isart and Vasak,
2002). This is one of the detoxification mechanisms of MT. In this
work, the decreases of Cu and Zn were related to the increased
demand of metal buffers for Cd detoxification.

Ion homeostasis also could be controlled by the expression of
pathways for metal uptake, storage and efflux (Begg et al., 2015;
Chandrangsu et al., 2017). For example, Cd accumulations in
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Streptococcus pneumoniae led to efflux of Zn via up-regulation of
Zn2þ-efflux pathway (Begg et al., 2015). In this work, Ca, Mn, Cu,
and Zn contents were significantly changed when Cd exposure
concentration was as low as 9 mg/L, whereas the biological pro-
cesses associatedwithmetal homeostasis andmetal transport were
only enriched in the highest concentration (243 mg/L) of Cd-
exposed group, suggesting that the limited effect of gene regula-
tion on these metal turnover in clams. The regulation of ion ho-
meostasis is quite complex, and might be controlled by more than
one means (Begg et al., 2015). Hence, the underlyingmechanism on
dysregulation of ion homeostasis caused by Cd is still to be
determined.

Essential metals play vital roles in numerous physiological
processes by maintaining proper protein structure and function
and serving as catalytic cofactors for enzymes and as mediators in
signaling cascades (Hashimoto and Kambe, 2015). Therefore, the
alterations of these essential metals, such as Ca, Mn, Cu, Zn, and Fe
in this work, might subsequently induce the dysregulation of
related genes, and even further disrupt intracellular homeostasis
and cause toxic effects. For example, iron accumulation increased
with the increase of Cd accumulation, and significant accumulation
of iron was observed in 27 mg/L Cd-treated group. Consistently, the
gene with a PFAM description of Fe2þ trafficking was up-regulated
in 81 and 243 mg/L Cd2þ-treated groups. Two genes functioning as
iron-sulfur cluster binding were significantly down-regulated
when the concentrations of Cd exceeded 27 mg/L. Iron-sulfur clus-
ter has been reported as the target of Cd, and low dose of Cd could
inactivated the iron-sulfur dehydratase family (Xu and Imlay, 2012).
Laccase is one of copper-dependent oxidases catalyzing the four-
electron reduction of oxygen to water. In this work, suppression
of laccase (laccase-4 and laccase-1-like) expressions begun at the Cd
concentration of 27 mg/L, which was positively consistent with the
decrease of Cu contents in clams. Transglutaminases (TGs) are a
family of Ca2þ-dependent acyl transferases that catalyze cross-
linking of proteins during post-translation. TG2 was reported as a
Ca2þ sensor and plays a general role in regulation of mitochondrial
Ca2þ homeostasis. It can induce the increase of apoptosis in
response to Ca2þ overload (Cho et al., 2010). In this work, several
TGs were significantly down-regulated in 27, 81, and 243 mg/L Cd-
exposed groups, which might disrupt peptide cross-linking and
affect construction of protein.

4.2. Oxidative stress induced by Cd

Oxidative stress is a disturbance of the cellular redox balance in
favor of the pro-oxidants, and can subsequently lead to disruption
of cellular macromolecules (Cuypers et al., 2010). Previous studies
have frequently revealed that Cd exposure induced oxidative stress,
despite the inability of Cd2þ to directly produce ROS (Cuypers et al.,
2010). The replacement of redox-active elements, such as Fe2þ and
Cuþ, enables Cd to indirectly cause oxidative stress (Cuypers et al.,
2010). Though the measurements of Fe2þ and Cuþ contents were
not conducted in this work, its related genes were found to be
altered. Coded by the STEAP2, metalloreductase STEAP2 has both
ferrireductase and cupric reductase activities. In this work, STEAP2-
like started to be elevated from 27 to 243 mg/L Cd treatments and
presented a monotonic tendency, suggesting the increased oxida-
tive stress induced by Cd treatments. Furthermore, Mn, Cu and Zn
that function as cofactors are closely associated with superoxide
dismutase (SOD) (Zelko et al., 2002). Begg et al. (2015) found that
cadmium uptake reduced the millimolar cellular accumulation
manganese and zinc in pneumococcus, and thereby increased
sensitivity to oxidative stress. In this work, the decreases of Cu and
Zn in clams might also contribute to oxidative stress.

GSH plays an extremely important role in not only metal
7

detoxification by heavy metal binding and excretionwith thiols but
also antioxidant defense by ROS scavenging (Jozefczak et al., 2012).
Therefore, Cd-induced depletion of the reduced GSH pool con-
tributes to disturbance of the redox balance leading to an oxidative
environment (Cuypers et al., 2010). In this work, the alterations of
GSH contents presented a gentle U-shaped response. Cd exposure
increased the demand of GSH for Cd detoxification via Cd binding.
However, when Cd accumulation exceeded the intracellular GSH
pool, an increase of GSH was observed in clams induced by higher
concentrations of Cd, which probably resulted from activation of
GSH production pathway. Moreover, the genes associated with GSH
degradation were also altered in response to Cd exposure.
Glutathione-specific gamma-glutamylcyclotransferase 1 (Gamma-
GCG1) is encoded by CHAC1 and responsible for intracellular GSH
degradation. A previous study found that overexpression of CHAC1
in yeast led to an 80% increase in reactive oxygen species (ROS)
levels (Kaur et al., 2017). The up-regulation of CHAC1 in clams
treated with Cd indicated the oxidative stress induced by Cd
treatments.

Overall, the decrease of GSH contents and up-regulations of
genes MT, STEAP2-like, CHAC1 and GST in clams confirmed the
increasing demands of eSH groups for Cd detoxification and in-
duction of oxidative stress. Especially, MT, STEAP2-like and CHAC1
presented monotonic up-regulations with the increase of Cd con-
centrations, suggesting that these genes were preferable bio-
markers in clam to Cd treatment.

4.3. Cd disrupted signal transduction and induced apoptosis and
necrosis

Focal adhesions anchor the cell to the extracellular matrix and
can mediate both mechanical and biochemical signaling, which
play a critical role in regulating cell proliferation and apoptosis
(Burridge, 2017). In this work, down-regulation of DEGs associated
with focal adhesionwas found to be enriched in 81 mg/L Cd-treated
group. According to the BMD analysis performed on the KEGG
pathways, focal adhesion had the lowest of BMD value, suggesting
that focal adhesion was the most sensitive pathway in response to
Cd treatments. The disruption of focal adhesion was also found in
mesangial cells treated with Cd, which was associated at least in
part with Ca2þ/calmodulin-dependent protein kinase II (Choong
et al., 2013). Ca2þ plays essential roles in cell signal transduction.
In this work, Ca contents and calmodulin expression were signifi-
cantly altered in clams treated with Cd, which induced dysregula-
tion of cell signaling like focal adhesion, subsequently led to
proliferation or apoptosis.

Apoptosis is a fundamental form of programmed cell death,
which is involved in development and aging and acts as a ho-
meostatic mechanism to maintain cell populations in multicellular
organisms. Heavy metals could induce apoptosis, which always
occurred together with over-production of ROS and oxidation effect
(Hamada et al., 1997; Morcillo et al., 2016; Xia et al., 2016). In this
work, up-regulation of genes associated with apoptosis was
significantly enriched in 81 and 243 mg/L Cd-treated groups. BMD
analysis revealed that apoptosis related genes could be fitted to
more than one model, meaning that apoptosis was a dose-
dependent biological process. With respect to clams, both gill and
hepatopancreas are typical targets for marine contaminants. TUNEL
staining conducted on gills and hepatopancreas confirmed the
occurrence of apoptosis in clams treated with 81 and 243 mg/L Cd. It
is noteworthy that necrosis occurred in gills and hepatopancreas in
clams treated with the highest concentration (243 mg/L) of Cd.
Necrosis is considered to be unregulated and accidental cell death,
which is characterized by the expansion of cellular organelles and
plasma membrane rupture. In general, apoptosis and necrosis
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interplay and co-exist in response to xenobiotics. Apoptosis usually
occurs after short time of metal exposure, whereas persistent
exposure tends to cause necrosis (Huk et al., 2004; Wang et al.,
2013).

4.4. Dose-dependent effects and biomarker selection

BMD method is increasingly used to assess health risk of envi-
ronmental contaminants (Filipsson et al., 2003; Wang et al., 2016).
In this work, multiple dose-response relationships indicated by
various curves of metals and DEGs suggested the complexity of
responsive mechanisms in clams to Cd exposure. Concerning
metals, Cd accumulation occurred at low concentrations of Cd
exposure, while changes of essential metals occurred at higher
concentrations of Cd exposure. Cu, Zn and Fe contents showed
monotonic tendencies and low BDM values in response to Cd
treatments, indicating that these metals in clams were highly
sensitive to Cd exposure. Though Ca and Mn failed to fit the best
model under the selection standard of BMD method, the U-shaped
or inverted U-shaped responses of these two metals signified a
hormesis induced by Cd. With respect to DEGs and its related
biological processes and pathways, peptide cross-linking presented
the lowest BMD value, followed by focal adhesion, ubiquitin
mediated proteolysis, and apoptosis. The order of these responses
provided a better understanding of the toxicological mechanisms of
Cd. However, due to only focusing on linear, polynomial, hill,
exponential and power models, BMD method has the drawback in
describing sigmoid or U-shaped responses, which led to failures to
fit response curves with many DEGs and obtain BMD values. In this
work, only half proportion (474/893) of DEGs were fitted to a best
model and obtained the BMD values. Therefore, many DEGs such as
STEAP2-like and CHAC1 that failed to fit a best model were also
taken into consideration for explanation of toxicological mecha-
nisms of Cd.

Biomarkers have the potential in monitoring and risk assess-
ment. Characterization of dose-response relationship and calcula-
tion of BMD values also allow for selection of preferable
biomarkers. In this work, many DEGs, such as TGs, MT, STEAP2-like
and laccase, which have linear or monotonic curves and relatively
low BMD values, were potentially preferable biomarkers in clams to
Cd. By contrast, many traditional biomarkers such as GSH content
and GST activity in clams seemed not to be suitable for bio-
indicating Cd because of its non-linear response curves. Certainly,
further confirmation in samples from field environment is quite
essential.

5. Conclusion

This is the first study to investigate the dose-dependent tran-
scriptomic and biochemical responses in clams exposed to Cd for 14
days through BMD method. Cd exposure induced not only signifi-
cant Cd accumulation in clams, but also marked alterations of
essential metals such as Ca, Cu, Zn, Mn, and Fe. Cd accumulation
presented the lowest of BMD value, followed by Cu, Zn and Fe. The
U-shaped or inverted U-shaped responses of Ca and Mn signified a
hormesis induced by Cd. We also found that the alterations of
essential metals were not attributed to gene regulationwhen clams
was treated with low concentrations of Cd. Peptide cross-linking
was the most sensitive biological process, followed by focal adhe-
sion, ubiquitin mediated proteolysis, and apoptosis. Furthermore,
many DEGs, such as TGs, MT, STEAP2-like and laccase, were poten-
tially preferable biomarkers in clams to Cd. Overall, BMD analysis
performed on transcriptomic profiles and biochemical endpoints
revealed the sensitiveness of key events in response to Cd exposure
and provided new insights in exploring the toxicological
8

mechanisms of Cd in clams as well as biomarker selection.
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