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Methylmercury  (MeHg)  is  a concerning  environmental  pollutant  that  bioaccumulates  and  biomagnifies
in  the aquatic  food  web.  However,  the  effects  of MeHg  on  marine  zooplankton  are poorly  understood
even  though  zooplankton  are  considered  key  mediators  of  the  bioaccumulation  and  biomagnification  of
MeHg  in  high-trophic  marine  organisms.  Here,  the toxicity  of MeHg  in the  benthic  copepod  Tigriopus
japonicus  was  assessed,  and  its  adverse  effects  on growth  rate  and  reproduction  were  demonstrated.
Antioxidant  enzymatic  activities  were  increased  in  the  presence  of  MeHg,  indicating  that  these  enzymes
play  an  important  role  in  the defense  response  to MeHg,  which  is  regulated  by  a complex  mechanism.
eHg
ethyl mercury

eactive oxygen species
opepod
igriopus japonicus
ntioxidant system

Subsequent  activation  of  different  patterns  of mitogen-activated  protein  kinase  (MAPK)  pathways  was
demonstrated,  providing  a  mechanistic  approach  to  understand  the  signaling  pathways  involved  in  the
effects of MeHg.  Our results  provide  valuable  information  for understanding  the  toxicity  of MeHg  and
the  underlying  defense  mechanism  in response  to MeHg  exposure  in  marine zooplankton.

©  2017  Elsevier  B.V.  All  rights  reserved.

APK signaling pathway

. Introduction

In the aquatic environment, mercury is converted into vari-
us forms including metallic elements, inorganic salts, and organic
ompounds. Among these, organic mercury including methylmer-
ury (MeHg) is known to have the highest toxicity among metals.
ercury is methylated to MeHg by sulfate-reducing bacteria and is

ubsequently taken up by microorganisms in the aquatic environ-
ent, resulting in biomagnification of up to 10,000-to 100,000-fold

n high-trophic organisms (e.g., fish) compared to the concentration
n the ambient water column (US EPA, 1997).

MeHg is a well-known neurotoxin, with particularly high tox-

city in the nervous system (Clarkson et al., 2003) because it
ccumulates to high levels in astrocytes, which account for approx-
mately 50% of the central nervous system (CNS), and both inhibits

∗ Corresponding author at: Department of Biological Science, College of Science,
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astrocytic uptake of glutamate and stimulates its efflux, leading
to accumulation of glutamate in the extracellular fluid (Aschner,
1996; Aschner et al., 2000). This high concentration of glutamate
stimulates N-methyl D-aspartate (NMDA)-type glutamate recep-
tors, resulting in an increase in Na+ and Ca+ influx (Choi, 1992;
Pivovarova and Andrews, 2010). The increased Ca+ levels cause
mitochondrial dysfunction with the generation of reactive oxygen
species (ROS) (Atchison and Hare, 1994; Dreiem and Seegal, 2007).
Thus, oxidative stress is closely linked to neurotoxicity and is con-
sidered a central event mediating MeHg-induced toxicity (Aschner
et al., 2007). To date, there are several reports on MeHg-induced
oxidative stress in invertebrates. For example, in the fruit fly
Drosophila melanogaster, dietary MeHg exposure increased intra-
cellular ROS levels and lipid peroxidation (Chauhan and Chauhan,
2016). In the nematode Caenorhabditis elegans,  dietary exposure
to 25 �M MeHg significantly increased the ROS level and mRNA
expression level of glutathione S-transferase (GST) genes and led
to developmental toxicity and neuron dysfunction (Vanduyn et al.,

2010). MeHg is also known to cause adverse effects on growth and
reproduction in an organism. For example, the fathead minnow
Pimephales promelas female exposed to dietary MeHg exhibited
retardation in reproduction and delayed spawning with inhibition

dx.doi.org/10.1016/j.aquatox.2017.01.010
http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquatox.2017.01.010&domain=pdf
mailto:cbjeong3@hanyang.ac.kr
mailto:jslee2@skku.edu
dx.doi.org/10.1016/j.aquatox.2017.01.010


1 oxicolo

o
a
c
h
(

o
c
e
f
h
2
i
t
s
r
t
i
e

i
f
1
e
c
r
w
k
l
o
r
o

2

2

a
K
t
s
w
m
u
t
o
2

2

c
t
a
3
m
c
1
[
t
L
w
e
o

34 Y.H. Lee et al. / Aquatic T

f gonadal development (Hammerschmidt et al., 2002; Drevnick
nd Sandheinrich, 2003). In the nematode C. elegans, signifi-
ant developmental defects with 40% delayed time to adulthood
ave shown as a consequence of MeHg-induced oxidative stress
Vanduyn et al., 2010).

However, only a few studies have been conducted on the effects
f MeHg on marine invertebrates despite their important ecologi-
al niche. In particular, among marine invertebrates, copepods are
cologically key species as they play an important role in the marine
ood chain, bridging the energy flow between primary producer and
igher trophic organisms as an important food source (Lee et al.,
006; Pinto et al., 2001). Moreover, copepods have high relevance

n laboratory experiments for ecotoxicological studies because of
heir high susceptibility to environmental toxicants, small body
ize (∼1 mm),  short life cycle (∼2 weeks), ease of culture, and high
eproductive rate (Raisuddin et al., 2007). In the present study,
he benthic copepod Tigriopus japonicus was chosen as an exper-
mental species based on these attractive aspects of copepods for
cotoxicological study.

We  induced acute toxicity for 24 and 48 h to assess the tox-
city of MeHg on T. japonicus and measured growth rate and
ecundity in response to different concentrations of MeHg (0,
, 10, 100, 500, and 1000 ng/L). Next, activities of antioxidant
nzymes and their transcription levels were investigated to elu-
idate the defense mechanism against the elevated ROS levels in
esponse to MeHg exposure. Furthermore, phosphorylation status
as examined to determine whether mitogen-activated protein

inase (MAPK) pathways are involved in the defense against cellu-
ar damage induced by MeHg-mediated oxidative stress. The results
f this study provide valuable information to better understand the
esponses of marine copepods to MeHg from the molecular to the
rganismal level.

. Materials and methods

.1. Culture and maintenance

The copepod T. japonicus was collected from a single rock pool
t Haeundae beach (35◦9′29.57”N, 129◦9′36.60”E) in Busan (South
orea) in 2003, and maintained under controlled incubator condi-

ions with a 12 h light/12 h dark cycle at a temperature of 25 ◦C. The
alinity of the culture medium was 30 practical salinity units (psu)
ith pH 8.0. T. japonicus was fed a diet of Chlorella sp. (approxi-
ately 6 × 104 cells/mL) once a day. The identity of copepod species

sed for this experiment was verified by morphological characteris-
ics and sequence analysis of T. japonicus mitochondrial cytochrome
xidase 1 (mt  CO1) as the barcoding gene for animals (Ki et al.,
009).

.2. Acute toxicity tests

The no observed effect concentration (NOEC) and half lethal
oncentration (LC50) at 48 and 96 h were evaluated to assess
he acute toxicity of MeHg. Methyl mercury chloride (CH3HgCl,
nalytical grade, molecular weight 251.08, purity >99.8%; cat. no.
3368) was purchased from Sigma-Aldrich (St. Louis, MO,  USA). Ten
ale T. japonicus were exposed to 4 mL  artificial sea water (ASW)

ontaining different concentrations of MeHg (0, 1 [3.983 pM],
0 [39.828 pM], 100 [0.398 nM], 500 [1.991 nM], and 1000 ng/L
3.983 nM]) for 48 and 96 h under laboratory conditions and each
reatment was performed in triplicate in 12-well culture plates (SPL

ife Sciences, Seoul, South Korea). During the experiments, food
as not supplied, and half of the media was renewed 48 h after

xposure. Mortality was measured by examination under a stere-
microscope (SZX-ILLK200, Olympus Corporation, Tokyo, Japan)
gy 184 (2017) 133–141

every 24 h, and a copepod was  considered dead when it showed
no sign of movement. Finally, NOEC, LC10, and LC50 values were
calculated using Probit analysis (ToxRat Ver.2.09, Alsdorf, Germany,
GmbH, 2005).

2.3. Growth rate and fecundity

Developmental time and fecundity were measured in T. japon-
icus exposed to 0, 1, 10, 100, 500, or 1000 ng/L MeHg. To examine
retardation in developmental time, ovigerous females were initially
collected and incubated in ASW for 2 h. Newborn nauplii were col-
lected for in vivo experiments. Ten nauplii were transferred into
12-well culture plates with 4 mL  ASW containing 0, 1, 10, 100, 500,
or 1000 ng/L MeHg in triplicate. Developmental stages of nauplii
in each exposure group were observed under a stereomicroscope
(SZX-ILLK200, Olympus Corporation) every 24 h. The observation
of nauplii was  finished when all nauplii were matured, whereas
observations on ovigerous females were continually performed to
measure the fecundity.

To examine the effect of MeHg exposure on reproduction in T.
japonicus, ten individual ovigerous females were transferred into
12-well culture plates and exposed to 0, 1, 10, 100, 500, or 1000 ng/L
MeHg. Fecundity was measured by counting newborn nauplii every
24 h. During the experiments, half of the test media was renewed
daily with green algae Chlorella sp. to maintain the copepods. All
experiments were performed in triplicate, and temperature was
maintained at 25 ◦C.

2.4. Measurement of reactive oxygen species (ROS) and
glutathione (GSH) contents

To examine whether MeHg induces oxidative stress in the cope-
pod T. japonicus, the intracellular ROS levels and GSH contents were
measured after MeHg exposure (0, 1, 10, 100, 500, and 1000 ng/L).
After MeHg exposure for 24 h, copepods (approximately 1000 indi-
viduals) were homogenized in a buffer containing 0.32 M sucrose,
20 mM HEPES, 1 mM MgCl2, and 0.5 mM PMSF (pH 7.4) using a
Teflon homogenizer. The homogenate was centrifuged at 3000 × g
for 20 min  at 4 ◦C, and the supernatant was collected and used for
measurements.

ROS level was  measured using 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA; Molecular Probes, Eugene, OR, USA), which
was oxidized to fluorescent dichlorofluorescein (DCF) by intra-
cellular ROS. Black 96-well plates (SPL Life Sciences) were filled
with phosphate-buffered saline (PBS), probe (H2DCFDA at a final
concentration of 40 �M),  and the supernatant fraction to a final
volume of 200 �L. Measurements were obtained at an excitation
wavelength of 485 nm and emission wavelength of 520 nm using a
spectrophotometer (ThermoTM Varioskan Flash, Thermo Electron,
Vantaa, Finland).

Glutathione (GSH) concentration was determined enzymati-
cally by measuring 5-thio-2-nitrobenzoic acid (TNB) as GSH cause a
reduction of 5,5′-dithiobis(2-nitrobenzoic acid) (DTNB) to TNB. TNB
was measured at an absorbance of 412 nm with a spectrophotome-
ter (ThermoTM Varioskan Flash), and the level of GSH was calculated
against standard curves generated using GSH equivalents (0, 150,
and 350 �M).

The ROS and GSH levels were normalized to total protein as
determined by the Bradford method (Bradford, 1976) and pre-
sented as percentage relative to control.

2.5. Measurement of GSH-related enzymatic activities
Glutathione peroxidase (GPx), glutathione reductase (GR), GST,
and superoxide dismutase (SOD) activities were measured by using
commercially available kits from Sigma-Aldrich. After exposure to
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ifferent concentrations (0, 1, 10, 100, 500, and 1000 ng/L) of MeHg
or 24 h, T. japonicus (approximately 1000 individuals) was  homog-
nized in cold buffer (50 mM Tris–HCl, 5 mM EDTA, and 1 mM
-mercaptoethanol, pH 7.5) at a ratio of 1:4 (w/v) using a Teflon
omogenizer. The homogenates were centrifuged at 10,000g for
0 min  at 4 ◦C, and the upper aqueous layer containing the cytosolic
raction was collected for enzymatic assay according to the manu-
acturer’s protocol.

The GPx and GR activity was indirectly determined by mea-
uring NADPH consumption. tert-butyl hydroperoxide (t-Bu-OOH)
as used as a substrate for GPx. During the reduction of t-Bu-
OH by GPx, oxidized GSH is generated which in turn reduced to
SH using NADPH as a reducing agent. The decrease in NADPH
bsorbance at 340 nm was measured with a spectrophotometer
ThermoTM Varioskan Flash). In the case of GR, the decreased
bsorbance caused by the oxidation of NADPH during reduction
f oxidized GSH by GR was measured at 340 nm.

GST activity was measured using 1-chloro-2,4-dinitrobenzene
CDNB) as a substrate. The enzymatic assay monitored the con-
ugation of CDNB and GSH by detection at 340 nm. Total SOD
ctivity was measured by an enzymatic method using an SOD
ssay kit (Sigma-Aldrich). SOD activity was measured as an
nhibition rate of the reduction of WST-1 (2-(4-lodophenyl)-3-(4-
itrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium
alt) that produce a water-soluble formazan dye upon reduction
ith a superoxide anion. The absorbance of WST-1 was  measured

t 440 nm.
Enzymatic activities were normalized by total protein and pre-

ented as% of control. Total protein was determined using the
radford method (Bradford, 1976). All the experiments were per-

ormed in triplicate at 25 ◦C and absorbance was  measured with a
pectrophotometer (ThermoTM Varioskan Flash).

.6. Total RNA extraction and single-strand cDNA synthesis

Approximately 500 copepods were homogenized in five vol-
mes of TRIZOL

®
reagent (Molecular Research Center, Inc.,

incinnati, OH, USA) with a tissue homogenizer and stored at
80 ◦C until RNA extraction. Total RNA was  isolated accord-

ng to the manufacturer’s instructions. DNase I (Sigma-Aldrich,
nc.) was used to remove genomic DNA. Genomic DNA con-
amination was determined with 1% agarose gels with ethidium
romide and a UV transilluminator (Wealtec Corp., Sparks, NV,
SA). Total RNA concentration was measured at 230, 260, and
80 nm (A230/260, A260/280) using a spectrophotometer (Ultro-
pec 2100 pro, Amersham Bioscience, Freiburg, Germany). RNA
oaded within formaldehyde/agarose gels with ethidium bromide
o check the quality of DNA the 18/28S rRNA integrity and band
atio. Single-stranded cDNA was synthesized using 1 �g of RNA and
everse transcriptase (SuperScriptTM II RT kit, Invitrogen, Carlsbad,
A, USA) under the following condition; 65 ◦C/5 min, 42 ◦C/2 min,
2 ◦C/50 min, and 72 ◦C/15 min.

.7. Real-time quantitative reverse transcriptase-polymerase
hain reaction (qRT-PCR)

mRNA expression levels of GST-D,  GST-K,  GST-M,  GST-S,  GST-T,
ST-Z,  mGST1,  GST3, GR,  GPx, catalase (CAT), CuZn-SOD,  and Mn-
OD genes in response to exposure to different concentrations
0, 1, 10, 100, 500, and 1000 ng/L) of MeHg for 24 h were mea-
ured by qRT-PCR (detailed information is appended in Table 1). All
eal-time qRT-PCR experiments were carried out in unskirted low

6-well clear plates (Bio-Rad, Hercules, CA, USA). Reaction condi-
ions to detect specific PCR products were as follows: 94 ◦C/4 min;
5 cycles of 94 ◦C/30 s, 55 ◦C/30 s, 72 ◦C/30 s; and 72 ◦C/10 min. To
onfirm the amplification of specific products, cycles were contin-
gy 184 (2017) 133–141 135

ued to determine the melting curve under the following conditions:
95 ◦C/1 min, 55 ◦C/1 min, and 80 cycles beginning at 55 ◦C/10 s with
a 0.5 ◦C increase per cycle. SYBR Green (Invitrogen, Carlsbad, CA,
USA) was  used to detect specific amplified products. Amplifica-
tion and detection of SYBR Green-labeled products were performed
using the CFX96 real-time PCR system (Bio-Rad). To set an appro-
priate reference gene for real-time RTPCR array, we validated the
expression of ten reference candidates (tubulin a; glyceraldehyde
3-phosphate dehydrogenase, gapdh;  ˇ-actin; DNA-directed RNA
polymerase II subunit RPB2, polr2b;  glucose-6-phosphate dehydro-
genase, g6pd; hypoxanthine phosphoribosyltransferase 1, hprt1;
TATA box binding protein, tbp; elongation factor 1 �, ef1˛; 18S
ribosomal RNA, 18S rRNA) that were used in our previous study
as a preliminary experiment (Jeong et al., 2014a). As a result, the
ef1a gene showed the most stable expression pattern in T. japonicus
samples. No-template control reaction was included in every run
for each primer pair. Data from each experiment were expressed
relative to the expression level of the ef1a gene to normalize
expression levels between samples. The fold change in relative
gene expression was calculated by the 2−��CT method (Livak and
Schmittgen, 2001).

2.8. Western blot analysis

Polyclonal antibodies to phospho-SAPK/JNK (anti-rabbit, Thr-
183/Tyr-185), ERK (anti-rabbit), and JNK (anti-rabbit) were
obtained from Cell Signaling Technology (Beverly, MA,  USA). Poly-
clonal antibodies to p38 MAPK (anti-rabbit), phospho-ERK1/2
(anti-mouse, Thr-202/Tyr-204), and phospho-p38 (anti-rabbit, Tyr-
182) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Monoclonal antibodies to �-actin were obtained from
Santa Cruz Biotechnology. Horseradish peroxidase (HRP)-linked
anti-rabbit and anti-mouse antibodies were purchased from Cell
Signaling Technology. The cross-reactivity of used antibodies in the
present studies in T. japonicus has been validated via our prelimi-
nary experiments (Kang et al., in press).

T. japonicus (approximately 1000 individuals) were exposed to
different concentrations of MeHg (0, 1, 10, 100, 500, and 1000 ng/L)
in the 100 mL  glass beaker for 24 h, and whole bodies were homog-
enized for extraction of proteins in lysis buffer (40 mM Tris–HCl
[pH 8.0], 120 mM NaCl, 0.1% Nonidet-P40) containing a complete
protease inhibitor cocktail (Roche, South San Francisco, CA, USA).
Proteins (30 �g) were separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto a nitrocellulose membrane (Amersham, Arlington Heights, IL,
USA). The membrane was blocked with 2.5% bovine serum albumin
(BSA) in Tris-buffered saline and incubated with primary anti-
bodies (1:1000) overnight at 4 ◦C. The blots were developed with
a peroxidase-conjugated secondary antibody (1:1000), and pro-
tein was visualized by enhanced chemiluminescence procedures
(Amersham) according to the manufacturer’s protocol.

2.9. Statistical analysis

Data were expressed as mean ± S.D. Significant differences were
analyzed using one-way ANOVA followed by Tukey’s test. P < 0.05
was considered significant. The SPSS ver. 17.0 software package
(SPSS Inc., Chicago, IL, USA) was  used for statistical analysis

3. Results

3.1. In vivo effects of MeHg exposure
The estimated values of NOEC, LC10, and LC50 of T. japonicus
in response to MeHg were 3, 3.798, and 6.664 �g/L for 48 h expo-
sure, respectively, and 2, 2.760, and 4.052 �g/L for 96 h exposure,
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Table 1
Gene information and primers used for qRT-PCR.

Gene Forward Primer (5′-3′) Reverse Primer (5′-3′) GenBank Accession Number

GST-D CTCTGGCCGATTTATGCTTC CAACTCGGTGAAACCAGACA ACE81245
GST-K  AAACAGCAGCGCTTTTTGAC GAGCTCATCATATTGCTCGTT ACF06324
GST-M  TTTAGGAATGGCCTTGTTCG AACCAAAGGCAGCCAAATAA ACE81252
GST-S  ATGACTGGATTCGGATTTGGAC GGCGTTTGGTCACATATTCGG AAY89316
GST-T  GGTTCTCGGTTGGATCAATG AGCATAAATCGGCCAGAGTC ACE81253
GST-Z  AACCTTGGCTCGTTTCCAC GTGGCAATCATGGAGTTCCT ACE81250
mGST  1 TCCACTCCCGAGGATATTGA ATCCTCCGGATTCTTTTCAC ACE81248
mGST  3 CGGATTGGTTTGGACTCTTG CACCTTGCATGCGTTTCTC ACE81249
GR  CCATGACGGACAGAAAGCAGA CTCCCATCTTGATGGCAACTC ABG02425
GPx  TTTATGAGGCACGACTGTCCG AAATTGGTTGCTCGGGAAAGC AEQ35017
CAT  CACTGAGACCGGAAACCACG TCGTCTCTGGTCAAATCGTCG AEQ35015
CuZnSOD ACTTTGGAACCTGGTCGCGAG CCAATCGTGAGCCTGCGTTTC AEM66981
MnSOD  GGTGGATCCGGTGAACCTGAA CCGGCAGCCTTATTATAACCC AEM66982
18S  rRNA TCGGGCTGTCTCGTTGGTGATTC TGCCACAGTCGACAGTTGATAGG EU054307

Table 2
LC10, LC50, 95% confidence intervals (CI), and No Observed Effect Concentrations
(NOEC) for T. japonicus exposed to MeHg for 48 h and 96 h.

NOEC (�g/L) LC10 (95% CI; �g/L) LC50 (95% CI; �g/L)
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Fig. 1. Effects of exposure to different concentrations of MeHg on T. japonicus (A)
growth rate and (B) reproduction. The black bar indicates the time taken from nau-
plius to copepodid stage (N-C), whereas the grey bar shows the time from nauplius
to  adult stage (N-A). Results represent the mean ± S.D. of three replicate samples.
48 h 3 3.798 (3.376–4.272) 6.664 (5.005–8.873)
96 h 2 2.760 (1.593–3.260) 4.052 (3.501–5.053)

espectively (Table 2). The growth rate of T. japonicus was signif-
cantly delayed (P < 0.05) by MeHg in a concentration-dependent

anner. Fecundity was also decreased (P < 0.05) in a concentration-
ependent manner. Fecundity could not be measured at 1000 ng/L
eHg because there was no observable reproduction (Fig. 1).

.2. Levels of ROS and GSH and enzymatic activities of GPx, GR,
ST, and SOD

The intracellular ROS level was increased (P < 0.05) by MeHg in a
oncentration-dependent manner (Fig. 2A), whereas the GSH level
as decreased at 500 and 100 ng/L MeHg (Fig. 2B).

Antioxidant enzymatic activities of GPx and GR were dose-
ependently increased by exposure to MeHg. GST activity was also

ncreased by MeHg up to a concentration of 100 ng/L, but decreased
P < 0.05) at 500 and 1000 ng/L MeHg. SOD activity was significantly
ecreased at 1000 ng/L (P < 0.05) (Fig. 3).

.3. Transcription levels of antioxidant-related genes

Transcription levels of most antioxidant-related genes showed
n increasing pattern (P < 0.05) at high concentrations of MeHg,
hereas the expression level of GPx decreased (P < 0.05), show-

ng a negative correlation with concentration of MeHg (Fig. 4). The
etailed expression values are presented in Fig. S1.

.4. Phosphorylation status of MAPKs

To investigate the phosphorylation status of the MAPK signaling
athway in response to MeHg in T. japonicus, we  examined levels
f phosphorylated ERK, JNK, and p38 compared to total expres-
ion levels. A decrease in the level of phosphorylated ERK was
bserved in the group exposed to 1000 ng/L MeHg. Phosphorylated
NK was significantly enhanced (P < 0.05) up to 100 ng/L MeHg and
ecreased after 500 and 1000 ng/L. However, the level of phospho-
ylated p38 was increased (P < 0.05) at 500 and 1000 ng/L MeHg
Fig. 5).
. Discussion

Among marine copepods, T. japonicus has shown relative high
olerance to metals (Lee et al., 2007a; Lee et al., 2007b). For exam-
Differences between groups were analyzed for significance using Tukey’s multi-
ple comparison test. Different letters above columns indicate significant differences
(P  < 0.05).

ple, the LC50–48 h for cadmium, copper, and zinc was 25.2, 3.9,

and 7.8 mg/L, respectively, for T. japonicus compared with less than
1 mg/L in other copepod species (Sullivan et al., 1983; Forget et al.,
1998; Barka et al., 2001), indicating that T. japonicus is much less
sensitive to these metals. The relatively high tolerance of T. japoni-
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Table  3
Comparison of MeHg and HgCl2 toxicity between aquatic invertebrates.

Species Mercury (II) chloride (Inorganic) Methylmercury (Organic) Reference

Type of Acute Toxicity Concentration (�g/L) Type of Acute Toxicity Concentration
(�g/L)

Tigriopus japonicus N/A N/A Lethality
(48 h)
Lethality
(96 h)

6.664
4.052

This study

Daphnia magna Lethality
(48 h)

1.5–14.8 Biesinger and Christensen
(1972),
Canton and Adema (1978),
Barera and Adams (1983)

Daphnia pulex Lethality
(48 h)

2.2 Lethality
(48 h)
Lethality
(96 h)

5.7
1.8

Canton and Adema (1978),
Chen and McNaught (1992)

Mytilus edulis Lethality
(96 h)

161 NOEC
(32 d)

0.3 Nelson et al. (1988),
Pelletier (1988)

Argopecten irradians Lethality
(96 h)

89 Nelson et al. (1976)

Crepidula fornicata Lethality
(96 h)

60.0 (larvae)
330.0 (Adults)
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Fig. 2. Effects of exposure to different concentrations of MeHg on (A) intracellular
ROS and (B) GSH level in T. japonicus. Levels of ROS and GSH are represented as
percentage of controls. Results represent the mean ± S.D. of three replicate samples.
Different letters above columns indicate significant differences (P < 0.05).
Thain (1984)

cus to metal, compared to other copepod species, can be explained
by their efficient defense system (Rhee et al., 2013; Jeong et al.,
2014b; Kim et al., 2014). However, T. japonicus exhibited very high
sensitivity to MeHg compared with other metals, suggesting that
MeHg has a distinct toxicity mechanism, although comparative
analysis was not available due to a lack of acute toxicity reports
of MeHg on marine copepod species. Evaluation of the toxicity of
MeHg in several aquatic invertebrates showed higher toxicity com-
pared with inorganic mercury (Table 3). MeHg is organic mercury
that is highly lipophilic and tends to easily permeate cellular mem-
branes, leading to cellular damage (Lakowicz and Anderson, 1980).
Moreover, MeHg is known to form a complex with thiol groups
and triggers enzyme inhibition (Hastings et al., 1975). The bioac-
cumulation of MeHg and subsequent alterations in biochemical
homeostasis might explain the high toxicity of MeHg in T. japonicus
compared with other metals.

Consistent with the results of acute toxicity, MeHg  caused
delays in developments and reproduction. Particularly, retarda-
tion was  shown in early developmental stages (i.e., nauplius to
copepodid) even at the lowest concentration tested (1 ng/L MeHg),
whereas maturation (i.e., nauplius to adult) of T. japonicus was sig-
nificantly delayed at higher concentrations of 500 and 1000 ng/L
MeHg. Thus, 1 ng/L MeHg impairs the machinery of early develop-
mental stages but not copepodid stages. In addition, exposure to
100–1000 ng MeHg resulted in a significant reduction in fecundity.
Similarly, reductions in age-specific birth rates and reproduction
were observed in D. pulex in response to 10 to 1000 ng/L MeHg
(Doke et al., 2014). The negative effects of MeHg on growth rate,
reproduction, and lifespan are likely explained by energy trade-off,
as the limited energy budget may  require reallocation of resources
from development and reproduction in order to activate and main-
tain the defense system in response to toxicants (Won  and Lee,
2014; Han et al., 2015).

The intracellular ROS levels were measured because the adverse
effects of MeHg arise from oxidative stress, and ROS formation has
been proposed as a biomarker of MeHg toxicity (Ali et al., 1992).
In MeHg-exposed T. japonicus, ROS levels were significantly ele-
vated in a concentration-dependent manner. In fact, increases in
ROS levels are common phenomena in response to metal expo-
sure and subsequently cause intracellular oxidative damage (Valko

et al., 2005). For example, in the copepod T. japonicus, the ROS  lev-
els were dose-dependently increased with formation of apoptotic
cells in response to copper exposure (Rhee et al., 2013). In the mus-
sel Crenomytilus grayanus, cadmium exposure significantly caused
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ipid peroxidation with ROS generation (Chelomin et al., 2005).
hus, MeHg-induced oxidative stress causes detrimental effects in
. japonicus.

GSH and its related enzymes are considered the most impor-
ant defense system in response to oxidative stress (Halliwell and
utteridge, 2007). In particular, GSH, a chelator for ROS scavenging,

s considered a key molecule due to its involvement in detoxifica-
ion. In T. japonicus, the GSH level was greatly decreased at 500 and
000 ng/L MeHg. This could be explained by direct interaction of
eHg with the thiol group of GSH and formation of a GS-HgCH3

omplex (Ballatori and Clarkson, 1982), which decreases the GSH
evel. In mouse brain mitochondria, a decrease in GSH level was
bserved in response to MeHg exposure (Franco et al., 2007), as
lso shown in mouse neuron cells and glial cells (Kaur et al., 2006)
nd human non-neuronal cells (Amonpatumrat et al., 2008). The
ecreased GSH level in T. japonicus is likely linked to dysfunction
f the GSH-related defense system, resulting in increased oxidative
amage. This provides a potential clue to explain the in vivo toxicity
nd GSH level in response to 500 and 1000 ng/L MeHg.

Given the alteration of ROS and GSH levels in response to MeHg
xposure, the antioxidant enzymatic activities of GPx, GR, GST, and
OD were measured. GSH-related antioxidant enzymes play a role
n the central defense system in response to various environmental
ollutants. For example, in T. japonicus, the antioxidant enzymatic
ctivities of GPx, GR, GST, and SOD were shown to respond sen-
itively to various metals (e.g., silver, arsenic, cadmium, copper,

nd zinc) (Kim et al., 2014). In the rotifer Brachionus koreanus,
nvolvement of GSH-related antioxidant enzymes in the response
o benzo[a]pyrene exposure was reported (Kim et al., 2013). In the
zymatic activities in T. japonicus: (A) GPx, (B) GR, (C) GST, and (D) SOD. Enzymatic
ee replicate samples. Different letters above columns indicate significant differences

present study, GPx, GR, and GST activities in T. japonicus increased
in a concentration-dependent manner up to 100 ng/L MeHg and
slightly decreased at 500 and 1000 ng/L MeHg. Among these, the
GPx activity was  most highly increased. GPx is mainly involved
in detoxification by oxidizing the reduced GSH, whereas GR is
responsible for converting oxidized GSH into a reduced form, and
the highly increased GPx activity suggests that GPx plays a cen-
tral role in the detoxification process in response to MeHg. The
highly increased activity of GPx functions as an effective antioxi-
dant defense system in MeHg-induced oxidative stress and is also
associated with a compensatory response of GST and SOD activi-
ties, which showed a negative correlation with GPx activity. SOD
activity was inhibited at 500 and 1000 ng/L MeHg although there
was no significant change at a low dose of MeHg. GST activity was
dose-dependently increased until at 100 ng/L and then decreased at
500 and 1000 ng/L. The suppression of enzymatic activities shown
in SOD and GST at high dose of MeHg may  not be a merely com-
pensatory regulation and also may  represent the cellular damage in
parallel to the result shown in our in-vivo toxicity experiments. In
the case of GR, even though activity increased in a concentration-
dependent manner up to 500 ng/L MeHg, the enzymatic activity
was much lower than that of GPx and was not sufficient to con-
vert GSSH to reduced GSH. Taken together, these results explain
the depletion of GSH at a high concentration of MeHg exposure in
T. japonicus.

Regarding the protective role of antioxidant enzymes, their

gene expressions were mostly up-regulated in a concentration-
dependent manner in response to MeHg exposure. Antioxidant
genes in aquatic invertebrates have previously been proposed
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Fig. 4. Effects of exposure to different concentrations of MeHg on antioxidant-
related gene expression in T. japonicus. Results represent the mean ± S.D. of three
replicate samples.
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dependent manners after MeHg exposure. To our knowledge, this
f  MAPK signaling proteins in T. japonicus.

s biomarkers of the response to various environmental pollu-
ants (Jemec et al., 2010; Rhee et al., 2013). In T. japonicus, GST-S
esponded most sensitively to MeHg exposure, as previously shown
n Cu-exposed T. japonicus (Rhee et al., 2013), indicating that GST-S
lays a central role in metal detoxification, with potential applica-
ion as a biomarker for an early warning signal in metal pollution.
n addition to GST-S, several GST isoforms including GST-D and
ST-M in T. japonicus were also induced by MeHg exposure. In the
ouse, 19 GST isoforms were identified in the mouse genome and

howed different mRNA expression levels depending on the tis-
ue and gender with some overlap (Knight et al., 2007), indicating
hat different isoforms of GST have distinct substrate specificity as
uggested earlier (Mannervik and Danielson, 1988). While the func-
ion of GST-S in T. japonicus has been well characterized as a key
ntioxidant enzyme (Lee et al., 2007a; Lee et al., 2007b), the precise
egulatory mechanism of other isoforms of GST is still unclear and
urther studies are required to speculate their function in detoxi-
cation. In the case of SOD, in contrast to its decreased enzymatic

ctivity, the mRNA expression level was upregulated by MeHg in a
oncentration-dependent manner. A number of studies using Cu-
xposed T. japonicus (Rhee et al., 2013) and the gamma-irradiated
gy 184 (2017) 133–141 139

copepod Paracyclopina nana (Won  and Lee, 2014) have shown a
positive correlation between the transcription level and the activ-
ity level, whereas other studies have shown opposing results; for
example, in mice exposed to ionizing irradiation (Hardmeier et al.,
1997), in the renal cortex of streptozotocin-induced diabetic rats
(Limaye et al., 2003), and in gamma-irradiated T. japonicus (Han
et al., 2014). Thus, increased mRNA levels may not correspond to
protein or activity level due to the low translational efficiency under
oxidative stress (Ho et al., 1996). Activities of antioxidant enzymes
are probably regulated via translational and post-translational reg-
ulatory mechanisms.

To investigate the signaling pathways of MeHg-mediated
toxicity, the phosphorylation status of MAPK pathways in MeHg-
exposed T. japonicus was examined. T. japonicus showed various
expression patterns of MAPK pathways in response to MeHg expo-
sure. The p-ERK level was exclusively decreased at 1000 ng/L MeHg
without significant changes at lower concentrations. The phospho-
rylation patterns of JNK and p38 showed a negative correlation;
p-JNK was  activated at 0–100 ng/L MeHg, whereas the p-p38 level
was increased at 500 and 1000 ng/L MeHg. The Western blot results
supported the in vivo toxicity experiments in T. japonicus as the
growth rate was  most significantly delayed and reproduction was
significantly decreased at 500 and 1000 ng/L MeHg. MAPK path-
ways are highly conserved across animal taxa and occupy a central
position in various fundamental biological processes (McCubrey
et al., 2006; Torii et al., 2006; Dhillon et al., 2007; Kang et al.,
2017). Generally, the ERK signaling pathway is closely related to
cell survival and proliferation, while JNK and p38 are involved
in cell death processes (Matsuzawa and Ichijo, 2008; McCubrey
et al., 2007; Wada and Penninger, 2004). Moreover, MAPK path-
ways are known as redox-sensitive pathways that are responsive
to ROS (Bubici et al., 2006). Previous studies in the nematode C.
elegans showed that phosphorylation of KGB-1, the JNK homo-
logue, promotes reproduction, while PMK-1, the p-38 homologue,
plays an opposite role in response to silver nanoparticle-induced
oxidative stress (Lim et al., 2012; Gerke et al., 2014). Inhibition of
the p38 signaling pathway suppressed cell death in a cadmium-
treated human cell line, indicating the inductive role of p38 in cell
death (Chuang et al., 2000). Blockage of the ERK signaling path-
way using its specific inhibitor, U0126, inhibited worm pairing and
reduced egg output (Ressurreiç ão et al., 2014). In addition, MAPK
pathways are also known to be closely related with defense system
in response to oxidative stress. Previously, p38 has been activated
with association of ROS induction by ultraviolet B radiation and
copper exposure in T. japonicus (Rhee et al., 2013; Kim et al., 2015).
Recently, in the copepod P. nana, nuclear factor erythroid 2-related
factor 2 (NRF2), a key regulator of antioxidant genes (Itoh et al.,
1997), was activated with p-ERK and p-p38 induction in response
to nano-sized microbead-induced oxidative stress, indicating the
p-ERK and p-p38 play the regulatory role in antioxidant system
(Jeong et al., 2017). Taken together, these findings suggest that the
decreases in p-ERK and p-JNK levels at 500 and 1000 ng/L MeHg
are responsible for the retardation of reproduction, while the acti-
vation of p-p38 is likely involved in antioxidant system and cell
death mechanism, thereby reducing the growth rate of T. japoni-
cus.

In conclusion, our study clearly demonstrates the adverse effects
of MeHg on the copepod T. japonicus. Growth rate and repro-
duction were retarded in response to MeHg-induced oxidative
stress; subsequently, the transcription level and activities of antiox-
idant enzymes increased during the detoxification process. MAPK
signaling pathways were differentially activated in concentration-
is the first study on the adverse effects of MeHg in marine inver-
tebrates, and our findings provide a better understanding of the
potential impact of MeHg on the marine ecosystem.
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Ressurreiç ão, M.,  De Saram, P., Kirk, R.S., Rollinson, D., Emery, A.M., Page, N.M.,
Davies, A.J., Walker, A.J., 2014. Protein kinase C and extracellular
signal-regulated kinase regulate movement, attachment, pairing and egg
release in Schistosoma mansoni. PLoS Negl. Trop. Dis. 8, e2924.

Rhee, J.-S., Yu, I.T., Kim, B.-M., Jeong, C.-B., Lee, K.-W., Kim, M.-J., Lee, S.-J., Park, G.S.,
Lee, J.-S., 2013. Copper induces apoptotic cell death through reactive oxygen
species triggered oxidative stress in the intertidal copepod Tigriopus japonicus.
Aquat. Toxicol. 132, 182–189.

Sullivan, B.K., Buskey, E., Miller, D., Ritacco, P.J., 1983. Effects of copper and
cadmium on growth, swimming and predator avoidance in Eurytemora affinis
(Copepoda). Mar. Biol. 77, 299–306.

Thain, J.E., 1984. Effects of mercury on the prosobranch mollusc Crepidula
fornicata: acute lethal toxicity and effects on growth and reproduction of
chronic exposure. Mar. Environ. Res. 12, 285–309.

Torii, S., Yamamoto, T., Tsuchiya, Y., Nishida, E., 2006. ERK MAP  kinase in G cell
cycle progression and cancer. Cancer Sci. 97, 697–702.

US EPA, 1997. Mercury Study Report to Congress. Volume I Executive Summary,
Vol. IV, An Assessment of Exposure to Mercury in the United States. US
Environmental Protection Agency, Office of Air Quality Planning and Standards,
and  Office of Research and Development, Washington, DC, EPA/452/R-97-003.

Valko, M.,  Morris, H., Cronin, M.T., 2005. Metals, toxicity and oxidative stress. Curr.
Med. Chem. 12, 1161–1208.

Vanduyn, N., Settivari, R., Wong, G., Nass, R., 2010. SKN-1/Nrf2 inhibits dopamine
neuron degeneration in a Caenorhabditis elegans model of methylmercury
toxicity. Toxicol. Sci. 118, 613–624.
Wada, T., Penninger, J.M., 2004. Mitogen-activated protein kinases in apoptosis
regulation. Oncogene 23, 2838–2849.

Won, E.-J., Lee, J.-S., 2014. Gamma radiation induces growth retardation, impaired
egg production, and oxidative stress in the marine copepod Paracyclopina
nana. Aquat. Toxicol. 150, 17–26.

http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0240
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0245
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0250
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0255
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0260
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0265
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0270
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0275
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0280
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0285
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0290
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0295
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0300
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0305
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0310
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0315
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0320
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0325
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0330
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0335
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0345
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0350
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0355
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360
http://refhub.elsevier.com/S0166-445X(17)30018-8/sbref0360

	Adverse effects of methylmercury (MeHg) on life parameters, antioxidant systems, and MAPK signaling pathways in the copepo...
	1 Introduction
	2 Materials and methods
	2.1 Culture and maintenance
	2.2 Acute toxicity tests
	2.3 Growth rate and fecundity
	2.4 Measurement of reactive oxygen species (ROS) and glutathione (GSH) contents
	2.5 Measurement of GSH-related enzymatic activities
	2.6 Total RNA extraction and single-strand cDNA synthesis
	2.7 Real-time quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR)
	2.8 Western blot analysis
	2.9 Statistical analysis

	3 Results
	3.1 In vivo effects of MeHg exposure
	3.2 Levels of ROS and GSH and enzymatic activities of GPx, GR, GST, and SOD
	3.3 Transcription levels of antioxidant-related genes
	3.4 Phosphorylation status of MAPKs

	4 Discussion
	Acknowledgements
	Appendix A Supplementary data
	References


