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Abstract: This study evaluates the toxic effects of the organophosphate pesticide (OP) dichlorvos to the 

endangered Iberian toothcarp (Aphanius iberus). To this end, the lethal toxicity of dichlorvos based on 96h 

LC50 bioassays was determined in saline water (50g/L), and in vivo effects of dichlorvos on cholinesterase 

(ChE) activity were investigated in adult female and male specimens. The 96h LC50 value determined by 

probit analysis was 3.17 mg/L (95 % confidence limits: 1.34-3.97). The characterisation of the ChE using 

different substrates and specific inhibitors was also carried out in head and muscle tissues. Acetylthiocholine 

was the substrate preferred of both head and muscle ChE in males and females.  Eserine sulfate and 

BW284C51 significantly inhibited both head and muscle enzyme activity at low concentrations (µM range), 

and iso-OMPA had no significant effect. These results indicate that in the head and muscle the predominant 

ChE form is acetylcholinesterase (AChE) for both sexes. The kinetics parameters for ChE activity (Km and 

Vmax) were similar in both sexes. The 96h-LC50 value obtained for adult specimens of Iberian toothcarp 

was 3.17 mg/L. ChE activity in head and body tissues of both sexes was significantly inhibited in all 



concentrations tested (0.5, 1, 2 and 4 mg/L) after "in vivo" dichlorvos exposure. However, Iberian toothcarp 

was able to tolerate high concentrations of dichlorvos, and resist high levels of brain and muscle ChE 

inhibition without mortality. Both ChE inhibition and recovery followed a similar time-course pattern in 

response to sublethal exposure to dichlorvos (1mg/L), and the enzyme activity did not return to control levels 

after 96h in clean water. The results of this study show that ChE activity is a good biomarker of exposure to 

OP in the Iberian toothcarp adults.



1

1

1

Acute Toxicity of Dichlorvos to Aphanius iberus (Cuvier & Valenciennes, 1846)  and its 2

Anti-cholinesterase Effects on this  Species 3

4

5

6

7

I. Varóa, F. Amatb, J.C. Navarrob8

9

10

aDepartamento de Biología Funcional y Antropología Física. Facultad de Ciencias Biológicas. 11

Universidad de Valencia. C/ Doctor Moliner s/n, Burjasot, Valencia, Spain12

bInstituto de Acuicultura de Torre de la Sal (CSIC), 12595 Ribera de Cabanes, Castellón, 13

Spain14

15

16

17

18

19

20

21

Running title: ChE activity in endangered Iberian thoothcarp A. iberus22

Corresponding author: J.C. Navarro. Tel.: +34 319500; fax: +34 319509.23

E-mail address: jcnavarro@iats.csic.es24

Manuscript



2

2

Abstract25

This study evaluates the toxic effects of the organophosphate pesticide (OP) dichlorvos 26

to the endangered Iberian toothcarp (Aphanius iberus). To this end, the lethal toxicity of 27

dichlorvos based on 96h LC50 bioassays was determined in saline water (50g/L), and in vivo28

effects of dichlorvos on cholinesterase (ChE) activity were investigated in adult female and 29

male specimens. The 96h LC50 value determined by probit analysis was 3.17 mg/L (95 % 30

confidence limits: 1.34-3.97). The characterisation of the ChE using different substrates and 31

specific inhibitors was also carried out in head and muscle tissues. Acetylthiocholine was the 32

substrate preferred by both head and muscle ChE in males and females.  Eserine sulphate 33

and BW284C51 significantly inhibited both head and muscle enzyme activity at low 34

concentrations (µM range), and iso-OMPA had no significant effect. These results indicate that 35

in the head and muscle the predominant ChE form is acetylcholinesterase (AChE) for both 36

sexes. The kinetic parameters for ChE activity (Km and Vmax) were similar in both sexes. The 37

96h-LC50 value obtained for adult specimens of Iberian toothcarp was 3.17 mg/L. ChE activity 38

in head and body tissues of both sexes was significantly inhibited in all concentrations tested 39

(0.5, 1, 2 and 4 mg/L) after “in vivo” dichlorvos exposure. However, Iberian toothcarp was able 40

to tolerate high concentrations of dichlorvos, and resist high levels of brain and muscle ChE 41

inhibition without mortality. Both ChE inhibition and recovery followed a similar time-course 42

pattern in response to sublethal exposure to dichlorvos (1mg/L), and the enzyme activity did 43

not return to control levels after 96h in clean water. The results of this study show that ChE 44

activity is a good biomarker of exposure to OP in the Iberian toothcarp adults.45
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1. Introduction52

The Spanish toothcarp (Aphanius iberus) is a cyprinodontid fish endemic to the 53

Mediterranean coast of Spain. A. iberus is a eurythermic and euryhaline fish that inhabits54

hypersaline waters, brackish water of salt marshes, coastal lagoons and river-mouths (Sanz, 55

1985; Moreno-Almich et al., 1999; Oltra & Todolí, 2000), although it also occurs in freshwater 56

and low salinity creeks. The distribution of A. iberus is restricted to the eastern Spanish 57

coastline and into three biogeographical areas: Catalonian, Levantine and Murcian (Doadrio et 58

al., 1996). It was traditionally thought that its distribution included areas of the Atlantic coast of 59

the Southern Iberian Peninsula. However, the Atlantic populations of the Spanish toothcarp 60

have been separated recently from A. iberus, and described as a new species (A. baeticus)61

(Doadrio et al. 2002). A. iberus is considered in danger of extinction by the Spanish National 62

Catalogue of Endangered Species and the Convention on the Conservation of European 63

Wildlife and Natural Habitats (Doadrio, 2001). This is due to habitat loss as a result of touristic64

activity, water pollution (from industries, urban wastes and agricultural products), as well as to65

the introduction of exotic species such as Fundulus heteroclitus and Gambusia holbrooki66

(mosquitofish) which out-compete A. iberus (Doadrio et al., 1996). Several recovery plans have 67

been carried out based on the strict protection of habitats, breeding in captivity and 68

reintroduction in restored habitats, as well as on improving the scientific knowledge of the 69

species (Planelles, 1999).70

Currently, water pollution by hazardous chemicals such as pesticides is one of the 71

most critical problems for conserving aquatic ecosystems. Dichlorvos [O-(2,2-dichlorovinyl)-72

O,O-dimethylphosphate (DDVP)] is an organophosphate pesticide (OP) widely used in the 73

world for many years in agricultural, forest and veterinary applications. This pesticide is74

commonly used in the Mediterranean area to treat a variety of agricultural pests (acari, insects75

and nematodes) It can produce adverse effects on non-target aquatic organisms living in 76

areas near agricultural fields. It often ends up in aquatic habitats carried up by wind, runoff, or 77

through uncontrolled waste disposal. Since A. iberus habitats are often located close to 78
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agricultural or urban areas, the water pollution by OP, such as dichlorvos, coming from these 79

areas may represent a life-threatening situation for A. iberus populations.80

The mechanism of action of OP pesticides is based on the inhibition of 81

acetylcholinesterase (AChE), a member of the family of enzymes known as cholinesterases 82

(ChE). AChE is the enzyme responsible for the degradation of the neurotransmitter 83

acetylcholine in cholinergic synapses of both vertebrates and invertebrates. The inhibition of 84

the enzyme by OP pesticides causes an accumulation of acetylcholine in the synapse and the 85

continuous stimulation of the post-synaptic membrane, a process that may lead to death86

(Thompson, 1999). In addition to AChE, OP pesticides also inhibit pseudocholinesterases like 87

butyrylcholinesterase (BChE) and propionylcholinesterase (PrChE), which are closely related 88

enzymes that hydrolyse some xenobiotics and bind to others, including OP pesticides. AChE 89

and BChE can be often present in the same tissue (Sturm et al., 2000; Varó et al., 2003; 90

2007). Since different enzymes may have distinct sensitivity to anti-cholinesterase agents, it is 91

advisable to perform a characterization of the ChE present in the species and tissue under 92

study before employing the activity of these enzymes as an environmental biomarker in 93

biomonitoring studies with wild species or as an effect criterium in toxicity assays (Bocquené 94

et al., 1990; García et al., 2000, Varó et al., 2003, Rendon-von Osten et al., 2005).95

To the best of our knowledge there is not information available on the ChE activity in A. 96

iberus, as a biomarker of exposure to anticholinesterase pesticides. Besides, information on 97

the effects of xenobiotics on hypersaline fauna is very scarce in comparison with fresh, 98

brackish or marine water species. Thus, the objective of the present study was to evaluate the 99

toxic effects of waterborne dichlorvos on this endangered species. To this end, the lethal 100

toxicity of diclorvos based on 96h-LC50 bioassays was determined. The ChEs present in head 101

and muscle tissues in both males and females were characterized, and the “normal” range of 102

activity in both tissues of non-exposed fish was estimated. Also, the sub-lethal effect of short 103

exposures (24, 48, 72 and 96h) to dichlorvos on ChE activity, and the patterns of inhibition and 104

recovery of ChE in head and muscle tissues of both sexes were studied. This information will 105

provide new insights from the mechanistic point of view (toxicity, action and partial cleanup) of 106
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dichlorvos in a species that is being subject of reintroduction in ecosystems likely to contain 107

this toxicant.108

109

110

2. Materials and Methods111

Chemicals  112

Acetylthiocholine iodide (ATC), s-butyrylthiocholine iodide (BUT), propionylthiocholine 113

iodide (PROP), N,N´-diisopropylphosphorodiamic acid (iso-OMPA), eserine sulphate, 1,5-114

bis(4-allyldimethyammoniumphenyl-pentan-3-one dibromide (BW284C51), 5,5’-dithiobis(2-115

nitrobenzoic acid) (DTNB) and bovine -globulin´s were obtained from Sigma Chemicals. 116

Dichlorvos was obtained from Dr. Ehrenstorfer Reference Materials (Germany).117

118

Experimental Fish119

Iberian toothcarp A. iberus juveniles were obtained from the Biodiversity Service120

breeding centre of  the Autonomous Government of Valencia (Spain) and stocked in a 100 L-121

glass fiber tank filled with filtered (0.2 µm filter size) brackish water (salinity 4 g/L), supplied with 122

constant aeration and natural temperature (22-28 ºC) and photoperiod (40º 5’ N; 0º 10’ E) . After 123

two weeks fish were transferred to a 50 L aquarium and acclimated to 0.2 µm filtered salt water 124

(50 g/L), made with marine water (38 g/L) and added ClNa, until the adult stage was reached, 125

under the culture conditions indicated before. Fish were fed once daily with live adults of Artemia126

and Tetramin fish flakes until satiation. 127

All experiments were performed using adult specimens. In this species sexual 128

dimorphism is apparent. Adult males show blue and silver vertical bars along the body, and 129

are generally smaller than adult females, which are brown with dark spots all over the body. 130

Mean size and weight (mean   S.D.) of male fish used in the experiments was 23.5   2 mm131

(total length) and 0.21  0.07 g respectively, whereas females measured 25.7  3.8 mm and 132

weighed 0.31  0.16 g. 133
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134

Characterisation of ChE135

Fish were anesthetised in ice-cold chilled water and sacrificed by decapitation. For in 136

vitro ChE characterization, the whole head without the eyes, and a piece of dorsal muscle (50 137

mg) were quickly dissected and kept on ice until the homogenates were prepared.  Special 138

attention was paid to remove any small amount of muscle associated to the head to avoid any 139

influence of muscle on head ChE measurements. Tissues were homogenised in 1 ml of ice-140

cold phosphate buffer (0.1M, pH=7.2), using a tissue disrupter (Ultraturrax T-8, IKA, 141

Germany), and centrifuged at 8000 g for 5 min at 4 ºC. Supernatants were immediately frozen 142

at -80 ºC, until enzymatic analyses were performed.143

Enzymatic characterization of ChE enzymes of head and dorsal muscle was carried out144

by investigating the substrate preferences of the enzymes and their responses to selective 145

inhibitors. The substrates acetylthiocholine iodide (ATC), S-butyrylthiocholine iodide (BUT) and 146

propionylthiocholine iodide (PROP) at concentrations ranging from 0.01 to 20.5 mM were 147

used, in independent experiments, following the general procedure described in García et al. 148

(2000). The apparent Km and Vmax values were calculated in this range from Michaelis and 149

Menten equation (V = Vmax * [S / Km + [S), using the Solver tool of Microsoft Excel.  Eserine 150

sulphate, BW284C51 and iso-OMPA, were used as selective inhibitors of all ChEs, AChE and 151

BChE, respectively. The effect of specific inhibitors on ChE activity was determined as 152

described in Varó et al. (2003), using ATC as substrate and DTNB as chromoagent. Diluted 153

homogenates (0.490 ml) were incubated for 30 min at room temperature (20-22 ºC,) with 154

0.010 ml of the appropriately diluted stock solution to obtain each test concentration. The 155

tested concentrations ranged from 10 -6 to 10 -4 M for eserine sulphate and BW284C51, and 156

from 10 -4 to 10 -2 M for iso-OMPA. Controls were incubated with 0.010 ml of bi-distilled water. 157

Additional controls with ethanol or acetone were included when appropriate. Enzyme activity 158

was determined immediately after the incubation period. Six different fish (three males and 159

three females) were used per chemical. Enzymatic determinations were always performed 160

triplicate.161
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ChE activity was determined at room temperature (20-22 ºC) by the Ellman method 162

(Ellman et al., 1961) adapted to microplates according to Guilhermino et al. (1996). The 163

absorbance increase at 405 nm was followed for 5 min using a Bio-Rad microplate reader 164

(Bio-Rad model 3550). The enzyme activity was expressed as Units (U) per mg of protein (1 165

U= nmol of substrate hydrolysed per minute). Total protein content of the samples was 166

determined by the Bradford method (Bradford, 1976), adapted to microplates, using Bio-Rad 167

protein assay dye reagent concentrate (ref 500-0006),  and γ-globulin as standard. The 168

absorbance was read at 595 nm.169

170

Lethal toxicity test171

Acute 96h toxicity tests were conducted to estimate the LC50 value for dichlorvos in 172

adult males and females of the Iberian thoothcarp, following the recommendations of OECD173

(1997). Fish toxicity tests were carried out in 2 L glass flasks (1 male and 1 female fish/L),174

filled with 0.2 µm filtered salt water (50 g/L), made with marine water (38 g/L) and added ClNa,175

and supplied with constant moderate aeration. Tests were performed at 201 ºC under a176

12:12 h light:dark photoperiod in a temperate room. Before the tests, and for each177

concentration, four females and four males were randomly collected, transferred to the glass 178

flasks, and acclimated to the experimental conditions 4 h prior to the start of the experiment. 179

Then, fish were exposed to a range of dichlorvos concentrations: 0, 0.5, 1, 2 and 4 mg/L for 96 180

h in static conditions. All tests also included two control groups. A first control group was 181

exposed to clean saline water and a second one was exposed to the same amount of solvent 182

(0.04 % acetone) as in the highest concentration tested.  Test solutions were prepared using 183

successive dilutions from a dichlorvos stock solution. The stock solution was prepared by 184

dissolving dichlorvos (99% purity, Dr. Ehrenstorfer) in acetone. The medium was changed daily 185

to assure the desired concentration of pesticide in the water (dichlorvos half-life is around 4 186

days, http://www.the-piedpiper.co.uk/), and to maintain water quality (pH: 8.20.03, oxygen 187

over 98 % saturation). Fish were not fed during the experimental period. Each group was 188

checked twice a day and dead specimens removed from the glass flasks.189

http://www.the-piedpiper.co.uk/
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190

Effect of dichlorvos on ChE activity191

The effect of dichlorvos on ChE activity was assessed in surviving fish exposed to 192

pesticide concentrations (from 0.5 to 4 mg/L) at the end of the 96h-LC50 lethal toxicity test. In a 193

separate experiment, inhibition and recovery patterns of ChE were determined in fish exposed 194

during 96h to a constant nominal concentration of 1 mg/L of dichlorvos, corresponding to 0.3-fold 195

of the 96h median lethal concentration value (LC50); and after 96 h of a recovery period in clean 196

water. Groups of 4 fish (two females and two males) were placed in 2 L glass flasks filled with 197

filtered salt water (50 g/L) and supplied with constant moderate aeration and exposed to 1 198

mg/L of dichlorvos for 96 h, under the conditions of temperature and photoperiod described for 199

lethal toxicity tests. Fish were not fed with during the experimental procedure, and the medium 200

was renewed daily to assure the desired concentration of pesticide in the water and to 201

maintain water quality. A control group with acetone was also included. 202

After 6, 24, 48, 72 and 96 h of pesticide exposure, four fish (two females and two 203

males) were removed, and the head (without eyes) and dorsal muscle tissues quickly 204

sampled. The homogenates for ChE assays were prepared as described before. The same 205

procedure was made after 6, 24, 48, 72 and 96 h in fish kept in clean water (recovery period). 206

Determination of ChE activity was performed as described previously for enzyme activity using 207

ATC as substrate and DTNB as chromoagent.  The “normal” range of ChE activity of head and 208

dorsal muscle tissues was determined in non-exposed fish.209

210

Statistical analysis211

A t-test was used to compare the size of female and males. The 96h LC50 and EC50 212

(“in vivo” concentration giving 50% of ChE activity) 95% confidence intervals were calculated 213

with the regression probit method. Statistical comparisons of experimental data of ChE activity 214

of the different treatments were performed by one-way analysis of variance (ANOVA). 215

Significant differences between the means of the treatments and those of the controls were 216
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determined by Dunnett multi-comparison test. The no-observed effect concentration (NOEC) 217

and the lowest observed concentration (LOEC) were calculated from these results. 218

ChE activity data after exposure to dichlorvos was further analysed multifactorially by 219

means of a General Linear Model to divide total variability in components attributable to the 220

different factors, i.e. to assess the effect of concentration of toxicant (controls, 0.5, 1 and 2221

mg/L since 4 mg/L killed all males), sex (males and females) and tissue (head and body).222

These three factors were introduced in the model as random (concentration) and fixed (sex 223

and tissue), and the partial eta squared statistics describing the proportion of total variability 224

attributable to each factor was computed. Deviations from normality were corrected by arcsin 225

transformation and monitored by Kolmogorov-Smirnof test.  226

All statistical analyses were carried out using SPSS Systems software (SPSS, 1989-227

1992) with a significance level of 0.05. Results are presented as means ± S.E.M. (standard 228

error).229

230

Results231

Experimental Fish232

Although adult males of the Iberian toothcarp are generally smaller in size than 233

females, no significant differences in size (length: t= 2.5, degrees of freedom (df) = 31.97, p>234

0.05; and weight: t= 2.86, df=28.76, p> 0.05) were encountered between sexes in the fishes 235

used in the present experiments.236

I237

Characterisation of ChE238

ChE activities as a function of different substrates and tissues in both females and 239

males of the Iberian toothcarp are presented in Fig. 1 (A - D). The preferred substrate in the 240

tissues analysed in both sexes was acetylthiocholine (ATC). Values of ChE activity measured 241

in both sexes and tissues using butyrylthiocholine (BUT) and propionylthiocholine (PROP) as 242

substrates were considerably lower than the corresponding values obtained with ATC. ChE 243

activity showed Michaelis and Menten kinetics only for ATC concentrations ranging from 0.01 244
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to 2.56 mM (Fig. 2), since higher concentrations of substrate produced inhibition of the ChE 245

activity (Fig 1). For head ChE activity, Km were 0.22 mM and 0.17 mM for females and males 246

,respectively, whereas corresponding Vmax values  were 29.02 U/mg protein and 23.93 U/mg 247

protein. Km for dorsal muscle ChE activity gave values of 0.24mM and 0.30mM, whereas248

Vmax of 41.15 U/mg protein and 50.78 U/mg protein were obtained for female and male,249

respectively.250

Fig. 3 shows the effects of iso-OMPA, eserine sulphate and BW284C51 on ChE activity 251

of head and dorsal muscle tissues of female and male Iberian toothcarp. Eserine sulphate had 252

significant effect on ChE activity in head and muscle of both females (head: F = 4.435, df = 10, 253

35, p  0.05; muscle: F = 4.926, df = 10, 35, p  0.05) and males (head: F = 7.43, df = 10, 47, 254

p  0.05; muscle: F = 8.56, df = 10, 45, p 0.05) at 10–6 -10–5M. While  iso-OMPA did not affect 255

ChE activity in either sex or tissue at 10–4 or -10–3M (females, head: F = 0.063, df =7, 26, p 256

0.05; muscle: F = 0.035, df = 7, 26, p  0.05; and males, head: F = 0.269, df = 7, 26, p  0.05; 257

muscle: F=0.197, df= 7,26 p  0.05). In contrast, BW284C51 produced a significant inhibitory 258

effect on ChE activity in the tissues examined in both females and males (females, head: F =259

33.01, df = 10, 32, p  0.05; muscle: F = 519.32, df = 10, 32, p  0.05; and males, head: F =260

57.02, df = 10,32, p  0.05; muscle: F = 177.58, df = 10,32, p  0.05). The LOEC values for 261

eserine sulphate and BW284C51 were in the range of 10–6 M.262

263

264

Lethal toxicity test 265

The survival of the control fish in the lethal acute toxicity test was 100 %. The 96h-266

LC50 value obtained for adult specimens of Iberian toothcarp was 3.17 mg/L (95 % confidence 267

limits: 1.34-3.97). No differences in sensitivity to dichlorvos between females and males were 268

observed in the range of 0.5 to 1 mg/L. However, the mortality of males was higher at 2 mg/l 269

and at the highest concentration of pesticide tested (4 mg/L).270

271
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Effect of dichlorvos on ChE activity272

The effect of increasing concentrations of dichlorvos on ChE activity of Iberian 273

toothcarp after 96 h of exposure is represented in Fig. 4. Exposure to dichlorvos induced 274

significant alteration on ChE activity in the tissues studied of both females and males (females, 275

head: F = 20.85, df = 5, 11, p  0.05, muscle: F = 64.37, df = 5, 11 p  0.05; males, head: F =276

49.20, df = 4, 9, p  0.05, muscle: F = 11.38, df = 4, 9, p  0.05). Besides, exposure to acetone 277

lowered ChE activity of females in both tissues. A LOEC value of 0.5 mg/L was obtained in 278

both sexes and tissues analysed.279

Multifactorial analysis of the variability of ChE activity in fish exposed to 0, 0.5, 1 and 2 280

mg/L of dichlorvos showed significant differences for concentration, sex and tissue variables. 281

Partial eta squared analysis revealed that variability was mainly explained by the toxicant 282

concentration factor (eta squared = 0.910) followed by tissue (eta squared = 0.584) and sex 283

(eta squared = 0.364).284

The 96h-EC50 values within tissues were similar for both sexes. The EC50 values 285

estimated for head ChE activity in females: 0.30 mg/L, 95 % confidence limits: 0.175 - 0.421, and 286

males: 0.27 mg/L, 95 % confidence limits: 0.138-0.402, were lower than 0.5 mg/L, the lowest287

concentration tested. For muscle, the 96h-EC50 calculated were 0.78 mg/L, 95 % confidence 288

limits: 0.646 - 0.918 for females, and 0.56 mg/L, 95 % confidence limits: 0.001 - 0.980, for males.289

The values of head ChE activity on non-exposed fish using ATC as substrate were 33.43 290

± 2.31 U/mg protein and 34.91 ± 1.18 U/mg protein for female and male respectively. 291

Corresponding values for muscle were 32.00 ± 1.02 U/mg protein and 49.21 ± 0.68 U/mg protein 292

for female and male respectively. 293

294

Enzyme inhibition and recovery295

The ChE inhibition and recovery patterns in the tissues of both sexes following 296

continuous exposure during 96h to 1mg/L dichlorvos and after 96h in clean water (recovery 297

period) are presented in Fig. 5. ChE activity decreased during the exposure period, until a 298

minimum value of 4.28 U/mg protein (83.1% of inhibition) and 2.77 U/mg protein (90.8 % of 299
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inhibition) in the heads of females and males, respectively. In the muscle, ChE activity at 96h300

exposure was 8.20 U/mg protein (79.5 % of inhibition) for females and 8.16 U/mg protein (82.1301

% of inhibition) for males. After 96h in clean water, the enzyme activity in the head recovered 302

to 43.3 % and 44.3 % of the control value for females and males, respectively. In the muscle,303

the recovery of the enzyme activity was higher: to 70.5 % of the control value for females and 304

to 50.9 % of the control value for males.305

306

307

Discussion308

 ChE activity was almost completely inhibited (<10-2 % activity) by eserine sulphate at 309

10-6 -10–5 M (in the µM range) which is within the range considered typical of ChE activity (Eto, 310

1974; Silver, 1974; Thompson & Walker, 1994). This result indicates that the enzyme activity 311

measured in our experimental conditions was mainly due to ChE and not to other types of 312

esterases. The ChE activity of the two tissues studied for males and females showed a 313

preference for acetylthiocholine as substrate over BUT and PROP. Also, ChE activity was 314

sensitive to BW284C51, and showed no sensitivity to iso-OMPA. These data indicate that 315

AChE is the predominant form present in both sexes and tissues, which is in agreement with 316

the results of other studies carried out on several freshwater, estuarine and marine fish, such 317

as Poecilia reticulata (Garcia et al., 2000), Gambusia holbrooki, and Gambusia yucatana318

(Nunes et al., 2003; Rendon von Osten et al., 2005), and Limanda limanda, Platichthys flesus319

and Serranus cabrilla (Sturm et al., 1999).320

The kinetic parameters (Km and Vmax) for head and muscle ChE activity did not show 321

differences between sexes. The apparent Km values for head (0.22mM in females; 0.17 in mM 322

males) and muscle (0.24 mM in females; 0.30 mM in males) for ChE activity were similar, and 323

close to those reported previously for brain ChE activity in other fish species: 0.170 mM for 324

Cnesterodon decemmaculatus ; 0.230 mM for Cyprinus carpio (De La Torre et al., 2002); 325

0.196 mM for Cathorops spixii; 0.201 mM for  Micropogonias furnieri (Tortelli et al., 2006). 326

Vmax values for head (29.02 U/mg protein, females; 23.93 U/mg protein, males) and muscle 327
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(41.15 U/mg protein, females; 50.78 U/mg protein, males) were lower than those reported by 328

De la Torre et al. (2002), but similar to Vmax values estimated by Tortelli et al., (2006) (21.1 U/ 329

mg protein for Cathorops spixii; 18.6 U/ mg protein for Micropogonias furnieri).330

The adults of Iberian toothcarp showed an intermediate sensitivity to dichlorvos 331

exposure in comparison with most fish species studied. Thus, Iberian toothcarp with a 96h-332

LC50 value of 3.17 mg/L is more sensitive to dichlorvos than some freshwater and estuarine 333

fish species, such as fathead minnow (Pimephales promelas) or mosquito fish (Gambusia 334

affinis), where 96h-LC50- values of 12 and 5.3 mg/L have been reported respectively (WHO, 335

1989). On the other hand, Iberian toothcarp shows similar sensitivity to diclorvos exposure as336

the freshwater fish mummichog (Fundulus heteroclitus), with a 96h-LC50 value of 3.7 mg/L337

(Who, 1989), or as fingerlings of the marine fish European sea bass (Dicentrachus labrax) of 338

similar size, with a 96h-LC50 value of 3.5 mg/L (Varó et al., 2003). Finally, Iberian toothcarp is 339

more resistant to dichlorvos exposure than other fish species such as the American eel340

(Anguilla rostrata) (96h-LC50 value of 0.4 mg/L) (WHO, 1989), or the European eel (Anguilla 341

anguilla) (96h-LC50 value of 1.5 mg/L) (Peña-Llopis et al., 2003).342

It is interesting to stress the higher sensitivity to dichlorvos of this species as compared 343

with mosquito fish Gambusia affinis since it can have, among others, important ecological 344

implications. After the introduction of mosquito fish in Spanish ecosystems as a pest control, 345

both, Gambusia and Aphanius, compete for the same resources, the former out-competing the 346

latter. Among the causes for this displacement, the different resistance to OP contaminants 347

may play an important role.348

The ChE activity in females and males of Iberian toothcarp measured after 96 h of in 349

vivo exposure to dichlorvos was affected in both tissues studied. Inhibition response of ChE to 350

dichlorvos followed the same pattern in both sexes and tissues. All the concentrations tested 351

caused significant inhibition of ChE activity in head and muscle and differences in ChE 352

sensitivity to dichlorvos were found between tissues. For both sexes, head ChE activity was 353

more sensitive to this pesticide than muscle. For both males and females, the head 96h-LC50 354

value calculated (3.17 mg/L) was about 10.6 fold higher than the 96h-EC50 value estimated 355
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for ChE inhibition (0.30 mg/L). For muscle the values were about 4 to 5.7 times higher than the 356

96h-EC50 value estimated for ChE inhibition in females (0.78 mg/L) and males (0.56 mg/L) 357

respectively.358

Differences in the relationship between ChE inhibition in head and muscle tissues 359

have been found in fish, for example, a higher sensitivity of head ChE in comparison to muscle 360

tissue has been previously reported by Fulton et al. (1998) in the estuarine fish mummichog 361

(Fundulus heteroclitus), and by Varó et al (2003) in fingerlings of the marine fish European sea 362

bass (Dicentrachus labrax). 363

The results show that more than 60% inhibition of head ChE activity was obtained after 364

96 h of exposure at the lowest concentration tested (0.5 mg/L). For muscle, about 38% of 365

inhibition in females and 51% of inhibition in males was found. There is some controversy in 366

the literature about the extent of ChE inhibition required to cause death in fish. It seems that 367

when brain ChE inhibition reaches 70-90 % mortality is likely, although it seems to be368

dependent upon the species and the type of tissue examined (Fulton and Key 2001). In the 369

present study, the maximum ChE activity reduction without mortality was obtained for females 370

exposed to 4 mg/L of dichlorvos for 96h (92 % and 83.7 % in head and muscle respectively).371

For males, strong inhibition of head (85.7 %) and muscle (64.4 %) ChE activity was found after 372

96h exposure to 2 mg/L of dichlorvos. These results indicate that adults of Iberian toothcarp373

are able to tolerate very high levels of head and muscle ChE inhibition before death occurs. 374

Also, the relationship between mortality and ChE inhibition induced by dichlorvos indicates 375

differences for the two tissues analysed.  376

No differences in head ChE activity were seen between sexes in non – exposed fish. 377

This result is in line with that of Van Cong et al (2006), who found that sex had no effect on brain 378

ChE activity or in the way this enzyme is inhibited by OP and carbamates. On the contrary, 379

muscle ChE activity showed differences between sexes, been higher in males. However, it is 380

worth noting that the factorial analysis of the variability revealed that sex was the lowest 381

explanatory factor.382
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In Ibearian toothcarp, muscle ChE activity was higher than that of head. This difference in 383

activity can be partially explained by the sampling methodology as discussed in Varó et al. (2003) 384

(whole head versus brain as specific neurological tissue). However, similar results have been 385

reported in other fish species (Bretaud et al., 2000; Varó et al., 2003; Ferrari et al., 2007) and 386

even in different developmental stages of the same species (Varó et al., 2003), to the point 387

that higher muscular versus brain ChE activity, and higher muscular EC50 values, have been 388

invoked by Ferrari et al. (2007) as causes for the preponderance of muscular versus brain 389

inhibition as the main factor of mortality in some fishes.  In this sense, these authors concluded 390

that in fish species showing this pattern of response to a given pesticide, brain ChE may be 391

considered as an early biomarker of exposure, whereas muscular ChE may show effects leading 392

to mortality. However, this general statement must be handled with caution. The reason generally 393

accepted for considering brain ChE as a biomarker of effect, and muscle ChE as biomarker of 394

exposure, is mainly due to the physiological role of the enzymes. Brain AChE is the enzyme that 395

degrades the neurotransmitter in cholinergic synapses. Since other enzymes that have no known 396

physiological role, and that are not responsible for the degradation of the neurotransmitter in 397

cholinergic synapses,  may appear in tissues such as liver, plasma and muscle (Varó et al., 2003, 398

2007) of some species, when ChE is measured, only an indication of what can be  happening to 399

the true enzyme system is obtained. 400

The ChE inhibition and recovery patterns in both sexes and tissues of Iberian toothcarp401

were similar, the recovery of the ChE activity (% of the control value) in muscle being higher 402

than that in the head. Potential recovery of ChE activity to control levels from dichlorvos 403

inhibition seemed to require more than 96 h. Head ChE activity was still inhibited by 56.7 % in 404

females and 55.7 % in males after 96 h in clean water; and in muscle, CHE activity was 405

inhibited by 29.5 % in females and 49.1 % in males. The inhibition and recovery of ChE activity 406

from exposure to anticholinesterase agent may differ among fish species and pesticide407

classes (Fisher, 1991; Richmonds & Dutta, 1992; Ferrari et al., 2004), and is generally 408

prolonged in the case of OP pesticides (Ferrari et al., 2007). Besides, the length of time 409

required for the recovery of ChE activity to normal levels can be related to the degree of 410
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inhibition, because the enzyme activity is recovered mainly by “de novo” synthesis of the 411

enzyme (Morgan et al., 1990; Boone & Chambers, 1996). The results obtained are in 412

agreement with other studies carried out with several fish species showing that recovery of 413

ChE following exposure to OP varies from less than 1 week to more than 4 weeks (Morgan et 414

al., 1990; Boone & Chambers, 1996). In fact, the recovery rates of ChE activity inhibited by OP415

pesticides are slower compared to ChE activity inhibited by carbamate pesticides. In vivo 416

exposure of European eel to dichlorvos resulted in a 40% reduced brain AChE activity after 417

transfer to clean water for 96 h (Peña-Llopis et al., 2003). Longer recovery periods have also 418

been reported for fish brain after exposure to other organophosphorus pesticides (Morgan et 419

al., 1990; Sancho et al., 1997; Chandrasekara &  Pathiratne, 2005; Kavitha & Rao, 2007).420

421

422

Conclusions423

The results of the present study with different substrates and specific inhibitors indicate 424

that ChE present in the soluble fraction of the head and muscle of Iberian toothcarp can be 425

classified as AChE in both sexes. ChE activity for these tissues in both sexes was significantly 426

inhibited in all concentrations tested. However, Iberian toothcarp was able to tolerate high 427

concentration of dichlorvos, and resist high levels of brain and muscle ChE inhibition without 428

mortality. ChE followed the same pattern of inhibition and recovery response to sublethal 429

exposure to dichlorvos (1mg/L) in both sexes, and the activity did not return to control levels 430

after 96h in clean water. Furthermore, sex had less influence on ChE activity and inhibition by 431

the pesticide than the tissue used in the ChE determination. Because diclorvos may be 432

present in the water of salt marshes, the use of ChE activity of Iberian toothcarp adults as 433

biomarker may be recommended for use in environmental risk assessment studies to 434

diagnose exposure to anticholinesterase xenobiotics in wild populations when no other fish 435

shares the habitat due to the high salinity. More experimental work should be performed to 436

determine biomarkers in other tissues and by means of non invasive or minimally invasive 437

techniques (plasma) like in other endangered species.438
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Figure Captions599

600

Fig. 1. ChE activity in females and males of the Iberian thoothcarp head (A, B) and muscle 601

(C, D) tissues as a function of the different substrates, acetylthiocholine iodide (ATC), s-602

butyrylthiocholine iodide (BUT), and propionylthiocholine iodide (PROP). Values are mean 603

S.D. (n = 3, each with three enzymatic determinations per replicate). 604

605

Fig. 2. Michaelis-Menten plot describing ChE activity as a function of substrate (ATC) 606

concentration. Error bars are S.D.607

608

Fig. 3. Effect of eserine sulphate, BW284C51, and Iso-OMPA  on ChE activity of the Iberian 609

thoothcarp head (A) and muscle (B) tissues. Values are means  S.E.M. (n = 3, each with610

three or four enzymatic determinations per replicate). (*) Indicates significant differences from 611

control (p  0.05).612

613

Fig. 4. Effect of dichlorvos on ChE activity of muscle and head tissues of females and males of614

the Iberian thoothcarp. Values are means  S.E.M. (n = two fish per sex, and three or four615

enzymatic determinations per replicate).  0´= acetone control. (*) Indicates significant differences 616

from control (p  0.05). 617

618

Fig. 5. ChE activity of muscle and head tissues of females and males of the Iberian toothcarp 619

after 96h of exposure to 1 mg/L of dichlorvos, and after 96h in clean water (recovery period).620

621

622
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were split in males and females groups. Four enzymatic determinations 
were carried out per fish. The multifactorial analysis, as explained in 
the text aims at understanding the partition of total variance in that of 
the different factors, thus helping to discern the importance of such 
factors in explaining total variability.

5. Results and discussion

5.1. line 226: please change the beginning of the sentence to: "Although 
adult males of the..."

- Changed

5.2. Line 241: change the beginning to "Km for dorsal muscle ChE 
activity...."

- Changed

5.3. lines  243-254, ANOVA results: The degrees of freedom indicated ……

- Clarified after specifying the number of replicates: 4 fish, 2 per sex. 
Comparisons are made with Dunnet test which compares every group with the 
control. Pseudoreplication avoided by calculating means of enzymatic 
determinations.

5.4. Line 259: "sensitivity" and not "resistance"

- Changed

5.5. Effect of dichlorvos on ChE: the comment 5.3. applies also here. In 
addition, comparing sexes and tissues with a so small number of fish (2 
of each sex in some cases, if I correctly understood) seems to be pushing 
too much the data and I wonder how valid are the conclusions drawn.



- Please, bear in mind that sex accounts for the lower amount of variance 
as highlighted by multifactorial ANOVA.

5.6. Lines 309-311: please provide the correspondent author after the 
study with each species or groups of species.

- We do not understand very well the meaning of this. The authors are 
named in the text.

5.7. Line 326 and in other parts of the document: "WHO" and not "Who"

- OK

5.8. Lines 331-333: please provide the scientific name of the species.

- OK

5.9. Lines 334-339: The species introduced in Spain was Gambusia affinis 
or Gambusia holbrooki?

- The species introduced in Spain seems to be G. affinis subspecies 
holbrooki for some authors, for others, just G. holbrooki.

5.10: Lines 337-339: please make the sentence clear.

- Clarified

5.11. Lines 335-360: Please notice that time is a key issue here and this 
should be also discussed.

- We do not see how time can be considered a key issue in the context of 
the topics discussed in these paragraphs.

5.12. Lines 380-383: please notice that the reason generally ………

- Incorporated in the text.

5.13. Lines 386-387. The authors have no data from the study to support 
this sentence……..

- Modified.

5.14. In addition, the discussion section and conclusions should be 
reviwed after the clarification of material and methods and results 
sections.

6. legends of the Figures: please complete with the indications provided 
in the comments to the material and methods section. Figure 2: please 
indicate what mean the bars. Figure 5 - indicate the meaning of the "*".

- Completed. Figure 5 has no “*”

7. Figure 1- include the legend in all the graphs.



- Since legend is the same for all graphs, we have left one for all, 
deleting the second, instead of including four.

Reviewer #2: Review of the manuscript 

_Acute Toxicity and ChE Inhibition on the Endangered Iberian Toothcarp 
Aphanius iberus (Cuvier & Valenciennes, 1846) Exposed to Dichlorvos"

Authors:  Varo, Amat, Navarro

1 What is the main point of the paper? 
The characterisation and analysis of cholinesterase enzyme in the 

toothcarp.

2 Title:
2.1 Does the title represent the aims and conclusions? Yes
2.2 Is the title accurate? Yes

3 Content: 
3.1 Are the aims clear, and does the research address the aims?

3.2 Does the writing stick to that point?

3.3 Is the manuscript accurate?
3.4 Is the manuscript concise?

4 Abstract

Mistakes in writing?: There seems to be a contradiction. In line 30 
the authors write about the LC50 to be 3.9 mg/L while in line 38 it 
changes to 3.17 mg/L.

- Corrected
-

There is a general problem I have with the conclusion of the 
abstract: The authors tell that the ChE activity is a sensitive 
biomarker. Please define _sensitive". For me sensitivity of a biomarker 
would be defined by the reaction depending on the exposure 
concentrations. Or to say it differently: A sensitive biomarker would 
show an exposure at environmental relevant concentrations of the anti-
cholinesterase substance at which no other reaction of the organism can 
be observed. Is a concentration of 0.5 mg/L the concentration usually 
found in the environment in that region? I assume not, but I may be 
wrong. The authors should explain or describe in more detail.

- We agree. From an environmental point of view, sensitive can have 
another meaning. To avoid misinterpretation sensitive has been changed to 
good as a more general term.

5 Introduction
Line 53: does the word _cyprinodontid" spell like this in english?

- Yes, we think so….



Line 59 ff: This sentence sound a little weird. _The fish 
distribution was in the mediterreanean and atlantic coast until it became 
devided ………..

- Modified

Line 79: Dichlorvos is not an OP (Organophosphate) -it does not 
contain any carbon- but an ester of phosphoric acid!

- We have to disagree with the reviewer. All sources consulted 
confirm that dichlorvos is an organophosphate.

Mistakes in writing:
Line 88: propionylcholinesterase

- OK

The biggest problem with this in other points overall very well 
written manuscript I have with the major point of any research project: 
the motivation…..

- A sentence has been added to further justify the motivation

6 Methods
The methods are well written. 
Line 121: what is the _natural" temperature and photoperiod? Please 

indicate.

- Indicated

Line 149: chromoagent  (see also in line 202)

- OK

Line 160: which Bio-Rad microplate reader was used (Type?)
- OK

Line 163: which kit was used ? There are several existing from the 
BioRad Company

- OK

Line 169: was the sea water natural sea water from the 
mediterreanean? How are the salt contents (i.e. Which salts, which 
concentrations, heavy metals content or any other disturbing substance). 
What kind of filter was used?

- Available information has been incorporated in the text. Heavy metals 
or any other disturbing substances should not be present.

Line 175: was the water exchanged every day to keep the 
concentrations of Dichlorvos stable (this was done in the other test see 
line 195) 

- Clarified

Line 177: What was the acetone concentration?



- 0.04%, added to the text.

Line 207: use italics for _in vivo"
-OK

Line 207: confidence interval were calculated
-OK

Line 214: Linear 
-OK

7 Results
7.1 Are the contents of the manuscript relevant/ interesting/new? No 
(please see the paragraph about the critique on the motivation of the 
research)/yes/yes

7.2 Are the tables and the references relevant, or are there too many? 
7.3 Is the work original and scientific? Original: yes, scientific: yes

Mistakes in writing: 
Line 226: toothcarp

-OK

Line 226ff: what does this paragraph mean? Were the female fish 
stressed and did therefor not grow as one would have expected? Or why did 
the authors did not find any difference between male and female?

- It may just be a matter of statistical significance.

Line 290 ff: is the difference in head ChE sensitivity between male 
and female already described in literature i.e. Is this a completely new 
finding?

- Not a new issue (there is a reference in the text), but at least it is 
new for this species. We have tried to analyse the results from as many 
aspects as possible.

8 Discussion
8.1 Is the interpretation of the results concise? 

Yes
9 Figures/Tables/Legends
9.1 Are the figures/understandable/readable? Yes they are fine
9.2 Are the legends sufficient or too overcrowded? No

Line 351/352: double use of _previously"
-OK

Line 412: pattern

-OK

At the very end: Lines 415ff the authors give a hint of a 
motivation. But are there any publications or hints that one can measure 
the cholinesterase inhibition by using scales? And, as the fish under 
study does react like most other fish cited in this manuscript, and as 
Dichlorvos seems to be the main pesticide why don4t just analyse 
Dichlorvos instead of catching wild endangered fish.  Maybe the authors 
should look for an omnipresent fish species (which is not endangered) and 
use this as a sentinel organism?



- We hope to have clarified this point. Besides, biomarkers of exposure 
can show up exposure even when the toxicant cannot be detected. One of 
the main aims of the work was to provide ecotoxicological information for 
this particular species. A small number of fish can be monitored 
following reintroduction in specific ecosystems.

10 Literature
the choice of literature is fine and seems to be adequate
Line 518: OECD
Line 574: WHO

- OK
Language:
Understandability of the writing? Very good
Is the writing clear and the tone appropiate? Yes

13 Style of writing:
Long sentences? no
Usage of precise vocabularies? yes
Multiple use of the same wording? rarely
Organization of the paper: fine

14 Did the authors arouse interest in the reader? Not really. It is a 
well done work but as it lacks a good reason for this kind of research 
the good impression about the methods/results part is vitiated a lot.

15 Global impression: A paper suitable for the journal Aquatic 
Toxicology, but with a strong shortcoming in clear motivation 
behind the obvious will to establish a method for analysing the ChE 
inhibition of another fish species.
16 Recommendation: Major revisions needed

If the above points are attended to I would have no hesitation in 
recommending this paper for publication in Aquatic Toxicology

- We hope to have clarified the last points with the modifications and 
amendments of the text


