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1 Introduction
Metallic nanoparticles (MNs) have attracted scientists’ 

interest due to their advantageous properties on biomedical and 
engineering fields. Metallic nanoparticles can be synthesized 
and modified with appropriate functional groups to make it 
possible for drug delivery. Meanwhile metallic nanoparticles 
have been considered as one of the main pollutants in the 
aquatic environment. These heavy metal contaminations in 
aquatic environments, particularly in freshwater systems, have 
posed severe risks because their ability to produce toxicity in 
aquatic organisms. This process happens mainly for the effects 
of particulates rather than the release of dissolved ions. Some 
major metallic nanoparticles in the aquatic environment have 
been demonstrated acutely toxic to across a wide spectrum of 
aquatic species including freshwater Hydra (Tortiglione et al., 
2007), nematode (Ahn et al., 2014; Ma et al., 2009), Daphnia 
(Allen et al., 2010; Li et al., 2010), zebrafish (Asharani et al., 2008, 
2011; Bar-Ilan et al., 2009) and mice (Gajdosíková et al., 2006; 
Kim et al., 2006; Ziady et al., 2003). Nano-copper oxide (CuO-NPs), 
which has advantages of good sterilization, catalytic properties, 
thermal stability, has been widely used in coatings, waste water 
treatment, sterilization, biomedical ceramic materials, and other 
fields. Hence, it can inevitably enter into the environment and 
ecological system, and the corresponding environmental toxicology 
effect will be induced. CuO-NPs can be accumulated in different 
tissues after being absorbed by animals. It’s reported that the 
common mussel (Mytilus galloprovincialis) mainly accumulate 

in the digestive gland after suction of CuO-NPs (Gomes et al., 
2012), while mussels (Mytilus edulis) mainly accumulate in gill 
(Hu et al., 2014). CuO-NPs usually has a bad effect on animal 
cells and tissues after being absorbed. In vitro studies have found 
that CuO-NPs are toxic to different cell lines, such as human’s 
liver cells, renal cells as well as epithelial cells of the African 
clawed frog (Xenopus laevis), which will cause the stagnation 
of the cell cycle, affect cell proliferation and lead to apoptosis 
and so on (Wang et al., 2011; Xu et al., 2013; Thit et al., 2013).

Crustaceans are very sensitive to heavy metal pollution, and 
crabs have been considered as suitable bioindicator. Crabs can 
easily expose to heavy metals because they live in the sediments 
of aquatic environments. These crabs have been confirmed to 
accumulate some metallic nanoparticles in their main organs, 
such as hepatopancreas, gill, gonad, and hemocytes. Lately, 
hepatopancreas in Crustaceans is generally thought to be a key 
target organ for heavy metal toxicity and other environmental 
stresses. Studies have found that hepatopancreas plays an 
important role in responses to environmental stresses besides 
its function in digestion and metabolism, such as detoxification. 
The toxico-transctiptomic analysis for another freshwater crab 
(Sinopotamon henanense) was done in the previous research. 
The research was designed to obtain the crab transcriptomic 
analysis in S. henanense, and analyze differential gene expression 
profiles of hepatopancreas samples treated with Cadmium. 
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But nowadays, only few studies used hepatopancreas as the 
target organ (Sun et al., 2016).

The swimming crab (Portunus trituberculatus) was used as 
biological subjects due to its larger output in China’s offshore 
fishing areas. P. trituberculatus is one of the swimming crabs 
that inhabits the seafloor habitats with sand or pebbles and is 
being widely distributed in the coastal waters of China, Korea, 
and Japan. P. trituberculatus is one of the most common edible 
crabs in Japanese waters. It has been artificially propagated and 
stocked. Given its high commercial interest, extensive studies 
focus on the diseases causing large mortality and emulsification 
disease with metallic nanoparticles confirmed as its main causative 
agents (Yamauchi et al., 2003). In this study, we explored the 
transcriptomic response of hepatopancreas and gill tissues 
toward CuO-NP pollution in P. trituberculatus.

2 Materials and methods
2.1 RNA extraction

Specimens of gazami crab P. trituberculatus were collected 
from the city of Zhoushan in Zhejiang province, China. Female 
crab was approximately 9 months old with an average weight of 
234 g (range from 203 to 252 g) and an average body length of 
8.8 cm (range from 7.8 to 9.6 cm). Before CuO-NPs challenge, 
carbs were acclimated indoor in plastic tank (60 cm × 40 cm 
× 50 cm) at room temperature for 7 days. Crabs were then 
transferred into new tanks with 12L sea water and challenged 
with CuO-NPs at 40 ppm. The control crabs were cultured in the 
seawater without CuO-NPs. After 20 days, crabs were sacrificed 
and their hepatopancreas and gill tissues were dissected and 
flash-frozen in liquid nitrogen and stored at -80 °C prior to RNA 
extraction. Total RNAs were extracted by using the TRIZOL 
Kit (Invitorgen, Carlsbad, CA, USA) following manufacturer’s 
instructions. Total RNA samples were then digested by DNase I 
to remove potential genomic DNA contamination. Integrity and 
size distribution were checked with Bioanalyzer 2100 (Agilent 
technologies, Santa Clara, CA, USA). Equal amounts of the 
high-quality RNA samples from each tissue were then proceed 
to perform cDNA synthesis and next generation sequencing.

2.2 Library construction and Illumina sequencing

Initially, about 2 µg of starting total RNAs were used to 
synthesize the cDNA libraries by following the standard protocols 
of the Illumina TruSeq RNA Sample Preparation Kit (Illumina). 
The final library had an average fragment size of 250 bp. After 
KAPA quantitation and dilution, the library was sequenced 
on an Illumina HiSeq X Ten to generate approximately 10M 
single-end clean reads with 50 bp reading length. The raw 
transcriptome sequences in the present study were deposited 
in the NCBI SRA database.

2.3 De novo assembly of crab transcriptome

We used previous published data downloaded from NCBI 
and in-house generated data to perform de novo assembly 
by using CLCBio software with default parameters settings. 
The transcriptome was assembled, combining 609,768,300 clean 

reads into 147,314 unigenes, ranging from 250 to 34,158 bp 
in length. The average length was 825 bp, the N50 length was 
1073 bp. The assembled transcriptome unigenes were subjected 
to similarity search using BLAST2GO with an e-value cut off 
of 1e-6. About 31% assembled unigenes could be annotated.

2.4 Gene expression quantification and differential 
expression analysis

For gene expression comparison, three gill and hepatopancrease 
cDNA libraries were established for either control or CuO-NPs 
treated groups and subjected to generate about 10M single-end 
reads with 50 bp with three replicates, respectively. The cleaned 
reads of each RNA-seq library were mapped to the previous 
assembled unigenes with Bowtie program (Langmead, 2010). 
The counting of alignments was done using RSEM (Li & 
Dewey, 2011). The differential expression statistical analysis was 
done using the statistical method described in the R package 
(Cordero et al., 2012). Differentially expressed gene (fold changes 
> 2 and adjusted p-value < 0.00001) between two samples were 
identified with the software.

2.5 Principal Component Analysis (PCA)

The gene expression level (RPKM) for each contig from 
different treated groups were summarized into a single excel table 
and later imported into a SIMCA-P software) to perform PCA 
analysis, which was an excellent tool to reduce the complexity 
of multiple variants from high to low dimension.

2.6 qRT-PCR and RT-PCR

The concentration of total RNA was determined by 
spectrophotometry and checked RNA quality by running 
electrophoresis in RNA-denatured gels. For qRT-PCR, 1 μg of 
total RNA was reverse-transcribed with TAKARA PrimeScript™ 
RT reagent Kit with gDNA Eraser (Perfect Real Time) and then 
performed PCR with SYBR green dye (ABI SYBR® Select Master 
Mix, 4472908) in ABI Vii7 Real Time PCR machine according 
to the manufacturer’s instructions. The primer sequences used 
to perform qRT-PCR were listed in Table 1.

2.7 Whole genome sequencing

In order to better annotate gene in swimming crab, we perform 
whole genome decoding by using shot gun approach. Genomic 
DNA was extracted from muscle tissue and then the high quality 
genomic DNA was subjected to construct library with average 
insert size of 350 bp. DNA degradation and contamination was 
detection by 1% agarose gel, DNA purity was checked by using 
the Nano Photometer Spectrophotometer and DNA concentration 
was checked by using Qubit 2.0 Flurometer. Later, genomic DNA 
was fragmented by using Ultrasonic Processor to produce sheared 
DNA fragments with approximately 350 bp. DNA fragments were 
then terminal repaired, add base A and add sequence adapter. 
Subsequently, preliminary quantitative by Qubit 2.0, library 
concentration was diluted to 1 ng/uL. Then library’s insert size 
was verified by Agilent 2100, finally Q-PCR were implemented to 
ensure the effective quantitative concentrations of library. Finally, 
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the genomic DNA library was sequencing by using Illumina HiSeq 
X Ten with PE150 strategy to produce 45 Gb raw data. The raw 
genome reads were assembled, combining 309,008,720 clean reads 
into 427,510 contigs, ranging from 250 to 34,158 bp in length. 
The average length was 1,812 bp, the N50 length was 3,118 bp.

3 Results
3.1 Gene expression quantification and differential 
expression analysis

The gill and hepatopancrease transcriptome was sequenced 
at single end and their expression level was mapped to contigs 

which were assembled from the previous transcriptomic datasets 
(48Gb in size) that deposited in NCBI (Table 2). Mapping results 
show 56 unigenes (20 up and 36 down) displayed differential 
expression pattern in CuO-NPs treated hepatopancrease tissue. 
For gill tissue, there are 273 unigenes (150 up and 123 down) 
displayed differential expression pattern in CuO-NPs treated 
gill tissue.

3.2 Principal Component Analysis (PCA)

The gene expression pattern between control (K) and 
CuO-NPs treated hepatopancrease (W) was very closed to each 
other, while the gene expression pattern between control (KS) 
and CuO-NPs treated gill (WS) was more distinct (Figure 1). 
The same time, both control gill and CuO-NPs treated gill showed 
gene inductions. Therefore, we picked up the data generated 
from gill tissues to maximize the potential marker genes for 
CuO-NPs toxicology.

3.3 Differentially expressed genes

The gene expression difference in crab according to their 
fold change was studied. The fold change data showed more 
than 450 mutually exclusive genes in both K&W and KS&WS 
gene lists. Further the number of genes was narrowed down for 
analyzing closely via false discovery rate (FDR) to do biomarker 
validation. And just 43 genes (13.6%) in K&W and 260 genes 
(82.3%) in KS&WS were in the lists. It was confirmed that only 
13 genes were mutually exclusive to participate in this study 
(Figure 2).

3.4 Validation of differentially expressed genes

To validate the feasibility of data collected from RNAseq 
analysis, we performed RT-PCR for potential marker genes. 
The results showed the up regulation of WS and down regulation 
of KS (Figure 3). For upregulated group, four out of five selected 
genes showed significantly upregulated in WS. For downregulated 
group, four out of five selected genes show significantly 
downregulated in WS. The CuO-NPs treated gill crab had up 

Table 1. The primer sequences used to perform qRT-PCR.

Primer name sequence (5’ to 3’)
18s rRNA-F ATTGGTGTCCAGTTCGCAGC
18s rRNA-R TGCGGCCCAGAACATCTAAG

contig_104069-F TTCCCCACTAGCTTGACGGC
contig_104069-R AATTCGACTCCGATGGCAGC
contig_104571-F TCCCATTGAACAACTTTGGC
contig_104571-R GGTGGAATCAAAGATGGCAA
contig_108326-F AAAGTTTGGTTCCCAGTTTG
contig_108326-R ATTGCCGATCTTTTTGACTC
contig_108562-F CTGCCCTTCATTGGTCAGAG
contig_108562-R AAGCAGAAGCTGGAACCCAT
contig_10951-F CCGTGCGACACCTTCAACTT
contig_10951-R TGGTGGCGTGACTCCATTCT
contig_146949-F TTGTCCTCCAGTCTTTGTGA
contig_146949-R TCACTGAGTTCCAAGGATCA
contig_18055-F TCTCCATCCGGTCCTCCTTC
contig_18055-R TGTCGCTCGGTCACCAACTT
contig_2188-F CGTTGTGCCACAGTCCAGTG
contig_2188-R CACTGGTGGTGATGTGCCTG
contig_5457-F CACCCACCGACAAGCTCATG
contig_5457-R TGACAGGCAGGAGTTGCAGG
contig_69949-F CTGCGGACAATATTCCTTCT
contig_69949-R TGCAGATGGTATGAAAGACG

Table 2. The previous transcriptomic datasets which deposited in NCBI.

SRA ID Description Sequencer PE data size (Gbp)
SRR1920180 Portunus trituberculatus testis transcriptome Illumina HiSeq 2000 2X101 7.4
SRR1920182 Portunus trituberculatus ovary transcriptome Illumina HiSeq 2000 2X101 6.1
SRR1630818 molting related transcriptome Illumina HiSeq 2000 2X91 4.9
SRR1185310 RNA-seq of Portunus trituberculatus when 

exposed to ammonia
Illumina HiSeq 2000 1X100 3

SRR1013695 Transcriptome analysis of Portunus 
trituberculatus-non-challenged

Illumina HiSeq 2000 2X102 5.9

SRR1105793 RNA-seq of Portunus trituberculatus when 
exposed to ammonia

Illumina HiSeq 2000 1X100 2.9

SRR1013696 Transcriptome analysis of Portunus 
trituberculatus-high salinity stress

Illumina HiSeq 2000 2X102 7

SRR1013694 Transcriptome analysis of Portunus 
trituberculatus-low salinity stress

Illumina HiSeq 2000 2X102 5.8

SRR768319 Transcriptome Portunus trituberculatus Illumina HiSeq 2000 2X91 4.9
PE: paired-end.
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end and mapping their expression level to contigs. Both control 
gill and CuO-NP treated gill showed gene inductions. Further we 
studied the gene expression difference in crab according to their 
fold change and we confirmed that only 13 genes are mutually 
exclusive to participate in this study, which were the potential 
marker genes for CuO-NPs toxicology. Besides, we conducted 
validation for the results, andthe data generated from RNAseq 
was well consistent with those obtained from real time RT-PCR. 
We confirmed that the CuO-NPs could induce toxic effects in 
crab gills as well as in genetic level. Branchial uptake of ionic 
silver and copper has been well documented in freshwater fish. 
This uptake appears to occur primarily through apical membrane 
sodium channels and the copper transporter protein. Studies 
also have found that Nanocopper, one of the nanoparticulates, 
can induce a significant increase in gill filament width. There 
are various mechanisms for nanoparticulates to increase the gill 
metal level. These particles may be trapped in the mucus layer of 
the gill as demonstrated for larger particles. Even though these 
particles may not actually enter the cells, but mucus entrained 
particles can also increase the intracellular metal content by 
enhanced dissolution due to changes in water chemistry in the 
gill microenvironment including mucus complexation. The other 
possibility is nanoparticles are actually taken up by gill epithelial 
cell (Griffitt et al., 2009). Vulnerability of gills exposed to aquatic 
pollutants has been established in previous studies involving 
different fish species such as the European bullhead Cottus goblo 
(Dorts et al., 2011). Gill tissues of rainbow trout (Oncorhynchus 
mykiss) which were exposed to a sub lethal concentration of 
waterborne zinc also used to investigate the response in the gill 
tissues by differential screening of a heterologous cDNA array 
and protein profiling (Hogstrand et al., 2002). The low amount 
of Cadmium and Mercury accumulation in crab’s gills and 
hepatopancreas lead to major biological problems and death 
too (O’Hara, 1973).

Figure 1. PCA analysis of different dispose groups.

Figure 2. The fold change of gene expression difference in crab.

regulated gene compared with control gill. The same time, the 
control gill showed gradual decrease in gene regulation in the 
crab. Further, we identified the upregulating gene pathways and 
made tree structure on it (Figures 4 and 5).

4 Discussion
Gills are the primary sites for the absorption of many aquatic 

pollutants in fish and other invertebrates because gills are directly 
in contact with the surrounding water and pollutants. The metal 
content of the gills will be increased if they are exposed to both 
dissolved and nanoparticulate metals. The toxicity of these 
particles is largely manifest at the gills and it does not seem to 
be explained simply by particle dissolution. In this study, we 
detected more gene showing differential expressed pattern in 
hepatopancreas and gill of gazami crab after challenged with CuO-
NPs. We sequenced gill and hepatopancreas transcriptome at single 
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Figure 3. The results of real time RT-PCR verification of marker gene.

Figure 4. The pathways of upregulating gene.
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Hepatopancreas has been reported to play an important role 
in responses to environmental stresses besides as detoxification. 
In this study, 56 unigenes (20 up and 36 down) displayed differential 
expression pattern in CuO-NPs treated hepatopancreas tissue, 
but the gene expression pattern between control and CuO-NPs 
treated hepatopancreas was very closed to each other. We need 
further study for the mechanism.

In summary, the current study helps to reveal the toxico-
transcriptomic analysis of Nano-copper oxide on hepatopancreas 
and gill of gazami crab.

References
Ahn, J. M., Eom, H. J., Yang, X., Meyer, J. N., & Choi, J. (2014). 

Comparative toxicity of silver nanoparticles on oxidative stress and 
DNA damage in the nematode, Caenorhabditis elegans. Chemosphere, 
108, 343-352. http://dx.doi.org/10.1016/j.chemosphere.2014.01.078. 
PMid:24726479.

Allen, H. J., Impellitteri, C. A., Macke, D. A., Heckman, J. L., Poynton, H. 
C., Lazorchak, J. M., Govindaswamy, S., Roose, D. L., & Nadagouda, 
M. N. (2010). Effects from filtration, capping agents, and presence/
absence of food on the toxicity of silver nanoparticles to Daphnia 
magna. Environmental Toxicology and Chemistry, 29(12), 2742-2750. 
http://dx.doi.org/10.1002/etc.329. PMid:20890913.

Asharani, P. V., Lian Wu, Y., Gong, Z., & Valiyaveettil, S. (2008). 
Toxicity of silver nanoparticles in zebrafish models. Nanotechnology, 
19(25), 255102. http://dx.doi.org/10.1088/0957-4484/19/25/255102. 
PMid:21828644.

Asharani, P. V., Lianwu, Y., Gong, Z., & Valiyaveettil, S. (2011). Comparison 
of the toxicity of silver, gold and platinum nanoparticles in developing 
zebrafish embryos. Nanotoxicology, 5(1), 43-54. http://dx.doi.org/1
0.3109/17435390.2010.489207. PMid:21417687.

Bar-Ilan, O., Albrecht, R. M., Fako, V. E., & Furgeson, D. Y. (2009). 
Toxicity assessments of multisized gold and silver nanoparticles in 
zebrafish embryos. Small, 5(16), 1897-1910. http://dx.doi.org/10.1002/
smll.200801716. PMid:19437466.

Figure 5. The tree structure of upregulating gene pathways.

Original Article

https://doi.org/10.1016/j.chemosphere.2014.01.078
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24726479&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24726479&dopt=Abstract
https://doi.org/10.1002/etc.329
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20890913&dopt=Abstract
https://doi.org/10.1088/0957-4484/19/25/255102
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21828644&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21828644&dopt=Abstract
https://doi.org/10.3109/17435390.2010.489207
https://doi.org/10.3109/17435390.2010.489207
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21417687&dopt=Abstract
https://doi.org/10.1002/smll.200801716
https://doi.org/10.1002/smll.200801716
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19437466&dopt=Abstract


Li et al.

Food Sci. Technol, Campinas,      v42, e03521, 2022 7

Cordero, F., Beccuti, M., Arigoni, M., Donatelli, S., & Calogero, R. A. 
(2012). Optimizing a massive parallel sequencing workflow for 
quantitative miRNA expression analysis. PLoS One, 7(2), e31630. 
http://dx.doi.org/10.1371/journal.pone.0031630. PMid:22363693.

Dorts, J., Kestemont, P., Marchand, P.-A., D’Hollander, W., Thézenas, 
M.-L., Raes, M., & Silvestre, F. (2011). Ecotoxicoproteomics in gills 
of the sentinel fish species, Cottus gobio, exposed to perfluorooctane 
sulfonate (PFOS). Aquatic Toxicology, 103(1-2), 1-8. http://dx.doi.
org/10.1016/j.aquatox.2011.01.015. PMid:21392490.

Gajdosíková, A., Gajdosik, A., Koneracka, M., Zavisova, V., Stvrtina, 
S., Krchnarova, V., Kopcanský, P., Tomasovicová, N., Stolc, S., & 
Timko, M. (2006). Acute toxicity of magnetic nanoparticles in mice. 
Neuroendocrinology Letters, 27(Suppl. 2), 96-99. PMid:17159789.

Gomes, T., Pereira, C. G., Cardoso, C., Pinheiro, J. P., Cancio, I., & 
Bebianno, M. J. (2012). Accumulation and toxicity of copper oxide 
nanoparticles in the digestive gland of Mytilus galloprovincialis. 
Aquatic Toxicology, 118-119, 72-79. http://dx.doi.org/10.1016/j.
aquatox.2012.03.017. PMid:22522170.

Griffitt, R. J., Hyndman, K., Denslow, N. D., & Barber, D. S. (2009). 
Comparison of molecular and histological changes in zebrafish gills 
exposed to metallic nanoparticles. Toxicological Sciences, 107(2), 
404-415. http://dx.doi.org/10.1093/toxsci/kfn256. PMid:19073994.

Hogstrand, C., Balesaria, S., & Glover, C. N. (2002). Application of 
genomics and proteomics for study of the integrated response 
to zinc exposure in a non-model fish species, the rainbow trout. 
Comparative Biochemistry and Physiology. Part B, Biochemistry 
& Molecular Biology, 133(4), 523-535. http://dx.doi.org/10.1016/
S1096-4959(02)00125-2. PMid:12470816.

Hu, W., Culloty, S., Darmody, G., Lynch, S., Davenport, J., Ramirez-Garcia, 
S., Dawson, K. A., Lynch, I., Blasco, J., & Sheehan, D. (2014). Toxicity 
of copper oxide nanoparticles in the blue mussel, Mytilus edulis: a 
redox proteomic investigation. Chemosphere, 108, 289-299. http://
dx.doi.org/10.1016/j.chemosphere.2014.01.054. PMid:24582357.

Kim, J. S., Yoon, T. J., Yu, K. N., Kim, B. G., Park, S. J., Kim, H. W., 
Lee, K. H., Park, S. B., Lee, J. K., & Cho, M. H. (2006). Toxicity and 
tissue distribution of magnetic nanoparticles in mice. Toxicological 
Sciences, 89(1), 338-347. http://dx.doi.org/10.1093/toxsci/kfj027. 
PMid:16237191.

Langmead, B. (2010). Aligning short sequencing reads with Bowtie. 
Current Protocols in Bioinformatics, 32(1), 11.7.1-11.7.14. http://
dx.doi.org/10.1002/0471250953.bi1107s32. PMid:21154709.

Li, B., & Dewey, C. N. (2011). RSEM: accurate transcript quantification 
from RNA-Seq data with or without a reference genome. BMC 
Bioinformatics, 12(1), 323. http://dx.doi.org/10.1186/1471-2105-
12-323. PMid:21816040.

Li, T., Albee, B., Alemayehu, M., Diaz, R., Ingham, L., Kamal, S., 
Rodriguez, M., & Bishnoi, S. W. (2010). Comparative toxicity study 

of Ag, Au, and Ag-Au bimetallic nanoparticles on Daphnia magna. 
Analytical and Bioanalytical Chemistry, 398(2), 689-700. http://
dx.doi.org/10.1007/s00216-010-3915-1. PMid:20577719.

Ma, H., Bertsch, P. M., Glenn, T. C., Kabengi, N. J., & Williams, P. L. 
(2009). Toxicity of manufactured zinc oxide nanoparticles in the 
nematode Caenorhabditis elegans. Environmental Toxicology and 
Chemistry, 28(6), 1324-1330. http://dx.doi.org/10.1897/08-262.1. 
PMid:19192952.

O’Hara, J. (1973). The influence of temperature and salinity on the 
toxicity of cadium to the fiddler crab, Uca pugilator. Fishery Bulletin 
National Oceanic and Atmospheric Administration, 71(1), 149-153.

Sun, M., Ting Li, Y., Liu, Y., Chin Lee, S., & Wang, L. (2016). Transcriptome 
assembly and expression profiling of molecular responses to cadmium 
toxicity in hepatopancreas of the freshwater crab Sinopotamon 
henanense. Scientific Reports, 6(1), 19405. http://dx.doi.org/10.1038/
srep19405. PMid:26786678.

Thit, A., Selck, H., & Bjerregaard, H. F. (2013). Toxicity of CuO 
nanoparticles and Cu ions to tight epithelial cells from Xenopus laevis 
(A6): effects on proliferation, cell cycle progression and cell death. 
Toxicology In Vitro, 27(5), 1596-1601. http://dx.doi.org/10.1016/j.
tiv.2012.12.013. PMid:23268107.

Tortiglione, C., Quarta, A., Tino, A., Manna, L., Cingolani, R., & Pellegrino, 
T. (2007). Synthesis and biological assay of GSH functionalized 
fluorescent quantum dots for staining Hydra vulgaris. Bioconjugate 
Chemistry, 18(3), 829-835. http://dx.doi.org/10.1021/bc060355t. 
PMid:17441682.

Wang, Y., Aker, W. G., Hwang, H., Yedjou, C. G., Yu, H., & Tchounwou, 
P. B. (2011). A study of the mechanism of in vitro cytotoxicity of 
metal oxide nanoparticles using catfish primary hepatocytes and 
human HepG2 cells. The Science of the Total Environment, 409(22), 
4753-4762. http://dx.doi.org/10.1016/j.scitotenv.2011.07.039. 
PMid:21851965.

Xu, J., Li, Z., Xu, P., Xiao, L., & Yang, Z. (2013). Nanosized copper oxide 
induces apoptosis through oxidative stress in podocytes. Archives 
of Toxicology, 87(6), 1067-1073. http://dx.doi.org/10.1007/s00204-
012-0925-0. PMid:22903339.

Yamauchi, M. M., Miya, M. U., & Nishida, M. (2003). Complete 
mitochondrial DNA sequence of the swimming crab, Portunus 
trituberculatus (Crustacea: Decapoda: Brachyura). Gene, 311, 129-135. 
http://dx.doi.org/10.1016/S0378-1119(03)00582-1. PMid:12853147.

Ziady, A. G., Gedeon, C. R., Muhammad, O., Stillwell, V., Oette, S. 
M., Fink, T. L., Quan, W., Kowalczyk, T. H., Hyatt, S. L., Payne, J., 
Peischl, A., Seng, J. E., Moen, R. C., Cooper, M. J., & Davis, P. B. 
(2003). Minimal toxicity of stabilized compacted DNA nanoparticles 
in the murine lung. Molecular Therapy, 8(6), 948-956. http://dx.doi.
org/10.1016/j.ymthe.2003.09.002. PMid:14664797.

Original Article

https://doi.org/10.1371/journal.pone.0031630
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22363693&dopt=Abstract
https://doi.org/10.1016/j.aquatox.2011.01.015
https://doi.org/10.1016/j.aquatox.2011.01.015
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21392490&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17159789&dopt=Abstract
https://doi.org/10.1016/j.aquatox.2012.03.017
https://doi.org/10.1016/j.aquatox.2012.03.017
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22522170&dopt=Abstract
https://doi.org/10.1093/toxsci/kfn256
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19073994&dopt=Abstract
https://doi.org/10.1016/S1096-4959(02)00125-2
https://doi.org/10.1016/S1096-4959(02)00125-2
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12470816&dopt=Abstract
https://doi.org/10.1016/j.chemosphere.2014.01.054
https://doi.org/10.1016/j.chemosphere.2014.01.054
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24582357&dopt=Abstract
https://doi.org/10.1093/toxsci/kfj027
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16237191&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16237191&dopt=Abstract
https://doi.org/10.1002/0471250953.bi1107s32
https://doi.org/10.1002/0471250953.bi1107s32
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21154709&dopt=Abstract
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21816040&dopt=Abstract
https://doi.org/10.1007/s00216-010-3915-1
https://doi.org/10.1007/s00216-010-3915-1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20577719&dopt=Abstract
https://doi.org/10.1897/08-262.1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19192952&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19192952&dopt=Abstract
https://doi.org/10.1038/srep19405
https://doi.org/10.1038/srep19405
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26786678&dopt=Abstract
https://doi.org/10.1016/j.tiv.2012.12.013
https://doi.org/10.1016/j.tiv.2012.12.013
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23268107&dopt=Abstract
https://doi.org/10.1021/bc060355t
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17441682&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17441682&dopt=Abstract
https://doi.org/10.1016/j.scitotenv.2011.07.039
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21851965&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21851965&dopt=Abstract
https://doi.org/10.1007/s00204-012-0925-0
https://doi.org/10.1007/s00204-012-0925-0
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22903339&dopt=Abstract
https://doi.org/10.1016/S0378-1119(03)00582-1
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12853147&dopt=Abstract
https://doi.org/10.1016/j.ymthe.2003.09.002
https://doi.org/10.1016/j.ymthe.2003.09.002
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=14664797&dopt=Abstract



