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Abstract

Metals and pesticides are common pollutants and the modulation of biomarkers can indicate sub-

lethal influences on the physiology of organisms inhabiting impacted aquatic systems. We 

examined the effects of mercury and the organophosphate pesticide dimethoate on EROD, MROD, 

glutathione S-transferase (GST), acetylcholine esterase (AChE), metallothionein (MT) and 

glutathione (GSH) in the signal crayfish (Pacifastacus leniusculus). Crayfish were injected with 

mercury chloride or dimethoate (0.3, 0.6, 0.9 μg kg−1) and dissected after 72 h. EROD activity in 

the hepatopancreas did not change in response to mercury chloride treatment but exhibited a dose 

dependent decrease at all concentrations of dimethoate tested. MROD (hepatopancreas) exhibited 

a significant decrease at the 0.9 μg kg−1 treatment for both chemicals. GST (hepatopancreas) 

demonstrated a significant dose dependent decrease at all concentrations of both mercury chloride 

and dimethoate. AChE (tail muscle) decreased at the 0.6 and 0.9 μg kg−1 concentrations of 

dimethoate and 0.9 μg kg−1 mercury chloride. In gill tissue, MT increased in response to 0.3 and 

0.6 μg kg−1 of mercury chloride but no effect was observed at the 0.9 μg kg−1 concentration of 

mercury chloride or any concentrations of dimethoate tested. MT did not change in response to 

mercury or dimethoate in tail tissue. Furthermore, neither chemical modulated GSH 

concentrations. Our results indicate that, apart from GSH, these markers are sensitive to the 

pollutants tested and that animals exposed in the wild are potentially compromised in their ability 

to detoxify environmental contaminants and carry out normal cellular processes.
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1. Introduction

Damage to aquatic ecosystems due to contaminants is a concern and sub-lethal changes in 

biochemical endpoints in conjunction with contaminant levels can be used to help assess 

whether exposure causes biological responses in organisms inhabiting impacted habitats 

(Fernandes et al., 2002; Gunderson et al., 2016). Phase I and II enzyme activities, 

glutathione (GSH) and metallothionien (MT) concentrations, and acetylcholine esterase 

(AChE) activities are commonly used biomarkers to assess whether wildlife populations are 

impacted by contaminants present in the ecosystems in which they live. Species and tissue 

specific patterns often exist in the expression of these biomarkers thus necessitating careful 

characterization in a model organism before use as an assessment tool.

In this study, we examined the regulation of the above-mentioned biomarkers by dimethoate 

and mercury in signal crayfish, Pacifastacus leniusculus. Signal crayfish inhabit streams, 

rivers and lakes throughout the Pacific Northwest and are considered keystone species due to 

the fact that their omnivorous diet (i.e. macro-invertebrates, detritus, animal matter and 

aquatic vegetation) makes them an important link between aquatic energy sources and 

aquatic and terrestrial predators (Larson and Olden, 2011). Signal crayfish occupy relatively 

small home ranges (Guan and Wiles, 1997; Holdich, 2002) making them good model 

organisms for field based ecotoxicology studies since exposure to contaminants can be 

localized to a specific area or field site. Heavy metals and organophosphate pesticides are 

common pollutants in regions where signal crayfish reside due to extensive mining, 

industrial and agricultural activities. Mercury concentrates in aquatic biota and is classified 

as a toxic heavy metal that causes severe adverse neurological and health effects in wildlife 

and humans (Mebane and MacCoy, 2013). Mercury enters aquatic systems through 

atmospheric deposition and to a lesser extent geologic and point source pollution and is 

present in crayfish and fish tissues throughout the western United States (Abbott et al., 2004; 

Abbott et al., 2008; Abbott et al., 2002; Abbott et al., 2003; Hothem et al., 2007; Kouba et 

al., 2010; Mebane and MacCoy, 2013; Mueller and Serdar, 2002). Organophosphate 

pesticides, such as dimethoate, are commonly used in agriculture and can cause adverse 

motor, reproductive, and neurotoxic effects to non-target organisms (Joshi and Sharma, 

2011).

Cytochrome p-450 activity associated with phase I detoxification is often used as a 

bioindicator of contaminant exposure, however further work is needed to characterize the 

regulation of this family of enzymes in invertebrates (James and Boyle, 1998; Snyder, 2000). 

Cytochrome p-450 monooxygenases are hemoproteins associated primarily with the 

endoplasmic reticulum (and to a lesser extent other membranes) and are involved in the 

biotransformation of a broad range of both endogenous substrates (steroids, fatty acids, 

cholesterol) as well as xenobiotics. Changes in cytochrome p-450 activity can suggest 

exposure to compounds such as dioxin, dibenzofurans, polychlorinated biphenyls (PCBs) 

and organic compounds present in pulp mill effluent although inhibition by metals and 

detergents have been reported and thus need to be factored into the interpretation of field 

data measuring endpoints such as EROD activity (Newman, 1998; Sen and Semiz, 2007). 

Cytochrome p-450s have been described in several crayfish species and appear to respond to 

known inducers (Ashley et al., 1996; Escartin and Porte, 1996b; Jewell et al., 1997; Jewell 
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and Winston, 1989; Lindstrom-Seppa and Hanninen, 1986). Field studies using red swamp 

crayfish have demonstrated increased EROD activity in hepatopancreas microsomes 

prepared from crayfish inhabiting areas sprayed with the organophosphate pesticide 

fenitrothion and significantly increased cytochrome p-450 and higher (but non-significant) 

EROD activity in crayfish hepatopancreas collected 4 km downstream from a sewage 

treatment plant (Fernandes et al., 2002; Porte and Escartin, 1998).

Glutathione S-transferase (GST) is a phase II detoxification enzyme modulated by 

xenobiotics and thus has been suggested for use as a biomarker indicative of environmental 

contaminant exposure (Aksu et al., 2015; Frasco and Guilhermino, 2002; Gunderson et al., 

2004; Gunderson et al., 2016). GST attaches the polar molecule glutathione to foreign 

chemicals thus facilitating clearance through the urine and bile (Newman, 1998). GST has 

been purified in crustaceans such as the African River Prawn (Macrobrachium 
vollenhovenii) (Adewale and Afolayan, 2005) and is modulated by organophosphate 

pesticides and heavy metals in invertebrate and vertebrate models (Birmelin et al., 1998; Elia 

et al., 2006; Elia et al., 2003; Elumalai et al., 2007; Sen and Semiz, 2007).

Evidence suggests that exposure to xenobiotics can lead to increased reactive oxygen species 

(ROS) production and tissue damage thus making non-enzymatic antioxidants such as GSH 

useful biomarkers for exposure to contaminants (Bagchi et al., 1995; Dickinson and Forman, 

2002; Wilhelm et al., 2001). GSH is a tripeptide containing cysteine, glutamate and glycine 

that can act directly as an endogenous antioxidant that reacts with oxyradicals or is attached 

to xenobiotics by glutathione S-transferase in phase II detoxification (Newman, 1998). 

Exposure to oxyradicals leads to increased GSH through GSH synthesis (Dickinson and 

Forman, 2002). Variation among species as well as intra-species differences in contaminant 

induced changes in GSH concentrations are described in the literature emphasizing the 

importance of characterizing its regulation in each model being studied (Ferrari et al., 2007; 

Kristoff et al., 2008; Matos et al., 2007; Pena-Llopis et al., 2002; Velki and Hackenberger, 

2013b). In crayfish, total GSH is detectable in hepatopancreas, gill and muscle tissues and is 

considered to be one of several biomarkers useful for examining the glutathione redox status 

in this group (Kovacevic et al., 2008).

Metallothioneins (MTs) are cysteine rich, non-enzymatic metal binding proteins that are 

inducible by heavy metals, thus making them potential markers for assessment of metal 

exposure in aquatic biota inhabiting impacted environments (Khati et al., 2012; Roesijadi, 

1992, 1994) Numerous physiological roles have been ascribed to MTs. They are believed to 

play a homeostatic role for essential metals such as zinc and copper by acting as a reservoir 

as well as contributing to metal tolerance through the detoxification of both essential and 

non-essential trace metals (Amiard et al., 2006). Furthermore, they provide protection from 

cellular damage by either acting as antioxidants and scavenging free radicals or binding 

heavy metals, and thus sequester the metals within the cell (Amiard et al., 2006). MTs have 

been measured and characterized in numerous invertebrate taxa that include annelid worms, 

crustaceans and molluscs and differences and inconsistencies exist both in basal levels of 

expression as well as inducibility by metals such as cadmium, mercury, zinc and copper. 

Studies report the presence of cadmium binding proteins as well as cadmium induced MTs 

(or cadmium binding proteins) in crayfish hepatopancreas, both through injection (Astacus 
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astacus) and water exposure (Procambus clarkii) (Delramo et al., 1989a; 1989b; Martinez et 

al., 1993; Pedersen et al., 1996).

AChE is used as a biomarker in field-based studies to screen populations for exposure to 

neurotoxic compounds and inhibition of cholinesterases by organophosphate compounds 

(OP) and metals is well documented in vertebrate and invertebrate organisms (Escartin and 

Porte, 1996a; Fornstrom et al., 1997; Richetti et al., 2011; Velki and Hackenberger, 2012, 

2013a, b). For example, the organophosphate compounds terbufos and fenitrothion both 

decrease AChE activity in red swamp crayfish (Procambarus clarkii), with terbufos also 

increasing mortality and aberrant behavior (loss of equilibrium and motor control) (Escartin 

and Porte, 1996a; Fornstrom et al., 1997). AChE hydrolyzes the neurotransmitter 

acetylcholine in the synapse and inhibition of this enzyme can lead to altered neuro-

signaling. Care needs to be taken when using AChE as a marker for OP exposure as other 

chemicals that include surfactants, detergents and metals are known to inhibit AChE 

(Diamantino et al., 2000; Guilhermino et al., 2000; Guilhermino et al., 1996). It is thus 

important to characterize the response of this enzyme to different classes of chemicals, as 

well as identify tissue specific and temporal variation in the patterns of expression in the 

model organism(s) utilized in ecotoxicology studies (Kirby et al., 2000; Matozzo et al., 

2005; Sturm et al., 1999).

In this study, we examined whether low doses of mercury chloride or dimethoate injected 

directly into the hemolymph have dose dependent effects on phase I and II enzyme 

activities, GSH and MT concentrations and AChE activity in signal crayfish tissues to 

determine whether these endpoints can serve as useful sub-lethal biomarkers indicative of 

contaminant exposure in this species. As discussed above, these endpoints are used in 

ecotoxicology studies and it is important to characterize responses to environmentally 

relevant compounds in the model organism being studied.

2. Methods

2.1 Animal collection and exposure

Animals were collected by kick netting from the Boise River under Idaho Department of 

Fish and Game permits F-12-04-13 and F-12-04-14. The animals collected for the 

dimethoate treatment were collected in June 2013 whereas animals used for the mercury 

chloride exposure were collected in March 2014. Animals were acclimated in dechlorinated 

tap water for at least two weeks at room temperature with timed lights to simulate summer 

day length in southwestern Idaho (June ~6:30 am −10:30 pm). After acclimation, animals 

were transferred to 7 L aerated fishbowls filled with de-ionized water supplemented with 

200 mg L−1 Instant Ocean™. Animals were injected at the base of the third leg with 

dimethoate or mercury chloride (mercury chloride or dimethoate (0.3, 0.6, and 0.9 μg kg−1) 

using a saline vehicle (400 mOsm). Water was changed each day (~24 h) during the 

treatment cycle. At the end of the 72 h treatment, animals were euthanized (chilled on ice 

and decapitated) and the tissues were harvested, flash frozen, and stored at −80°C until 

analysis.
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2.2 EROD, MROD and glutathione S-transferase (GST) activity

2.2.1 Tissue preparation—Ethoxyresorufin O-deethylase (EROD), methoxyresorufin O-

deethylase (MROD) and GST activities were measured in hepatopancreas microsomes 

(EROD and MROD) and cytosol (GST) using previously published protocols with 

modifications to the procedures (Gunderson et al., 2004; Gunderson et al., 2016). 

Approximately 0.33g of hepatopancreas was thawed on ice and homogenized in 1 mL of 

cold homogenization buffer (100 mM Tris, pH 7.4, 0.1 M KCl, 1 mM EDTA, 1mM PMSF, 5 

μM aprotinin, 10 μM pepstatin) 10–20 zirconium oxide beads using a Bullet Blender (Next 

Advance, Inc., BBUC3137) (Speed 7 for 4 min). The blended tissue was first centrifuged for 

15 minutes at 9,491g (4°C) (Eppendorf 5418). The supernatant was then poured into a 

separate tube and centrifuged for an additional 20 min at 14,3265g (4°C). Finally, the 

supernatant was collected and centrifuged for 1 hour at 100,350g (4 °C) for 60 min (L8-80M 

Beckman Ultracentrifuge). The cytosolic fraction was aliquoted and stored at −80 °C to be 

used in the GST assay. The pellet was re-suspended in ice cold microsome buffer (100 mM 

potassium phosphate, pH 7.25; 1 mM EDTA, 1 mM DTT, 20% v/v glycerol) and stored at 

−80°C for use in the EROD and MROD assays. Total protein concentration was measured 

using the Bradford method (Bradford, 1976).

2.2.2 EROD and MROD assays—A 96-well plate fluorometric assay was used to 

measure EROD and MROD activities as previously described (Gunderson et al., 2004) with 

slight modifications. Briefly, 50 μl of microsome sample (diluted to 5 μg/μl of total protein 

in microsome buffer) was added to 0.2 ml incubation buffer (50 mM Tris (pH 7.8), 1M 

NaCl, 3 μM resorufin ethyl or methyl ether) in triplicate (black Costar 96 well polystyrene 

assay plate, with clear flat bottom). The reaction was started by adding 5 μl of start buffer 

(50 mM Tris (pH 7.8), 1M NaCl, 5 mM NADPH) and allowed to equilibrate at room 

temperature for 10 minutes. Fluorescence was then measured (530 nm excitation wavelength 

and 590 nm emission wavelength) initially and every 10 minutes for 40 minutes with a 10 

second mix before each read (Biotek Synergy HT fluorometer with Gen 5 software). 

Preliminary work demonstrated the reaction was linear for at least 40 minutes after a 10-

minute incubation (data not shown). Vmax values were calculated, and relative fluorescence 

units were converted to pM resorufin using a 0–1 μM resorufin standard curve (0.15 ml 

incubation buffer, 50 μl of corresponding resorufin dilution generated by serial dilution). 

Final values were reported in pM Resorufin/min*μg protein.

2.2.3 Glutathione S-transferase (GST) activity—GST activity (EC 2.5.1.18) was 

measured using a 96-well plate colorimetric assay read kinetically on a BioRad Benchmark 

Plus © spectrophotometer microplate reader at 340 nm using a previously published 

protocol (Gunderson et al., 2004). Samples were run in triplicate on 96-well plates with 2.5 

μg of total cytosolic protein loaded per reaction. Activity was calculated as previously 

described (Gunderson et al., 2004) and was determined to be linear for at least 40 minutes at 

room temperature after a 10-minute incubation.

2.3 Glutathione (GSH) concentrations

Extracts of hepatopancreas tissue were prepared by homogenizing 0.11–0.12 grams of tissue 

in 5 volumes of 10 mM EDTA buffer (pH 8.04) using a Bullet Blender (Next Advance, Inc., 
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BBUC3137) (10–20 zirconium oxide beads, Speed 7 for 4 min @ 4°C). The blended tissue 

was then centrifuged at 9,491g (Eppendorf 5418) for 15 minutes (4°C). The supernatant was 

transferred to a separate tube and centrifuged again at 16,873g for 15 minutes (4°C). The 

supernatant was then added to tubes containing 20% sulfosalycylic acid (SSA) (32.5 μL of 

20% SSA for every 100 μL of supernatant) and centrifuged at 8,609g for 10 minutes (4°C).

GSH concentrations were measured using a 96 well colorimetric assay using the reaction 

between GSH and DTNB to quantify GSH concentrations in hepatopancreas tissue 

preparations. For each sample, 30 μL of 0.5M NaHPO4 buffer, 95 μL of the extract (see 

above), and 125 μL of 10 mM DTNB (5,5′-Dithiobis(2-nitrobenzoic acid)) was added and 

the plate was read at 415 nm (BioRad iMark© microplate reader) after 5 minutes of 

incubation. A GSH standard curve was used to quantify GSH concentrations in the tissue 

extracts. GSH dilutions were prepared in 0.5M NaHPO4 buffer (2.5, 5.0, 10, 20, 40 and 80 

nmol). A standard curve was run on each plate by adding 125 μL of each GSH dilution and 

125 μL of 10 mM DTNB each well. All samples and standards were run in quadruplicate.

2.4 Metallothionein (MT) concentrations

MT from gill tissue samples was purified and isolated as described in (Gunderson et al., 

2016) with slight modifications for signal crayfish. Approximately 0.3 grams of gill tissue 

was homogenized, and supernatants centrifuged to purify MT. Colorimetric absorbance 

assay measured at 412 nm was done using DTNB to quantify concentration of MT. Signal 

crayfish MT was assumed to have 18 cysteine residues (Faria et al., 2010).

2.5 Acetylcholine esterase (AChE) activity

AChE activity was measured in tail muscle using previously described protocols (Ellman et 

al., 1961; Xuereb et al., 2009) with minor modifications. Tail muscle (0.02 grams) was 

weighed and blended using a Bullet Blender (Next Advance, Inc., BBUC3137) in 1.0 mL of 

0.1 M potassium phosphate buffer, pH 8.0 at −20°C (10–20 zirconium oxide beads (Speed 7 

for 4 min)). Following modifications from (Xuereb et al., 2009), samples were spun in a 

centrifuge (Eppendorf 5418) at 9,000g for 15 minutes (4°C). Supernatant was collected and 

stored at −80°C overnight, while pellet material was discarded. Total protein assays were run 

in quadruplicate on AChE supernatant as described (Bradford, 1976). The AChE assay was 

determined in quadruplicate for each sample using a microplate according to the original 

protocol (Ellman et al., 1961). Briefly, 0.26 mL of buffer (0.1 M potassium phosphate buffer 

(pH 8.0)), 20 μL of the reagent (coloring agent 0.01 M dithiobisnitrobenzoic acid (DTNB): 

0.1 M potassium phosphate buffer, pH 7.0 + 0.0792 g DTNB/20 mL 0.1M Potassium 

Phosphate + 0.030 g sodium bicarbonate/20 mL 0.1 M Potassium Phosphate) and 40 μL 

supernatant were each added to a 96-well plate. AChE activity was measured upon addition 

of 10 μL of the substrate (0.075 M acetythiocholine iodide (ACTI)) at 415 nm using a 

BioRad iMark© microplate reader. Substrate solution was kept for approximately 14 days, 

before a new solution was made. An assay blank included 300 μL buffer, 20 μL reagent and 

10 μL substrate. After validation, absorbance readings were taken at 0 minutes and again at 

25 minutes, while the hydrolysis of ACTI and the formation of the yellow products (5-

mercapto-2-nitrobenzoate and 2-nitrobenzoate-mercapto-thiocholine) took place. After 25 

minutes, the difference between the final absorbance (at 25 minutes) and the initial 
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absorbance (at 0 minutes) was determined. The change in absorbance was then divided by 

the molar extinction coefficient (ε) of DTNB (1.36 × 10−4) to determine the concentration 

(in M) of DTNB hydrolyzed. The concentration was then divided by 25 minutes as well as 

the weight of tissue initially prepared to determine the rate per gram tissue (Ellman et al., 

1961).

2.6 Statistical Analysis

The EROD, MROD, GST, GSH, MT, and AChE datasets were determined to be parametric 

or non-parametric using a Shapiro-Wilk normality test and a Brown-Forsythe equal variance 

test. A One-Way ANOVA with Holm-Sidak method for multiple comparisons was used to 

compare treatment groups if the data was parametric. A Kruskal-Wallis One Way ANOVA 

on Ranks with Dunn’s method was used to analyze non-parametic datasets. Either a t-test 

(parametric dataset) or Mann-Whitney Rank Sum Test (non-parametric dataset) was used to 

compare saline controls for each study. All statistical analyses were carried out using the 

software program SigmaPlot 13.0.

3. Results

Dimethoate treatment decreased EROD activity at all concentrations tested compared to the 

saline control (p ≤ 0.005) whereas mercury chloride had no significant effect (p = 0.64) 

(Figure 1). Animals treated with 0.9 μg kg−1 dimethoate 0.9 μg kg−1 and mercury chloride 

demonstrated significant decreases in MROD activity compared to saline controls (p ≤ 0.04) 

although no significant effects were observed at the lower concentrations (p > 0.05) (Figure 

2). Both dimethoate and mercury chloride treatments significantly decreased GST activity at 

all concentrations tested (p < 0.001) (Figure 3). Dimethoate and mercury chloride had no 

effect on GSH concentrations at the doses tested in this study (p ≥ 0.47) (Figure 4). In gill 

tissue, MT demonstrated no response to dimethoate at the concentrations tested (p = 0.08) 

(Figure 5). Mercury chloride significantly increased MT concentrations in gill tissue at the 

two lower doses (0.3 and 0.6 μg kg−1) (p ≤ 0.02) although no effect was observed at the 

highest exposure concentration (p = 0.32) compared to the saline controls (Figure 5). Neither 

dimethoate nor mercury chloride modulated MT in tail tissue when compared to the saline 

controls (p > 0.05) (Figure 6). Dimethoate treatment decreased AChE activity at the two 

highest doses (p ≤ 0.04) with no effect being observed at the 0.3 μg kg−1 treatment 

concentration (p = 0.41) (Figure 7). Mercury chloride decreased AChE activity at 0.9 μg kg
−1 (p = 0.001) with no effect being observed at the lower concentrations (p ≥ 0.53).

4. Discussion

We examined whether the environmental pollutants mercury and dimethoate modulate 

biomarkers commonly utilized in field-based ecotoxicology studies in the signal crayfish 

(Pacifastacus leniusculus) with the goal of determining whether they could serve as useful 

indicators of exposure to these pollutants in impacted populations. We found that dimethoate 

decreases EROD, MROD, GST and AChE activities and mercury chloride exposure leads to 

decreased MROD, GST and AChE activities and increased MT concentrations in gill tissue 

at lower concentrations of exposure. Patterns of modulation differ in some cases from 

reports in other taxa and, although we did not design the study to examine seasonal variation 
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in these markers, there is some indication that these markers vary throughout the year based 

on natural cycles or seasonal changes in contaminant exposure.

Studies have reported variable responses of phase I and II enzymes to organophosphate 

pesticides with increases, decreases, and no changes being observed depending on the 

chemical, species, research model and experimental design. We report that phase I 

(represented by EROD and MROD assays) and II (GST) enzymes in signal crayfish decrease 

in response to dimethoate exposure. Studies in the red swamp crayfish reported an increase 

in EROD in response to the organophosphate pesticide fenitrothion (whole animal exposure) 

both under controlled and field conditions (Escartin and Porte, 1996b; Fernandes et al., 

2002). Interestingly, a later study using hepatopancreas primary cell culture found a decrease 

in EROD activity in response to fenitrothion (Birmelin et al., 1998). EROD activity was 

inhibited by the organophosphate methidathion in the gudgeon (Gobio gobio) but 

dimethoate exposure did not inhibit EROD activity in guppies (Poecilia reticulate), although 

the authors suggest a slight dose dependent decrease was present (Flammarion et al., 1998; 

Frasco and Guilhermino, 2002). The authors of these studies propose that the mechanism of 

EROD inhibition by organophosphate pesticides is likely based on the mechanism of action 

described for parathion which involves the covalent bonding of the sulfur molecule, released 

during the activation of the organophosphate compound which forms an oxon analogue, to 

the cytochrome P-450 enzyme, leading to inhibition of EROD activity (Flammarion et al., 

1998; Frasco and Guilhermino, 2002). The decrease observed in GST activity in signal 

crayfish in this study is opposite to the response to fenitrothion observed in red swamp 

crayfish and consistent with decreased GST in response to dimethoate in guppies (Poecilia 
reticulate) (Birmelin et al., 1998; Frasco and Guilhermino, 2002). In the case of GST 

inhibition by dimethoate in guppies, the authors suggest that inhibition could involve the 

negative regulation of GST gene expression or be related to the role of GST in scavenging 

toxins (Frasco and Guilhermino, 2002). The variability in the response of these enzymes to 

organophosphate compounds is important to note when interpreting field-based 

ecotoxicology studies using phase I and II enzymes as biomarkers and emphasizes the value 

of careful characterization as well as using suites of bioindicators when examining 

biological responses in impacted populations.

Mercury exposure resulted in decreases in MROD and GST activities and no change in 

EROD activity which differs from responses reported in the literature for some taxa, again 

illustrating variations in responses. Mercury is toxic to enzymes and postulated mechanisms 

of inhibition include the binding of sulfhydryl groups by divalent ions or the generation of 

reactive oxygen species (ROS) that then lead to oxidative damage (Bozcaarmutlu and Arinc, 

2004; Haniu et al., 1989; Viarengo et al., 1997). Studies in fish or HEPG2 cells report the 

inhibition of either the induction of EROD (by β-napthoflavone or benzo[a]pyrene) or un-

induced EROD activity by mercury (Bozcaarmutlu and Arinc, 2004; Guilherme et al., 2008; 

Oliveira et al., 2004; Vakharia et al., 2001; Viarengo et al., 1997; Vieira et al., 2009). MROD 

activity appears to be more sensitive to mercury exposure than EROD in signal crayfish 

since it decreased in animals in this study and interestingly responds to mercury in a manner 

consistent with EROD in vertebrates (Bozcaarmutlu and Arinc, 2004; Guilherme et al., 

2008; Vieira et al., 2009). The lack of a response of EROD to mercury chloride is consistent 

with a study conducted on bivalves (Chlamys farreri) that reported a decrease in EROD 
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activity with exposure to lead but not mercury or copper (Zhang et al., 2010). The EROD 

saline controls for the mercury chloride study, which were collected in March, were 

significantly lower (p < 0.05) than the controls for the dimethoate study that were collected 

in June. We did not design the study to examine seasonal variation in these endpoints 

(discussed below), but it should be noted that the lack of EROD inhibition by mercury could 

be due to the lower overall activity in animals collected during a different season, a 

difference that was not observed in MROD. Finally, as noted above, GST decreased in 

response to mercury in signal crayfish which is opposite to responses reported in other taxa 

where mercury increased GST activity in catfish (Ictalurus melas) and green shore crabs 

(Carcinus maenas) (Elia et al., 2003; Elumalai et al., 2007).

GSH expression, as well as other endogenous antioxidants, may affect the response of 

cytochrome P-450 and additional enzymes to heavy metals as well as to known inducers. 

GSH protects against the metal induced inhibition of EROD, presumably by direct binding 

of the sulfhydryl groups to the metals or through its role as an antioxidant, which reacts with 

ROS generated by metal exposure (Bozcaarmutlu and Arinc, 2004; Guilherme et al., 2008; 

Oliveira et al., 2004; Viarengo et al., 1997). This could provide an explanation for the lack of 

a response of EROD to mercury in crayfish in this study given that GSH was detectable in 

all hepatopancreas samples, although it did not change in response to dimethoate or mercury 

at the concentrations tested in this study. The lack of change in GSH is consistent with 

studies that demonstrate no change in GSH in response to contaminants in Nile Tilapia, 

gastropods and worms exposed to contaminants (Kristoff et al., 2008; Matos et al., 2007; 

Velki and Hackenberger, 2013b). The GSH results indicate that although ROS production is 

not induced to an extent capable of modulating GSH concentrations at the doses of 

dimethoate and mercury tested in this study, it is likely that GSH (and MT) is providing a 

protective effect. Therefore, MROD as well as GST and AChE (discussed below) may be 

more sensitive to mercury exposure than EROD.

Tissue type, class of chemical and dose need to all be carefully considered when interpreting 

field data using MT as a biomarker in signal crayfish. Dimethoate treatment did not 

modulate MT concentrations in the gill or muscle tissue of experimental animals indicating 

that it is not a sensitive biomarker in signal crayfish for exposure to this compound at the 

concentrations tested in this study. Mercury chloride treatment increased MT concentrations 

in the gill tissue at the low and middle doses but not the highest concentration (0.9 μg kg−1) 

and did not alter MT in muscle tissue at any of the doses tested in this study. Gill tissue is 

more sensitive to mercury exposure which could be in part due to the lower overall 

expression of MT in gill relative to tail muscle. We do not have an explanation for why 

animals did not respond with an increase in MT at the highest dose of mercury in gill tissue, 

although it is interesting to note as nonmonotonic dose response curves have been described 

in the context of endocrine disrupting compounds (Vandenberg et al., 2012). MROD, GST 

and AChE all decreased significantly at the highest mercury chloride concentration in the 

same study animals indicating that they did in fact receive a higher dose. Higher 

concentrations should be tested in future studies to determine whether this pattern persists.

Inhibition of AChE by mercury and dimethoate could lead to increased mortality or altered 

physiological function in this species. Dimethoate and mercury chloride both decreased 
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AChE activity in tail muscle. This is consistent with studies reporting inhibition of this 

enzyme by organophosphate pesticides in fish (Frasco and Guilhermino, 2002) and metals 

such as chromium, molybdenum and cadmium in Daphnia magna (Diamantino et al., 2000). 

A depression of 20% or more in AChE activity is considered to be indicative of 

organophosphate exposure and a 50% or greater decrease in AChE can be life threatening 

(Day and Scott, 1990). In this study, treatment with 0.3, 0.6 and 0.9 μg kg−1dimethoate led 

to decreases of approximately 16%, 41% and 37% respectively, with the higher two doses 

being significant (p < 0.05). Likewise, treatment with 0.3, 0.6 and 0.9 μg kg−1 mercury 

chloride resulted in a decrease in AChE of 7%, 27% and 55% respectively, with the highest 

dose being significantly different from the saline controls (p < 0.05). The fact that mercury 

chloride decreased AChE activity at the highest dose illustrates that inhibition of AChE is 

not a response unique to OPs in this species and thus must be factored into field studies 

using AChE as an endpoint using signal crayfish as an ecotoxicology model.

Seasonal variation in the endpoints described in this study needs to be assessed in future 

studies (Kerambrun et al., 2016; Osse et al., 2018). Although, we did not design this study to 

examine seasonal variation we did observe a difference in the values measured for the saline 

controls used in the dimethoate and mercury chloride studies. Animals for the dimethoate 

study were collected in June whereas animals used in the mercury chloride study were 

collected in March. The saline controls were significantly different (p < 0.05) between the 

studies for EROD, GST, GSH, MT in both gill and muscle, and AChE. Seasonal variation 

has been reported in both GSH concentrations and GST activity in the red swamp crayfish 

and certainly warrants investigation in the signal crayfish when using these markers in field 

studies (Elia et al., 2006).

The variability in responses to contaminants across taxa, classes of chemicals and potentially 

season in the markers examined in this study should be considered when conducting field -

based studies. We report modulations by dimethoate and mercury of common endpoints 

used as biomarkers. Patterns of modulation differ, in some cases, from reports in other taxa 

which can complicate the interpretation of results obtained from field studies. Based on our 

results, we can conclude that EROD, MROD, GST and AChE are sensitive to dimethoate 

exposure and that MROD, GST, MT and AChE are modulated by mercury chloride in this 

species. GSH concentrations did not vary among treatments. Dimethoate and mercury both 

decreased phase I and II enzymes as well as AChE, potentially impacting physiological 

function and the animals’ ability to biotransform other contaminants. Seasonal variation may 

exist in the expression of these markers although future experiments specifically designed to 

test this question should be conducted.
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Highlights

• EROD, MROD, GST and AChE are sensitive to dimethoate exposure in signal 

crayfish

• MROD, GST, MT and AChE are modulated by mercury chloride

• Decreased phase I and II enzymes could impact overall biotransformation 

capability

• AChE inhibition could cause increased mortality or altered physiological 

function
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Figure 1. 
Average EROD activity (mean +/− S.E.) in signal crayfish hepatopancreas 72 h after 

dimethoate and mercury chloride treatments. * Denotes statistical significance (p≤ 0.05) 

compared to the saline control.
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Figure 2. 
Average MROD activity (mean +/− S.E.) in signal crayfish hepatopancreas 72 h after 

dimethoate and mercury chloride treatments. * Denotes statistical significance (p≤ 0.05) 

compared to the saline control.
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Figure 3. 
Average GST activity (mean +/− S.E.) in signal crayfish hepatopancreas 72 h after 

dimethoate and mercury chloride treatments. * Denotes statistical significance (p≤ 0.05) 

compared to the saline control.
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Figure 4. 
Average GSH concentrations (mean +/− S.E.) in signal crayfish hepatopancreas 72 h after 

dimethoate and mercury chloride treatments.
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Figure 5. 
Average MT concentrations (mean +/− S.E.) in signal crayfish gill tissue 72 h after 

dimethoate and mercury chloride treatments. * Denotes statistical significance (p≤ 0.05) 

compared to the saline control.
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Figure 6. 
Average MT concentrations (mean +/− S.E.) in signal crayfish tail tissue 72 h after 

dimethoate and mercury chloride treatments.
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Figure 7. 
Average AChE activity (mean +/− S.E.) in signal crayfish tail tissue 72 h after dimethoate 

and mercury chloride treatments. * Denotes statistical significance (p ≤ 0.05) compared to 

the saline control.

Gunderson et al. Page 23

Chemosphere. Author manuscript; available in PMC 2019 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Methods
	2.1 Animal collection and exposure
	2.2 EROD, MROD and glutathione S-transferase (GST) activity
	2.2.1 Tissue preparation
	2.2.2 EROD and MROD assays
	2.2.3 Glutathione S-transferase (GST) activity

	2.3 Glutathione (GSH) concentrations
	2.4 Metallothionein (MT) concentrations
	2.5 Acetylcholine esterase (AChE) activity
	2.6 Statistical Analysis

	3. Results
	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

