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Abstract – Macrophthalmus japonicus is one of the most abundant macrobenthic animals in estuarine zone,
which are transition areas between freshwater and marine environments. The crabs are potential bio-
indicators reflecting aquatic sediment toxicity. So far, limited genetic research has focused on this group of

animals largely due to the limited genomic information. In this study, we performed de novo transcriptome
sequencing to produce the most comprehensive expressed sequence tag resource for M. japonicus, and identi-
fied stress response genes in M. japonicus exposed to antifouling biocides irgarol. Using 454 pyrosequencing,
a total of 887 690 reads were obtained, which were assembled into 24 217 high-quality expressed sequence

tags. These contigs were then clustered into 17 289 isotigs and further grouped into 12 923 isogroups. About
48% of the isogroups showed significant matches to known proteins based on sequence similarity. Moreover,
irgarol toxicity induced up-regulation of stress response genes, associated with proteolysis and oxidation–

reduction in biological process by Gene ontology analyses. Our data provide the most comprehensive
transcriptome resource available for M. japonicus. This resource allowed us to identify genes associated with
proteolysis processes, which facilitated the quantitative analysis of differential gene expression respond to

irgarol toxicity. These data would provide foundation for future genetic and genomic studies of crustacean
species and monitoring to freshwater as well as marine ecosystems.
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Introduction

An estuary is a partly enclosed coastal body of brackish
water with one or more rivers or streams flowing into it,
and with a free connection to the open sea. They form a
transition zone between freshwater and marine environ-
ments. The areas are productive and dynamic systems with
extreme and variable environmental conditions (Heip
et al., 1995). Heavy rainfall is well known that during
floods, unusually large volumes of freshwater runoff from
rivers can have severe impacts on marine habitats,
particularly estuary habitats (Forbes and Cyrus, 1992;
Van Woesik et al., 1995). Various matters in freshwater
may act as a pollutant in the sense of having detrimental
effects on marine habitats. A convenient indicator system
able to detect effects of freshwater runoff into marine
habitats would be useful in assessing the impacts of
disturbance stress on benthic organisms such as

crustaceans. Crustaceans are an ubiquitous group of
invertebrates inhabiting several aquatic habitats, from
muddy lagoons to rocky shores, and they can accumulate
contaminants from both water and food, to reaching levels
of contamination in mussels higher than those measured in
environment (Micheletti et al., 2007). They are important
species in coastal and estuarine areas which are often
heavily impacted by natural and anthropogenic pollutants
(Dam et al., 2008).

Crabs are potential model species bio-indicators
reflecting marine ecosystem, as well as being a commer-
cially important species living along coastal areas in Asia
(Park et al., 2014). Crabs are capable of assisting the
osmoregulatory mechanism by their behavior. Typically, it
does not inhabit waters deviating much in salinity from
normal sea water, but it can regulate osmotically in both
dilute and concentrated sea water (Gross, 1955; Prosser
et al., 1995). Thus, crabs are a significant benthos for
monitoring aquatic environments, such as freshwater as
well as marine ecosystem. Despite this species abundance,
potentiality for aquatic monitoring, and commercial
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importance, biological information is not enough at the
molecular level (Rothberg and Leamon, 2008; Ning et al.,
2013; Wang et al., 2013a).

The Macrophthalmus japonicus crab is one of the most
abundant macrobenthic animals of estuary mudflats and
ubiquitously distributed in Australia as well as Asia
regions involving in Korea (Kitaura et al., 2002; Park
et al., 2014). It burrows on organic matter in the estuarine
zone. Benthos of the tidal flats region play an important
role in purification functions. Macrobenthos activity
mediated decomposition of organic materials in sediments
(Herman et al., 1999). Thus, the crabs are marine
invertebrate with an important role in material cycling
and energy flow in ecosystems, as they are detritivores,
feeding primarily on detritus which is sifted from the
surface sediment (Otania et al., 2010). More information
on genetic aspects of M. japonicus would be valuable,
considering its commercial importance and the model
species for marine environmental monitoring.

The next-generation sequencing (NGS) using GS-FLX
454 pyrosequencer (Life Science/Roche) is well-suited for
de novo transcriptome sequencing for the rapid production
of sequence data with reduced time, labor and cost, and
generates the longest reads (Hudson, 2008). Recent
advances in NGS and bioinformatics show great potential
for expanding EST databases for potentially any non-
model organisms, thus paving the way for functional
genomics on crustaceans. Therefore, the technologies have
been favorably chosen for de novo transcriptome sequen-
cing in some ecologically and economically important
crustaceans species such as lobsters and shrimps
(Kawahara-Miki et al., 2011; Li et al., 2012; O’Rorke
et al., 2012). However, investigations in M. japonicus have
not been conducted, although the transcripts have been
established from marine crustaceans with other technol-
ogy (He et al., 2013; Lv et al., 2013; Zeng et al., 2013).

Marine benthic environment involved an interface
structure between water and substrate. It can adsorb
toxicants, such as biocides, and accumulate with chronic
effects in marine ecosystem (Hall et al., 1999; Larras et al.,
2013; Mai et al., 2013). Emerging booster biocides
contamination raises particular attention in the marine
ecosystem health (Ali et al., 2013). A wide range of
chemicals are used as antifouling biocides, which have very
different physico-chemical properties and therefore differ-
ing environmental fates, behavior and effects (Thomas and
Brooks, 2010). Irgarol is a common antifouling biocide
and is highly toxic to non-target marine species at low
ng.Lx1 concentrations (Sapozhnikova et al., 2013).

The presence of irgarol biocides was revealed in coastal
waters from Korea, USA, Singapore, Australia and
Bermuda (Konstantinou and Albanis, 2004; Knutson
et al., 2012; Kim et al., 2014). Irgarol was detected in
wastewater with average concentrations up to 22 ng.Lx1

as well as in streams and small rivers with up to 14 ng.Lx1

(Luft et al., 2014). In marine ecosystem, it is reported
that irgarol measured up to 254 ng.Lx1 in water and up
to 9 ng.gx1 dry weight in sediments from Southern
California recreational marinas (Sapozhnikova

et al., 2013). Irgarol detected in the Bay of Vilaine area
(Brittany, France) exhibited a clear seasonal pattern,
with highest concentrations recorded in June and July
(Caquet et al., 2013). Maximum concentration of detected
irgarol was 2021 ng.Lx1 in coastal waters of Peninsular
Malaysia (Ali et al., 2013). Irgarol were also detected up to
67.64 ng.Lx1 in Korean coasts (Lee et al., 2010). Irgarol
may cause problems to the top coastal predators due to
bio-accumulation through the food chain (Wang et al.,
2013a). It induced apoptosis through mitochondrial
dysfunction and increased levels of intracellular reactive
oxygen species (ROS) and an immediate ROS burst in cell
line (Wang et al., 2013b). Consequently, frequent detec-
tions of irgarol in sea water lead to the changes of
molecular responses in marine organisms. It is necessarily
need to establish genomic sequence resources of macro-
benthic animals such as crabs for assessment of marine
ecosystem health by irgarol toxicity. Mud crabs inhabiting
in sediment, such as M. japonicus, are more suitable
species as a bio-indicator for monitoring of toxic stress on
marine benthic environment than swimming crabs.

In this study, we performed high-throughput sequen-
cing ofM. japonicus crabs using the 454 GS FLX platform
methods. This provided the comparative transcriptome of
M. japonicus under control and irgarol exposure condi-
tion. The aims of this study were to enrich the genomic
resources for M. japonicus, and to identify potential genes
inducing in irgarol toxicity. A further goal was to examine
the patterns of gene expression as a biomarker to detect
stress response in M. japonicus by antifouling biocides
irgarol exposure. These results would provide an invalu-
able resource for future genetic and genomic studies of
mud crab and related species. Furthermore, information
generate from this study will be useful to identify
candidate genes for monitoring irgarol toxicity in marine
ecosystems.

Materials and methods

Sample preparation and irgarol exposure experiment

M. japonicus (Macrophthalmidae, Decapoda,
Malacostraca) crabs, with an average length of about
3 cm, were collected from Yeosu Aquatic Products Market
(Jeonnam, Korea). The crabs were placed in aerated glass
containers filled with natural seawater at a density of
15 crabs per tank, and were fed daily with fish or clam
meat for a week. Crabs were acclimated to a temperature
of 20¡1 xC, salinity of 30¡2‰ and an alternating 12-h
light–dark schedule for at least 1 week, and the water was
changed daily and aeration was kept constant. Non-
damaged mature specimens were then selected for testing.

The crabs were divided into two groups (20 crabs per
group) and exposed to 10 mg.Lx1 irgarol and seawater
(control) for 96 h. Analytical-grade Irgarol1 (Irgarol
1051) was obtained from Sigma-Aldrich (USA). A stock
solution of irgarol was prepared by dissolution of the solid
in analytical grade acetone (100%), and the doses were
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administered to obtain a final acetone concentration of
<0.1% in each treatment. It was stored at room
temperature (22¡2 xC) for the duration of the experi-
ments. Working solutions were prepared by diluting the
stock solution in sea water. During exposure, crabs were
maintained in glass aquaria containing aerated sea water,
in under same thermohaline conditions used in the
acclimatization period. For exposure tests, water was
changed daily, and fresh irgarol was added at pre-
determined concentrations. Exposure was conducted at a
constant temperature (20¡1 xC), and a 12:12 h light–dark
photoperiod was used for all experiments. All experiments
were conducted in triplicate using independent samples.
For each group, the gill from total 60 crabs were collected
after 96 h and samples were stored at x80 xC until RNA
extraction within 1 weeks.

RNA isolation and 454 sequencing

Total RNA from M. japonicus were obtained using
TRIZOL1 reagent (Invitrogen) in accordance with the
manufacturer’s instructions, and were cleaned using the
Nucleospin RN-Clean up kit (Germany). RNA purity and
concentration were checked using the NanoDrop2000
spectrophotometer (Thermo Scientific, USA) and 1%
agarose gel electrophoresis. The purified RNA was stored
at x80 xC until further processing. Equal total 3 mg RNA
were reverse-transcribed into cDNA using a SuperScript@

III RT kit (Invitrogen, CA, USA) as per the manufac-
turer’s instructions. Irgarol treated and control samples
were run on a sequencing plate. The 454 sequencing
experiments were performed by the SolGent@ sequencing
center (Korea).

Sequence assembly and functional annotation

The raw reads of 454 sequencing were first filtered to
remove adaptor sequences and low-quality reads. All
reads shorter than 40 bp were removed based on an
assumption that small reads would fail to assemble and
that they might represent sequencing artifacts. The pre-
processed sequences of trimmed and size-selected reads
were assembled using the Newbler v2.5 assembly program
(Roche) (cDNA assembly mode) where all of the para-
meters were set to their default values. Default assembly
parameters were used with the minimum overlap length of
40 bp and the minimum sequence identity of 90%.
Singletons, i.e., reads that were not incorporated into any
contigs, were retained in the data set because many were
likely to be fragments of low-expressed transcripts.
Assembled contigs and singletons were pooled for sub-
sequent analysis.

The assembled sequences were mapped against Swiss-
Prot and the NCBI non-redundant (Nr) protein databases
using BLASTX with an E-value threshold of 10x3. Gene
names were assigned to each assembled sequence based on
the best BLAST hit. GoPipe was used to annotate the

assembled sequences with gene ontology (GO) terms
describing biological processes, molecular functions and
cellular components (Chen et al., 2005). GoPipe is a tool
for integrating BLAST results into streamlined GO
annotations for batched sequences.

Real-time RT–PCR confirmation of 454 GS FLX
sequencing data

To validate induced expression of proteolysis genes in
crabs exposed to irgarol, five differentially expressed genes
were selected for quantitative RT–PCR analysis. The full
names and sequence information of these genes are listed
in Table 3. All primers in this study were chosen using
Primer 3 software (Whitehead Institute for Biomedical
Research, Cambridge, MA, USA). The mRNA level of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal control (KF804084) for RT–PCR.

For RNA samples, group containing 20 crabs were
treated with 10 mg.Lx1 irgarol and another group contain-
ing 20 crabs were kept in seawater as a control group.
Exposure period was 96 h and each group containing
20 crabs was utilized for subsequent analyses. All experi-
ments were conducted in triplicate using independent
samples. The solvent control (<0.1% acetone) crabs that
were used as controls were also measured in triplicate.
Exposure experiment was conducted at a constant tem-
perature (20¡1 xC), and a 12:12 h light–dark photoperiod
was used for all experiments. Total RNA isolation and
cDNA synthesis from gill of M. japonicus were obtained
using the same methods as for the transcriptome profiling
in accordance with the manufacturer’s instructions.

Quantitative RT–PCR amplification and measure-
ments were conducted using an AB7300 Real Time PCR
System (Applied Biosystems, Foster City, CA, USA) in
accordance with the manufacturer’s instructions. To
quantify the cDNA, RT–PCR was conducted using a
master mix with a final volume of 20 mL that contained
1 mL of cDNA template, 0.2 mM of each primer and
1rSYBR1 Premix Ex Taq (Takara, Kyoto, Japan). The
RT–PCR reactions were run with an initial denaturing at
95 xC for 5 min followed by 40 cycles of 95 xC for 15 s,
60 xC for 50 s and 72 xC for 1 min. The quality of the
amplification was then assessed with an AB7300 Real
Time PCR system (Applied Biosystems) to conduct
dissociation curve analysis. The obtained cycle threshold
(Ct) values were converted into mRNA copy numbers
using standard plots of Ct versus log copy number by the
2_DDCt method, using AB7300 System SDS software.

All data were provided as relative mRNA expression
reported as means¡standard error of the mean (SEM).
The expression levels of M. japonicus GAPDH mRNA
was used as an internal standard to normalize the
expression levels (Nikapitiya et al., 2014). For calculation
of the relative mRNA expression, transcript levels of five
regulated genes were normalized against the level of
GAPDH in the same samples based on the standard
curves. The normalized levels of the five gene transcripts in
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the irgarol-treated group were then compared with those
of the controls using one-way ANOVA test using SPSS
12.0KO (SPSS Inc., Chicago, IL, USA) at a significance
level of P<0.05. Each test consisted of at least three
replicates.

Results

Sequencing analysis and assembly

Two types of cDNA samples, which represented
control and irgarol treated crab tissues of M. japonicus,
were prepared and sequenced using the 454 GS FLX
platform. The two sequencing runs produced a total of
887 690 reads with an average length of 320 bases
(Table 1). Newbler v2.6 was used with the default
parameters to screen for adapter sequences and eliminate
poor quality reads. After quality trimming and removal of
adapter sequences, 759 336 (86% of the raw reads) reads
remained in the assembly. Out of these, 630982 (71.1%)
reads assembled completely or partially into contigs and
128354 (14.5%) reads remained as singletons. Further,
redundants (758 reads; 0.08%), outliers (32 700 reads;
4.3%) and short reads (<40 base pairs: 20 266 reads;
2.7%) were excluded during assembly.

Newbler’s terminology for assembled reads comprised
three elements: contigs (stretches of assembled reads that
were free of branching conflicts), isotigs (continuous path
through a set of contigs) and isogroups (groups of isotigs
arising from the same set of contigs). For consistency, we
use this terminology throughout this paper. Our data were
assembled into 24 217 contigs, which grouped into 18 273
isotigs. Of these isotigs, 7153 (39.1%) contained only one
contig, and the average number of contigs per isotig was
1.4. Assembly of the high-quality reads produced 24217
contigs with an average length of 557 bp (N50=768 bp).
Size distribution of these contigs is shown in Figure 1(A).
Contigs were then assembled into 18 273 isotigs with an
average length of 692 bp (N50=886 bp). The size
distribution of isotigs is shown in Figure 1(B). The average
contig coverage for each isotig was 1.4. The 18 273 isotigs
fell into 12 923 isogroups, where 14 819 (77.4%) contained
only one isotig (the average number of isotigs per isogoup
was 1.2, Table 1). Although many singletons could

represent useful lowly expressed transcripts, it is also
possible that some are artifacts derived from cDNA
synthesis, sequencing and contamination (Meyer et al.,
2009). PCR validation or re-sequencing is necessary to
verify the validity of these singletons. Hence, these
singletons were excluded from the following analyses.

Transcriptome annotation

Several complementary approaches were used to
annotate the assembled sequences. First, we used
BLASTX to map the 146 627 assembled sequences
(18 273 isotigs+128 354 singletons) against the entire
RefSeq protein database with an E-value cut-off of
1r10x3. To simplify the statistics, we only reported the
results for the longest isotig per isogroup. Of the 12 923
isotigs, 6731(52.1%) had at least one hit and 6020 (46.6%)
were matched to proteins with known functions. Out of
the 128 354 singletons, 48 241 (37.6%) had hits and 39 124
(30.1%) were matched to known proteins.

GO assignments were used to classify the functions of
the predicted genes. Based on sequence homology,

Table 1. Summary of the sequencing and assembly of the

intertidal mud crab, Macrophthalmus japonicus, transcriptome.

Raw reads (base pairs) 887 690 (368 697 206)
Clean reads 759 336
Contigs 24 217
Contig size N50 807
Average length of contigs 735
Isotigs 18 273
Isotig size N50 1029
Average length of isotigs 855
Isogroups 12 923
Singletons 128 354

Fig. 1. Overview of Macrophthalmus japonicus transcriptome

sequencing and assembly. (A) Size distribution of 454 sequencing
after removal of adapter and short reads (<40 bases). (B) Size
distribution of isotigs.
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sequences can be categorized into 45 functional groups;
the best hits from this query were extracted for GO
classification using Uniprot2GO; each sequence was
assigned at least one GO term. Second-level GO terms
were used to classify the sequences in terms of their
involvement as cellular components, in molecular func-
tions, and in biological processes (Fig. 2). Of the
annotated sequences, 17 905 were assigned GO terms. In
total, 110 295 GO terms were obtained, which included
51.1% related to biological processes, 22.2% to molecular
functions and 26.7% to cellular components (Fig. 2).

Selected GO categories in control crab samples were
shown within the top-level divisions of Biological Process,
Molecular Function, and Cellular Component. In gener-
ally, percentages of genes in control samples were higher
than irgarol exposed samples in each GO categories.
However, nine GO terms were assigned to annotate
categories of up-regulated genes in irgarol exposure
condition. Genes involved in the proteolysis categories
(GO:0006508) was highly represented in biological pro-
cess. Within molecular function, the most represented GO

categories were serine hydrolase activity (GO:0017171),
acting on L-amino acid peptides (GO:0070011), serine-
type endopeptidase activity (GO:0004252), endopeptidase
activity (GO:0004175), serine-type peptidase activity
(GO:0008236), peptidase activity (GO:0008233), hydro-
lase activity (GO:0016787) and structural constituent of
cuticle (GO:0042302) (Fig. 2).

In main species distribution matched against Nr
database, 12.3% of the matched unigenes showed simila-
rities with Daphnia pulex, followed by Eriocheir sinensis
(11.4%), Litopenaeus vannamei (9.3%), Portunus pelagicus
(6.4%), Tribolium castaneum (5.2%), Scylla paramamosain
(4.8%), Callinectes sapidus (2.7%), Nasonia vitripennis
(2.1%), Marsupenaeus japonicus (1.3%) and 44.5% of
other species (Fig. 3).

Differentially expressed genes

GO enrichment analysis conducted to compare differ-
ently expressed genes between control and irgarol

Fig. 2. GO term distribution of BLAST hits from the Macrophthalmus japonicus transcriptome. Selected GO categories are shown

within the top-level divisions of Biological Process, Molecular Function, and Cellular Component. The relative percentages of genes
falling into GO categories are comparable between our M. japonicus transcriptome (blue) and the M. japonicus exposed to irgarol
genome (brown).
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treatment libraries. Comparing annotated GO terms, we
identified over/under represented functional categories.
GO terms with significant differences were deduced from
statistical results in comparison with two groups by
fisher’s exact test. Comparison of gene expression showed
that 4110 isotigs were differentially expressed between
control and irgarol exposure samples. Total 40 genes
involving in proteolysis of biological process were selected
(Table 2). Selected genes were assigned to annotated
categories of up-regulated genes in irgarol exposure
condition.

To validate our 454 sequencing results, five differen-
tially regulated genes were selected for quantitative real-
time RT–PCR analysis. These genes involved caspase,
chymotrypsin, trypsin, serine protease (SP) and heat shock
protein 90 (HSP90). The sequences of the primers used are
listed in Table 3. We investigated the mRNA responses of
the five genes inM. japonicus exposed to 10 mg.Lx1 irgarol
for 96 h (Fig. 4). The caspase gene expression significantly
increased in M. japonicus as three times compare with
solvent control. Expressions of chymotrypsin and HSP90
mRNA induced two times more in M. japonicus exposed
to irgarol than the control group. Up-regulation of
SP gene also observed in M. japonicus after irgarol
exposure. The greatest increase in trypsin gene expression
was observed in response to treatment with irgarol at
10 mg.Lx1 (P<0.01). The expression levels of the five
genes validated using real-time RT–PCR confirmed the
robustness of the 454 sequencing results (Fig. 4).

Discussion

Organotin compounds, used as antifouling biocides on
ships, marine structures and fishing nets, has become a

problem, because of their toxicity and environmental
accumulation (Cleary and Stebbing, 1987). Irgarol has
been widely used as a booster biocide in copper-based
antifoulant paints for controlling fouling organisms on the
hulls of recreational and commercial watercraft (Bao
et al., 2013). As the consumption of these biocides
increases, it gives a negative impact on physiology through
the retardation of the development of eggs and embryos of
aquatic species, leading to an increased mortality rate
(Tsunemasa and Yamazaki, 2014). The sediment layers
were thought to indicate the chronology of the biocide’s
accumulation.

The M. japonicus, inhabiting muddy flats of estuary
ecosystem, are an excellent bio-indicator for monitoring of
toxic stress on estuary sediment. Due to limited knowledge
of genomic resources necessary for mechanistic study, the
effect of toxic stress at the genomic level was rarely
studied. However, there are no enough transcripts infor-
mation of M. japonicus species to identify the molecular
effects of M. japonicus following irgarol toxic stress. This
work describes the first analysis of M. japonicus transcrip-
tome using 454 pyrosequencing technology, and obtained
a significant portion of its transcriptome. Moreover, we
identified clusters of genes involved in a broad range of
functional processes and characterized proteolysis re-
sponse genes to antifouling biocides irgarol toxicity in
M. japonicus.

The developing molecular techniques have been led a
vast accumulation of genomic information in various
marine species (Li et al., 2012; O’Rorke et al., 2012; Lv
et al., 2013). The former studies on M. japonicus
transcriptome were performed using traditional cDNA
library and sanger sequencing methods with RNA from
various organs; however, it remains insufficient for
the comprehensive understanding of M. japonicus

Fig. 3. Percentage ofMacrophthalmus japonicus pyrosequence ESTs showing significant similarity with sequences in GenBank searched

against NCBI. NCBI: National Center for Biotechnology Information, EST: expressed sequence tag.
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transcriptome. Comparing with the transitional sanger-
based methods, the high-throughput NGS techniques
provided sufficient transcriptome data of crustaceans and
prompted the genome studies of crustaceans. In our study,
sequencing runs produced a total of 887 690 reads and
then, we generated 24 217 contigs of M. japonicus
transcriptome based on the NGS techniques (Table 1).
Further GO analysis suggested to categorize for searching
a potential genes responding to irgarol exposure on the
M. japonicus.

In GO Enrichment analysis, percentage of genes in
control samples were generally higher than samples
exposed to irgarol in categorized 45 functional groups
(Fig. 2). However, comparing with control percentage,
high percentage of genes in irgarol samples observed in
proteolysis categories of the biological process compo-
nents (Fig. 2). The result suggests that irgarol toxicity may
induce regulation of proteolysis on the crab M. japonicus.
Proteolysis is a cleavage of proteins into smaller polypep-
tides or amino acids, typically either activate or impair the
functionality of cellular proteins which occurs in vivo
(Pham et al., 2014). It is most commonly achieved by the
activity of cellular enzymes called proteases. Many classes
of proteases that cover a variety of physiological roles such
as coagulation, metabolism and cell death has been
reported (Kojro and Postina, 2009; Wysocka and Lesner,
2013). Proteolysis process can occur during cellular
homeostasis or can be induced due to external stress
stimuli such as heat, biological or chemical disturbance
(Pham et al., 2014).

In the present study, the gene percentages of eight GO
categories were higher in irgarol samples than the control
samples within molecular function (Fig. 2). Eight GO
categories in molecular function were serine hydrolase
activity, peptidase activity/acting on L-amino acid pep-
tides, serine-type endopeptidase activity, endopeptidase
activity, serine-type peptidase activity, peptidase activity
and hydrolase activity, and structural constituent of
cuticle. Moreover, irgarol treatment on M. japonicus
significantly induced up-regulation of proteolysis related
genes, such as caspase, chymotrypsin, trypsin, SP and
HSP90 (Fig. 4). SPs are the dominant class of proteolytic

Table 2. Selected proteolysis process genes identified in the

Macrophthalmus japonicus transcriptome.

Biological process (proteolysis)
Number
of isotig

Length
(range)

Aminopeptidase 8 514–1191
ATP-dependent metalloprotease FtsH 1 499
Carboxypeptidase 24 457–793
Calpain 11 477–2164
Caspase 3 422–2317
Cathepsin 29 349–1948
Chymotrypsin 2 140–1918
Chymotrypsin-like proteinase 8 151–375
Clip domain serine protease (SP) 19 476–1352
Collagenolytic SP 5 142–986
Cystein protease 3 483–1131
DN-damage inducible protein 2 454–566
Heat shock protein HtpX 1 480
Hepatopancreas trypsin 10 482–522
Heat shock protein 90 13 303–1289
Masquerade-like protein 32 463–1156
Metalloendopeptidase 1 459
Metalloprotease 1 464
Metalloproteinase 3 493–500
Methionine aminopeptidase 1 500
Progesterone-like protein 4 449–1074
Prophenoloxidase-activating enzyme III 2 463–871
Prophenoloxidase-activating factor 3 182–1176
Proteasome 4 764–1408
Proteasome subunit 9 486–880
Serine collagenase 1 precursor 33 357–780
SP 15 485–890
Serine proteinase 7 512–1548
Serine proteinase-like protein 1 680
Tolloid-like protein 2 1 1743
Tripeptidyl-peptidase 2 2 462–500
Trypsin 3507 257–540
Trypsin-like SP 277 283–864
Trypsinogen 1 13 109–522
UDP-glucose 4-epimerase 2 492–1123
Ubiquitin carboxyl-terminal hydrolase 7 649–1817
Ubiquitin-specific peptidase 4 485–578
Ubiquitin carboxyl-terminal esterase L3 1 455
Zinc metalloproteinase 31 403–507
Zinc proteinase Mpc1 10 284–616

Table 3. Primers of specific genes for real-time RT–PCR confirmation.

Gene Primer sequences Amplified size (bp) GenBank Accession no.
Caspase 5k-CGTCTGCGATAAGAACGTCA-3k 241 HM483599**

5k-GTAGTCCGGTCTCGTCCTC-3k
Chymotrypsin 5k-CTCACCAGGTGGCTCTCTTC-3k 242 KT221087**

5k-CAGCCTGATGAGGGAAATGT-3k
Trypsin 5k-CCCAACACAAGACTGGGACT-3k 208 KJ653261

5k-CAACAAGTGGTTGGGTGTTG-3k
SP 5k-CGCGAGATAGTGTTCAACGA-3k 235 KT221089**

5k-CTCTCCTTGGCAGCAACTTC-3k
HSP90 5k-GAGAACCTGCAACAGCACAA-3k 233 KT221088**

5k-ACGTACTCGGAAAGGGAGGT-3k
GAPDH 5k-AGGTTGTGGCTGTGAATGAC-3k 340 KF804084

5k-CTTGGAGTACTTCTCAAGG-3k

**Accession #s to be deposited in GenBank.
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enzymes in many insect species (Terra and Ferreira, 1994;
Terra et al., 1996; Park and Kwak, 2008), and constitute
one of the largest families of enzymes in the animal
kingdom (Barrett and Rawlings, 1995; Hedstrom, 2002).
They play important roles in immune response, food
protein digestion, embryogenesis and other biological
progress in insects (Herrero et al., 2005; O’Connell et al.,
2006; Sveinsdóttir et al., 2006; Broehan et al., 2007). The
chymotrypsin-like SP is the enzyme involved in skin
penetration. Previous studies have confirmed that chymo-
trypsin-like SP has the ability to degrade skin elastin, and
the three sites of cleavage within elastin have been used to
help define a new family of elastases (Salter et al., 2000).
Trypsin is an alkaline proteolytic enzyme which belongs to
the SP family and acts as a digestive enzyme in many
organisms including crustaceans which are involved in
hydrolysis of lysine and arginine (Kishimura et al., 2007).
Irgarol induces apoptosis through mitochondrial dysfunc-
tion and oxidative stresses in human cell line (Wang et al.,
2013b). Irgarol exposure also induces oxidative damage,
either by increasing the generation of ROS, decreasing
anti-oxidant defenses, or both on the coral Madracis
mirabilis (Downs and Downs, 2007). Caspases, aspartate-
specific cysteine proteases, have fate-determining roles in
many cellular processes, including apoptosis, differentia-
tion, neuronal remodeling, inflammation and immunity
in multicellular organisms (Yuan and Kroemer, 2010;
Chávez-Mardones and Gallardo-Escárate, 2014).
Additionally, HSP90 constitutes targets of caspase-
mediated proteolysis during apoptosis triggered by ioniz-
ing radiation (Prasad et al., 1998). Proteolysis is an
irreversible posttranslational modification that directs the
fate of cells in apoptosis, protein degradation, blood
coagulation and many other processes (Morgan et al.,
2014). Results in the present study suggest that the
proteolytic genes have significant roles for cellular fate
determination during apoptosis or immune response
induced by irgarol toxicity. Irgarol is essentially stable

and persistent in the aquatic environment with an
estimated half-life of about 100 days in seawater (Scarlett
et al., 1997; USEPA, 2010). Consequently, life cycle of
marine organisms was influenced by chronic effects of
irgarol toxicity. Comparison of gene expression between
the control and irgarol treatment groups in the current
experiment is helpful for identification of candidate genes
underlying response to irgarol stress in M. japonicus.
These transcriptome information can make use of envir-
onmental monitoring for chronic effects of irgarol toxicity
on estuary ecosystem.
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