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Abstract 1 

 2 

  Imidacloprid (IMI) is at the moment the insecticide with the world’s fastest growing 3 

sales and is considered possible replacement for the widely used organophosphorus pesticide, 4 

diazinon, which is subject to phased revocation in many countries. In this study, biochemical, 5 

reproductive and survival parameters of the water flea (Daphnia magna) after chronic 6 

exposure to IMI, its commercial liquid formulation Confidor SL 200 and diazinon are 7 

presented and compared. According to the lowest observed effect concentrations, diazinon is 8 

more toxic to the reproduction of D. magna than IMI and Confidor SL 200, which exert 9 

similar toxicity. The same was observed for the survival, except that Confidor SL 200 is more 10 

toxic than IMI. In polluted aquatic environments, the actual levels of diazinon are potentially 11 

chronically hazardous to the reproduction of D. magna (risk quotient >1). According to very 12 

few measured environmental levels of IMI, the latter is not expected to be chronically 13 

hazardous, unless it is accidentally spilled in a small pond. In such case, the predicted 14 

concentrations of IMI would present a potential chronic risk to D. magna, and a potential 15 

acute risk to other aquatic invertebrates. In the future, higher environmental levels of IMI are 16 

expected due to its increasing use and physico-chemical properties. The literature survey 17 

summarized in this work suggests that further ecotoxicological studies with a broader 18 

spectrum of aquatic organisms are needed before IMI is classified as safer than currently 19 

applied pesticides.   20 

 21 

 22 

 23 
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1. Introduction  25 

 26 

The insecticide imidacloprid [1-(6-chloro-3-pyridylmethyl)-N-nitro-imidazolidin-2-27 

ylideneamine] (IMI) has been increasingly used since 1991 (Elbert et al., 1991) and belongs 28 

to the fastest growing group of insecticides introduced to the market, referred to as 29 

neonicotinoids (Tomizawa and Casida, 2003). It acts as an agonist of the postsynaptic 30 

nicotinic acetylcholine receptors (Matsuda et al., 2001), disrupting the normal neural 31 

processes, and is used mainly to control sucking insects on crops (Tomlin, 1997; Tomizawa 32 

and Casida, 2005). IMI is a potential groundwater and surface water contaminant (PAN 33 

Pesticides database, 2006), because it can leach and runoff from soil and crops (Felsot et al., 34 

1998; Gonzalez-Pradas et al., 1999; Armbrust and Peeler, 2002; Gupta et al., 2002; Fossen, 35 

2006). Additionally, it may enter water bodies from spray drift or accidental spills, leading to 36 

local point-source contaminations.   37 

IMI is considered a possible replacement for urban uses of diazinon (TDC 38 

Environmental, 2003), one of the most used insecticides in the last 50 years. Namely, 39 

diazinon is currently subject to phased revocation in USA (U.S. EPA, 2004), European Union 40 

and Australia (APVMA, 2003), because unacceptable risk to agricultural workers and 41 

environment was proved. As a result, the annual use of diazinon has already declined, for 42 

instance in USA (California) by 65% in the years 1994-2004 (California DPR, 2004).  43 

To regulate the impacts of IMI on aquatic ecosystems, its toxicological profile needs 44 

to be thoroughly established. Until now, the toxicity of IMI to aquatic invertebrates has rarely 45 

been assessed and very few monitoring studies of this insecticide have been performed in 46 

aquatic environments (Table 1). This is due to the former belief that the compound is 47 

relatively immobile in soil and does not leach to groundwater (Bayer technical information 48 

for Confidor®, 2000; Krohn and Hellpointer, 2002).  49 
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A variety of standard toxicity tests are available for testing the toxicity of chemicals 50 

present in aquatic environment. Standard acute (ISO 6341:1996) and chronic (ISO 10706: 51 

2000) toxicity test with the water flea Daphnia magna are among the most used, where 52 

immobility and reproduction are monitored, respectively. In the case of low concentrations of 53 

chemicals, biochemical biomarkers are generally considered a more sensitive and sometimes 54 

more specific measure of toxic exposure and effect than the survival, however this approach is 55 

not standardised yet (Adams, 2002).  56 

 Among the most commonly analyzed biochemical biomarkers are the activities of 57 

cholinesterases (ChE), glutathione S-transferase (GST) and catalase (CAT). The inhibition of 58 

ChE by organophosphorus and carbamate pesticides results in overaccumulation of the 59 

neurotransmitter and, as a consequence, prolonged electrical activity at nerve endings 60 

(Chambers, 1992). GST catalyses the conjugation of glutathione with xenobiotics, including 61 

organophosphorus pesticides (Booth and O’Halloran, 2001), and the cytotoxic aldehydes 62 

produced during lipid peroxidation (Halliwell and Gutteridge, 1999). Catalase decomposes 63 

the hydrogen peroxide extensively formed during oxidative stress (Halliwell and Gutteridge, 64 

1999). Protein content in D. magna is also used as a biomarker of chronic chemical exposure 65 

(Knowles and Mckee, 1987), and reflects the entire physiological state of the organism 66 

(Printes and Callaghan, 2003).   67 

In this study, chronic effects of IMI on different biochemical, reproductive, and 68 

survival parameters of D. magna were determined. Chronic effects of IMI on D. magna have 69 

rarely been evaluated; only one publicly inaccessible study describing the effects of IMI on 70 

the reproduction of D. magna (Young and Blakemore, 1990) has been conducted so far. The 71 

hazards of chemicals were compared using risk quotients (RQ); e.g. the ratio between the 72 

estimated/detected environmental concentrations divided by chronic toxicity values (21 d 73 

LOEC; the lowest observed exposure concentration that produces a statistically different 74 
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response from the control response after 21 d) (U.S. EPA, 2004). The chemical was 75 

considered potentially chronically hazardous if RQ>1, and acutely hazardous when RQ>0.5. 76 

Higher RQ value corresponds to the higher potential risk (U.S. EPA, 2004). The toxicity data 77 

of IMI were compared with its commercial liquid formulation (Confidor SL 200; containing 78 

200 g/L of IMI in solvents) and with diazinon.  79 

The aims of this work were: (1) to assess the chronic effects of IMI on biochemical, 80 

reproductive, and survival parameters in a non-target arthropod, D. magna, and (2) to 81 

compare its effects with its commercial liquid formulation Confidor SL 200 and with the 82 

organophosphorus pesticide diazinon. The comprehensive literature data on physico-chemical 83 

properties and environmental fate of IMI and diazinon and their toxicities to aquatic 84 

organisms are provided. The environmental risks of IMI and diazinon based on the actual and 85 

expected environmental concentrations are discussed.     86 

 87 

2. Materials and Methods 88 

 89 

2.1 Chemicals 90 

The following chemicals were purchased from Sigma (Germany): dibasic and 91 

monobasic potassium phosphate, hydrogen peroxide (30%), 1-chloro-2,4-dinitrobenzene, L-92 

glutathione (reduced form), 5,5-dithiobis-2-nitrobenzoic acid, sodium hydrogen carbonate, 93 

acetylthiocholine chloride, and ethylenediaminetetraacetic acid. BCA Protein Assay Reagents 94 

A and B were purchased from Pierce (U.S.A.). Diazinon and 1-methyl-2-pyrrolidone were 95 

provided by Pestanal, Riedel-de Haën (Seelze, Germany); imidacloprid, Confidor SL 200 by 96 

Bayer CropScience AG (Monheim, Germany), and dimethylsulfoxide by Merck (Darmstadt, 97 
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Germany). All chemicals were of the highest commercially available grade, typically 99% or 98 

higher.    99 

 100 

2.2 Chronic toxicity test with Daphnia magna Straus 1820 (water flea) 101 

 102 

Water fleas (Daphnia magna Straus 1820) were obtained from the Institut für Wasser, 103 

Boden und Lufthygiene des Umweltbundesamtes (Berlin, Germany). They were cultured in 104 

2.5 L of modified M4 media (Kühn et al., 1989) at 21±1 °C and 16:8 h light/dark regime 105 

(1800 lux) with a diet of the algae Desmodesmus subspicatus Chodat 1926 corresponding to 106 

0.13 mg carbon/daphnia per day.  107 

 Our laboratory is accredited according to ISO 17025:1999 for standard acute testing 108 

with D. magna. Chronic toxicity to daphnids was evaluated using a semi-static exposure 109 

system under the same conditions as culturing (ISO 10706: 2000). Individual daphnids less 110 

than 24 h old were placed in 50 mL of test solution; 10 test containers per each concentration 111 

and a control were prepared. Chronic tests for each chemical were repeated up to three times. 112 

The survived initial daphnids were transferred into freshly prepared test solutions three times 113 

per week. The animals were fed daily a diet of Desmodesmus subspicatus (0.13 mg 114 

carbon/daphnia per day) and the newly born neonates were counted and removed. The criteria 115 

used to evaluate reproduction after 21 d were the number of neonates per adult, the average 116 

brood size per adult, the number of broods per adult, and the time to the first reproduction. 117 

The mortality of the daphnids during 21 d was also monitored.  118 

 The following concentrations of IMI: 0, 0.625, 1.25, 2.5, 5, 10, 20, 40 mg L-1 and 119 

diazinon: 0, 0.0753, 0.165, 0.312, 0.625, 1.25, 2.5, 5, 8 µg L-1 were tested. Confidor SL 200 120 

was diluted in distilled water to obtain the following solutions: 0, 0.000625, 0.00125, 0.0025, 121 
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0.005, 0.01, 0.02% (v/v); which contained 0, 1.25, 2.5, 5, 10, 20, 40 mg L-1 of IMI, 122 

respectively. The toxicity of solvents incorporated in Confidor SL 200 (a solution consisting 123 

of 38.4% of dimethylsulfoxide, 37.5% of 1-methyl-2-pyrrolidone and 24.1% of distilled water 124 

in place of IMI) was tested to exclude the possible toxic effect. The concentration of this 125 

negative control was equivalent to the highest concentration of Confidor SL 200 used in the 126 

tests (0.02%; v/v).  127 

 128 

2.3 Monitoring of the stability of test chemicals during the tests 129 

 130 

The test media were changed every two days. Prior to toxicity tests, the stabilities of 131 

IMI and diazinon in the test solution were checked. The test solutions were exposed 132 

separately to the same experimental conditions as the toxicity tests and the concentrations of 133 

the specific chemicals were measured at the outset and after two days.  134 

Diazinon solution (10 mL) was extracted with three portions of ethyl acetate (25, 20 and 135 

10 mL) with the addition of 50 mL of a 10% aqueous solution of sodium hydrogen carbonate 136 

(Bavcon et al., 2003). The solvent was evaporated, and the residue redissolved in 1 mL of 137 

ethyl acetate and analysed by gas chromatography (HP 6890, Germany)) with a flame 138 

ionization detector. Extraction of IMI was performed on initially preconditioned Strata C18-E 139 

columns (Phenomenex, USA) with 5 mL of methanol and 5 mL of distilled water (Baskaran 140 

et al., 1997). 1 mL of IMI solution was added to the column, and afterwards eluted with 2 mL 141 

of methanol. The solvent was evaporated and dried IMI was dissolved in 1 mL of acetonitrile-142 

water (20:80, v/v) solution. The samples were analyzed on Agilent 100 Series liquid 143 

chromatograph (Germany) equipped with DAD detector on Zorbax C8 column.  144 
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Our experiments showed no changes in concentrations of IMI and diazinon in test 145 

solutions during two days of exposure to the same experimental conditions as in the toxicity 146 

tests. No degradation products of diazinon were detected. The actual exposure concentrations 147 

of both chemicals did not differ by more than 20% from the nominal or initial concentrations. 148 

Therefore the results are given in nominal concentrations, as suggested by ISO 10706: 2000.    149 

 150 

2.4 Determination of enzyme activities 151 

 152 

For each experiment, 10 test containers per each concentration of the chemical were 153 

prepared. After 21 d in presence of the chemicals, five adult daphnids per concentration were 154 

combined into one enzyme sample, thus two samples were prepared for each concentration. 155 

Since each experiment was repeated three times, a total of six samples per concentration were 156 

prepared. Prior to homogenization, excess chemical was removed from the surface of the 157 

animals by rinsing three times with 2 mL of 50 mM phosphate buffer pH 7.0 combined with 5 158 

mM ethylenediaminetetraacetic acid (Jemec et al., 2007). The animals were then 159 

homogenized for 3 min in 0.8 mL of 50 mM phosphate buffer pH 7.0, using a glass–glass 160 

Elvehjem-Potter homogenizer. The homogenate was centrifuged for 25 min at 15000 g and 4 161 

°C. Enzyme activities were measured on freshly prepared supernatants.   162 

ChE activity was determined according to Ellman et al. (1961), using microtiter plates 163 

(Bio-Tek® Instruments, USA; PowerWave™ XS) as described by Jemec et al. (2007). The 164 

reaction mixture was prepared in 100 mM of potassium phosphate buffer pH 7.3 containing 165 

acetylthiocholine chloride and 5,5' dithiobis-2-nitrobenzoic acid in the final concentrations of 166 

1 mM and 0.5 mM, respectively. 100 µL of protein supernatant were added to start the 167 

reaction, which was followed spectrophotometrically at 412 nm and 25 °C for 15 min. 168 
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GST activity was measured on microtiter plates (Bio-Tek® Instruments, USA; 169 

PowerWave™ XS) (Habig et al., 1974; Jemec et al., 2007). 1-chloro-2,4-dinitrobenzene was 170 

dissolved in ethanol to obtain a 50 mM solution, which was afterwards diluted with 100 mM 171 

potassium phosphate buffer pH 6.5 to the final concentration of 4 mM. This solution was used 172 

to prepare a reaction mixture containing 1 mM of 1-chloro-2,4-dinitrobenzene and 1 mM of 173 

reduced glutathione. 50 µL of protein supernatant were added to start the reaction, which was 174 

followed spectrophotometrically at 340 nm and 25 °C for 3 min.  175 

CAT activity was determined according to Aebi (1984). 50 µL of protein supernatant 176 

were combined with 750 µL of hydrogen peroxide solution (10.8 mM) prepared in 50 mM 177 

potassium phosphate buffer pH 7.0. The final concentration of hydrogen peroxide was 10 178 

mM. The reaction was followed spectrophotometrically for 3 min at 25 °C and 240 nm on a 179 

Shimadzu UV-2101PC spectrophotometer (Japan).   180 

Protein concentration was measured using a BCA™ Protein Assay Kit, a modification 181 

of the bicinchoninic acid protein assay (Pierce, Rockford, IL, USA).  182 

 183 

2.5 Interpretation of enzyme activities 184 

 185 

Enzyme activities were expressed in enzyme units (EU) per one adult daphnia. 186 

Specific enzyme activities with protein content as a standard reference were also calculated 187 

for purposes of comparison. One EU was determined as the amount of ChE that hydrolyses 188 

0.01 nmoles of acetylthiocholine min-1 (ε412 = 13600 M-1cm-1), the amount of CAT that 189 

degrades 1 µmole of hydrogen peroxide min-1 (ε240 = 43.6 M-1cm-1), and the amount of GST 190 

that conjugates 1 nmole of reduced glutathione min-1 (ε340 = 9600 M-1cm-1). These enzyme 191 
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units were chosen to facilitate the graphical comparison of all enzyme activities for each 192 

chemical.  193 

 194 

2.6 Data analysis 195 

 196 

The 21 d LOEC values (e.g. the lowest observed effect concentration that produces a 197 

statistically different response from the control response after 21 d) were determined by One-198 

way Analysis Of Variance (ANOVA; P<0.05), and the Games-Howell post hoc test for 199 

biochemical parameters and Dunnett’s test for reproduction data, using SPSS for Windows 200 

8.0 (SPSS Inc., USA). The LOLC value for mortality was determined as the lowest observed 201 

lethal concentration that causes mortality higher than 20% as allowed for control organisms 202 

by the ISO standard (ISO 10706: 2000). The results for IMI and Confidor SL 200 were fitted 203 

to sigmoid curves to calculate the slopes using the GOSA Software (www.bio-log.biz, 204 

France). The values for unexposed control animals were not included in the data fitting, but 205 

they are shown on graphs for comparison. 206 

 207 

2.7 Calculation of risk quotients (RQ) of tested chemicals 208 

 209 

Risk quotients (RQ) for all tested chemicals were calculated as a ratio between the 210 

estimated/detected environmental concentrations divided by the LOEC for biochemical 211 

parameters and reproduction, and LOLC for survival determined in this study. For the 212 

comparison of the hazards of diazinon and IMI to different species of freshwater invertebrates 213 

and vertebrates, RQ were calculated using LC50 (96 h) values based on literature data.  214 
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Only four monitoring studies are at the moment available on environmental levels of 215 

IMI (Table 1). To determine RQ values for IMI, the lowest (1 µg L-1), and the highest (14 µg 216 

L-1) measured values, estimated chronic value in surface waters (17.24 µg L-1), and estimated 217 

worse-case scenario level of accidental spill in a small pond (7300 µg L-1) were used (Table 218 

1). On the other hand, diazinon has been extensively monitored. The lowest (0.775 µg L-1), 219 

and the highest (24.6 µg L-1) recently reported values in the literature, and the estimated value 220 

in surface waters (429 µg L-1) were used for calculation (Table 1).  221 

 222 

3. Results  223 

 224 

3.1 Chronic toxicity tests 225 

In standard chronic toxicity tests with D. magna, reproduction and mortality of adult 226 

daphnids were assessed.  These data for all chemicals are shown in Table 2, columns 2-6. The 227 

negative control (solvent mixture commercially used for the preparation of Confidor SL 200) 228 

did not have any adverse effects on D. magna at the highest tested concentration of this 229 

chemical (0.02%; v/v).  230 

Tested concentrations of IMI and Confidor SL 200 have similar impacts on the 231 

reproduction of D. magna (21 d LOEC = 2.5-10 mg L-1 for different reproduction parameters), 232 

but Confidor SL 200 (21 d LOLC = 10 mg L-1 of IMI) affected their survival at lower 233 

concentrations than IMI (21 d LOLC = 40 mg L-1) (Table 2, Fig. 1).  234 

Up to 5 µg L-1 of diazinon, the reproduction of daphnids was not affected. At this 235 

concentration the mortality was 20%. At the next tested concentration of diazinon (8 µg L-1), 236 

the 100% mortality of daphnids was observed (Table 2).   237 

 238 
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3.2 Enzyme activities 239 

 240 

In this study, the results of enzyme activities are expressed per animal and not per 241 

protein content, since the changes in protein content were observed as a result of exposure to 242 

the chemicals. The activities of all analyzed enzymes and the protein content in animals 243 

exposed to increasing concentrations of IMI and Confidor SL 200 decreased significantly 244 

(Fig.2a and 2b, Table 2).  245 

In the experiments with diazinon, protein content of daphnids, ChE and GST activities 246 

did not change at any of the concentrations tested (up to 5 µg L-1). Contrary to other analysed 247 

enzymes, CAT activities significantly decreased at 0.312, 0.625 and 1.25 µg L-1 of diazinon, 248 

but not at the highest concentrations 2.5 and 5 µg L-1 (Fig. 2c, Table 2).  249 

To point out the importance of careful interpretation of enzyme activities, in case the 250 

protein content is changed during the exposure, specific enzyme activities per protein content 251 

were also calculated. In this case, CAT, GST and ChE activities increased significantly when 252 

exposed to IMI and Confidor SL 200. In the case of diazinon, enzyme activities were the 253 

same when calculated per animal or per protein content, since the protein content in this case 254 

did not change (not shown).  255 

 256 

3.3 Risk quotients of tested chemicals 257 

 258 

RQ values were calculated on the basis of recently detected and predicted aquatic 259 

levels of the chemicals tested, and on chronic toxicity data on D. magna gained in this work. 260 

These data show that only actual measured environmental levels of diazinon have RQ values 261 

higher than one, indicating them as potentially chronically hazardous to the reproduction of 262 
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D. magna (Table 3), while RQ values for Confidor SL 200 and IMI are lower than one. In the 263 

case of an accidental spill, estimated concentrations of IMI and Confidor SL 200 would pose 264 

a serious chronic risk to the reproduction and selected enzyme activities of D. magna (RQ>1).  265 

Based on recent literature data, diazinon has higher RQ values for aquatic organisms 266 

than IMI, but in general both chemicals are more harmful to aquatic invertebrates than fish 267 

(Table 4). Actual measurements of diazinon levels in the environment show that this 268 

insecticide is more hazardous to aquatic invertebrates (the highest calculated RQ = 117) than 269 

IMI (the highest calculated RQ = 1.4). However, the risk of estimated concentrations of IMI 270 

to aquatic invertebrates in the case of an accidental spill (the highest calculated RQ = 695.2) 271 

is very high (Table 4).  272 

 273 

4. Discussion 274 

 275 

In this study, chronic effects of imidacloprid, its commercial liquid formulation 276 

Confidor SL 200 and the organophosphorus pesticide diazinon on different biochemical, 277 

reproductive, and survival parameters in D. magna were assessed and compared.  278 

Enzyme activities were expressed per animal and not per protein amount, because 279 

significant changes of the latter were found in daphnids exposed to IMI and Confidor SL 200. 280 

This suggests that increasing concentrations of these chemicals affected not only the 281 

investigated enzymes, but proteins in general. Consequently, enzyme activities expressed per 282 

protein content differ from those expressed per animal, implying that cautious interpretation 283 

of enzyme activities is needed in toxicity experiments. Similar point was raised by Printes and 284 

Callaghan (2003). 285 

The activities of ChE, GST and CAT in control adult daphnids (22 d old) expressed 286 

per protein content were: 0.61 ± 0.043 nmol min-1 mg-1 protein; 87.26 ± 6.67 nmol min-1 mg-1 287 
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protein and 84.28 ± 4.84 µmol min-1 mg-1 protein, respectively. These values are lower than 288 

those previously recorded in juvenile daphnids (2.5-62.3 nmol min-1 mg-1 protein for ChE 289 

(Guilhermino et al., 1996, Diamantino et al., 2000; Barata et al., 2001), 250 nmol min-1 mg-1 290 

protein for GST (Barata et al., 2005), and 250 µmol min-1 mg-1 protein for CAT (Barata et al., 291 

2005)). This is in agreement with Printes and Callaghan (2003) who observed significantly 292 

lower ChE activity in 14-21 d old daphnids (0.5 nmol min-1 mg-1 protein) compared to 1-2 d 293 

old juveniles (2.5 nmol min-1 mg-1 protein), and with our previous study (Jemec et al., 2007), 294 

where the activities of juvenile daphnids were significantly higher than the values published 295 

here for the adult ones. This apparent inverse relationship between the age and enzyme 296 

activity was related to an increase in total protein of the animals during aging, which is not 297 

proportional to the increase in the rate of substrate hydrolysis (Printes and Callaghan, 2003).                    298 

Our results indicate that tested concentrations of IMI and Confidor SL 200 have 299 

similar impacts on the reproduction of D. magna, but Confidor SL 200 affected survival at 300 

lower concentrations than IMI, possibly due to the synergism between the solvents and IMI. 301 

The same was noticed for biochemical parameters, where Confidor SL 200 was slightly more 302 

toxic than IMI (Table 2). The LOECs (2.5 mg L-1) for the number of neonates per adult 303 

exposed to IMI are similar to those reported by Young and Blakemore (1990), who found the 304 

LOEC for reproduction at 7.3 mg L-1.  305 

The activities of all enzymes exposed to increasing concentrations of IMI and 306 

Confidor SL 200 were significantly decreased in this study. No data on the chronic effect of 307 

IMI on ChE, GST and CAT activities in daphnids are available in the literature. Only one 308 

study by Capowiez et al. (2003) showed no acute effects on ChE and GST activities in 309 

earthworms exposed up to 1 mg L-1 of IMI. The sensitivities of enzymes and reproduction 310 

end-points of animals exposed to IMI in our study are similar (e.g. similar LOEC). This 311 
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suggests that the decrease of enzyme activities in this case is probably not an early, sensitive 312 

biomarker of stress, but reflects a generally impaired physiological state of an organism. 313 

In animals exposed to diazinon, no effects on the reproduction and survival of 314 

daphnids up to 5 µg L-1 of diazinon were observed. However, already at 8 µg L-1, 100% 315 

mortality was determined. Published data on the LOEC values for the reproduction of D. 316 

magna exposed to diazinon are very inconsistent. Fernandez-Casalderrey et al. (1995) 317 

reported LOEC values for the reproduction in the range of 0.15-0.25 µg L-1, while Sanchez et 318 

al. (1998) found significantly lower LOEC values for the same endpoint performed in similar 319 

experimental setup (0.00005 - 0.0005 µg L-1 of diazinon). Our higher LOEC values for the 320 

reproduction of daphnids might be explained by differences in daphnid clones, and 321 

experimental setup.  322 

ChE activity was reported to be inhibited in daphnids exposed to organophosphates 323 

(Day and Scott, 1990; Gälli et al., 1994), but no study has been performed on the effects of 324 

organophosphorus pesticide diazinon on ChE activity in D. magna yet. Inhibition of ChE 325 

activity was found in other organisms exposed to diazinon, for example in the white shrimp 326 

Litopenaeus vannamei exposed to 12 µg L-1 of diazinon for 7 d (Gallindo-Reyes et al., 2000), 327 

earthworm Aporrectodea caliginosa exposed to diazinon at 12 mg kg-1 (dry weight of soil) 328 

(Booth and O’Halloran, 2001) and isopod Porcellio scaber at 5 µg g-1 of leaf (Stanek et al., 329 

2006). However, this paper and our previous work (Jemec et al., 2007) indicate that ChE 330 

activity does not change in daphnids acutely and chronically exposed up to 5 µg L-1 of 331 

diazinon. The differences in the changes of ChE activity after diazinon exposure can be 332 

explained by species-specific biotransformation and detoxification mechanisms of diazinon to 333 

a more potent diazoxon (Keizer et al., 1995). The induction of GST activity in diazinon-334 

treated organisms was expected, because GST is able to detoxify this insecticide (Chambers, 335 

1992), but in this study no GST induction was detected when animals were exposed up to 5 336 
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µg L-1 of diazinon. The same observation was reported in our previous paper, where no 337 

changes of GST activity were observed in daphnids acutely exposed up to 7 µg L-1 of 338 

diazinon (Jemec et al., 2007). No other studies on chronic effects of diazinon on GST activity 339 

in daphnids have previously been published.  340 

There are very few data on environmental levels of IMI (only four studies in USA), 341 

due to its irregular monitoring in aquatic environment. Based on our results, the levels of IMI 342 

in freshwaters that have been detected so far (1- 14 µg L-1), are not expected to be chronically 343 

hazardous to the reproduction and survival of D. magna (RQ<1), however the same data are 344 

reported to pose potential acute risk to some other aquatic invertebrates (RQ = 1.4). In 345 

comparison to diazinon, actual aquatic levels of IMI are less hazardous (higher RQ) to aquatic 346 

invertebrates, thus IMI is considered a possible replacement for diazinon (U.S. EPA, 2004). 347 

However, in the case of accidental spill, estimated concentrations of IMI can also pose a 348 

potential chronic risk to the reproduction of D. magna (RQ = 3), and acute risk to other 349 

aquatic invertebrates (the highest calculated RQ = 695.2). Additionally, due to the increasing 350 

use of IMI, one might expect significantly higher aquatic levels in the future. IMI also has 351 

more physico-chemical properties that would favour its appearance in surface waters when 352 

compared to diazinon (Table 1). It has higher water solubility, lower octanol-water partition 353 

coefficient (Koc), lower potential for sorption on soil (Kow), and is more stable to hydrolysis 354 

and soil degradation. Due to these characteristics, IMI is quite mobile in the environment and 355 

stable on application sites, and it is very likely to be washed off the application sites, 356 

especially off impervious surfaces (Oi, 1999). It degrades relatively quickly by aqueous 357 

photolysis, but such decomposition can only occur at the surface of well-sunlit waters (TDC 358 

Environmental, 2003; Fossen, 2006).  359 

The toxicity of IMI is supposed to be very highly specific towards insects in 360 

comparison to mammals, due to specific binding to the postsynaptic nicotinic acetylcholine 361 
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receptors (nAChR) of insects (Tomizawa and Casida, 2003). However, limited attention was 362 

paid to binding affinity of IMI to the nAChRs of other arthropods or more generally 363 

invertebrates. Additionally, the toxicity is not solely the result of binding between the ligand 364 

and the receptor, but depends on many activities in the organism, such as the metabolism of 365 

the chemical or its interactions with cell components. It was shown that the toxicity of IMI 366 

towards aquatic invertebrates varies, with D. magna being less sensitive than others, for 367 

instance amphipod Hyalella azteca or midge Chironomus tentans, and having acute LC50 368 

values in the same concentration range as fish (Table 1, Table 4). This suggests that the 369 

toxicity of IMI is species-specific and may not easily be extrapolated to other organisms. 370 

Relevant toxicity data could be obtained only when toxicity is tested with organisms 371 

belonging to different taxonomic groups and trophic levels.  372 

 373 

In conclusion, according to LOEC values, diazinon is more toxic to the reproduction 374 

of D. magna than IMI and Confidor SL 200, which show similar toxicity. The same was 375 

observed for the survival, except that commercial formulation (Confidor SL 200) is more 376 

toxic than pure grade IMI. The actual aquatic levels of diazinon are potentially chronically 377 

hazardous to the reproduction of D. magna (RQ>1), while recently detected concentrations of 378 

IMI are not. Higher environmental levels of IMI are expected in the future due to its 379 

increasing application and higher risk to aquatic organisms is anticipated. Additionally, we 380 

have shown that in case IMI was accidentally spilled in a small pond, its predicted 381 

environmental concentrations would chronically affect less sensitive organisms like D. magna 382 

and acutely affect other, more sensitive aquatic invertebrates. Toxicity data on IMI presented 383 

so far indicate that IMI is highly species-specific, therefore further (eco)toxicological studies 384 

have to be performed with organisms belonging to different taxonomic groups, trophic levels 385 

and habitats.  386 
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FIGURE  CAPTIONS 

 

Fig. 1. Effects of IMI and Confidor SL 200 on the reproduction (number of neonates per 

female) and survival of D. magna. Data for reproduction are shown as mean of six replicates 

± standard error of mean, and for survival as mean of three replicates. Data were fitted using 

sigmoid curves with the following slopes: -2.36 ± 0.42 and 1.81 ± 1.52 for the reproduction 

and survival of IMI, respectively, and -2.88 ± 1.00 and 2.63 ± 1.36 for the reproduction and 

survival of Confidor SL 200, respectively (95% confidence interval). The values for control 

unexposed animals were not included when fitting the data, but they are shown on graphs for 

comparison.  

 

Fig.2. GST, CAT, ChE activities and protein content in D. magna exposed to IMI (2a), 

Confidor SL 200 (2b), and diazinon (2c) (mean of six replicates ± standard error of mean). 

Data for daphnids exposed to IMI and Confidor SL 200 were fitted using sigmoid curves. The 

values for control unexposed animals were not included when fitting the data, but they are 

shown on graphs for comparison. The slopes of the sigmoid curves for the GST, CAT, ChE 

activities and protein content in daphnids exposed to IMI were: -1.39 ± 1.39, -1.32 ± 1.56, -

2.24 ± 2.28 and -2.44 ± 1.22, respectively, and in the case of Confidor SL 200: -0.98 ± 3.31, -

1.12 ± 3.69, - 1.68 ± 3.656 and -2.00 ± 3.25, respectively (95% confidence interval). Enzyme 

units (EU) were defined as: the amount of ChE that hydrolyses 0.01 nmoles of 

acetylthiocholine min-1, the amount of CAT that degrades 1 µmole of hydrogen peroxide min-

1, and the amount of GST that conjugates 1 nmole of reduced glutathione min-1.  
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Table 1. Properties of IMI and diazinon 



 

 

 DIAZINON Ref. № IMI Ref. № 
First introduced 
commercially 

1952; J.R. Geigy S.A. (Novartis 
Crop Protection AG)   

28 1991; Bayer AG and Nihon Tokushu 
Noyaku Seizo KK 

28 

PHYSICO-CHEMICAL 
PROPERTIES: 

    

Water solubility at 20 ºC 
(mg L-1) 

60  28 a.) 610  
b.) 514  

a.) 28 
b.) 11 

Koc (soil organic carbon-
water partitioning 
coefficient)  

a.) 1589 (20 °C) 
b.) 1520 
c.) 851±180   

a.) 19 
b.) 26 
c.) 6 

a.) 210 (20 °C) 
b.) 249-268 
c.) 109-411 (20 °C) 

a.) 19 
b.) 20 
c.) 16 

Log Kow (octanol-water 
partition coefficient)  

a.) 3.14 (20 °C) 
b.) 3.3 (25 °C) 
c.) 3.81 (20 °C) 

a.) 28 
b.) 26  
c.) 19 

a.) 0.57 (22 °C) 
b.) 0.92 (20 °C) 
c.) 0.589 (22 °C) 

a.) 28 
b.) 19 
c.) 14 

Average application rate  
(kg of active ingredient ha-1) 

a.) 3.0-3.1 (orchard) 
b.) 0.5 (foliar); 4  (soil); 1-3 (fruit) 

a.) 5 
b.) 30 

a.) 0.3-0.5 (soil) 
  

a.) 24 
 

ENVIRONMENTAL 
FATE: 

    

Detected aquatic 
concentrations (µg L-1) 

a.) 3.34 (Salinas river, California, 
USA)  
b.) 6.8 (Sacramento river 
watershed, USA) 
c.) 0.775 (Greece rivers, EU) 
d.) 24.6 (Vicinity of pesticide 
factory, Egypt) 

a.) 3 
b.) 13 
c.) 15 
d.) 1 
 

a.) 1.6 (sea Wilapa Bay, USA) 
b.) 1 (surface water, Florida, USA)  
c.) 14 (Lake Wales Ridge, USA) 
d.) 6.7 (ground water, New York, 
USA) 

a.) 8 
b.) 22 
c.) 31  
d.) 11 

Estimated aquatic 
concentrations  

8.89-429 µg L-1 (depends on the  
type of application on the crop) 

30 a.) 36.04 µg L-1 (acute surface water 
exposure); 17.24 µg L-1 (chronic 
surface water exposure) 
b.) 22 µg L-1 (accidental direct spray 
in a pond or stream); 1.8-7.3 mg L-1  
(accidental spill in a small pond)  

a.) 11 
 
 
b.) 24 

Aqueous photolysis DT50  140 d   
 
 
 

26 
 

a.) 3 h (simulated sunlight, 30 °C) 
b.) 1.2 h (d H2O,  λ = 290 nm, 24 °C) 
c.) 0.7 h (d H2O, λ = 280 nm);  2.1 h 
(Confidor; d H2O, λ = 280 nm)  
d.) 1 h (d H2O, simulated sunlight) 

a.) 14 
b.) 18 
c.) 32 
d.) 16 

Hydrolysis DT50 (d) a.) 12 (pH5.0); 138 (pH 7.0); 77 
(pH 7.7)  
b.) 3 (natural water pH 9.0, 12 h 
photoperiod)  
c.) 5, highly depends on pH  

a.) 30 
b.) 10 
c.) 26 

a.) 168 (26 °C, pH 4.7, 7.7, 9.0) 
b.) 90 (20 °C, pH 3, 5, 7)  
c.) > 30  
d.) 37.5 (Confidor 200 SL);  
41 (Gaucho 70 WS) (pH 7.0, 30 °C) 

a.) 14 
b.) 36 
c.) 11 
d.) 23 

Soil photolysis DT50 (d) 5 26 a.) 39 
b.) 38.9   

a.) 16 
b.) 11 

Soil anaerobic DT50 (d) 17  26 27.1  11 
Soil aerobic DT50 (d) 39 26 a.) 156  

b.) 997 
a.) 16 
b.) 11 

Field dissipation DT50 (d) a.)  5.4-27 (lower value in moist, 
irradiated sandy soil)  
b.) 7-87.5 (lower value in non-
sterile sandy loam)  
c.) 5-20 
d.) 3-13   

a.) 12 
 
b.) 33 
 
c.) 30 
d.) 26 

a.) 190 (no vegetation), 45 
(vegetation); 180 (sandy and silt 
loam) 
b.) 74-156 (20 °C, bare soil); 30 -160 
(sediments)  
c.) 27-229  

a.) 20 
 
b.) 16 
 
c.) 11 
 

TOXICITY:     
WHO classification II = moderately hazardous 34 II = moderately hazardous 34 
Fish:  
1.) Rainbow trout 
Oncorhynchus mykiss 
 

1a.) LC50 (96 h) = 90-400 µg L-1 
1b.) LC50 (96 h) = 20 µg L-1 
1c.) LC50 (96 h) = 90-400 µg L-1 

1a.) 29  
1b.) 26 
1c.) 7 
 

1.a) LC50 (96 h) = 211 mg L-1 
1.b) LC50 (96 h) > 83 mg L-1  
-LC50 (96 h) = 211 mg L-1 
-LOLC (96 h) = 64 mg L-1 

1a.) 11 
1b.) 24 



 

-LOLC (96 h) = 281 mg L-1 
2.) Bluegill  
Lepomis machrochirus 

2a.) LC50 (96 h) = 136 µg L-1; 168 
µg L-1; 460 µg L-1  
2b.) LC50 (96 h) = 120-670 µg L-1 

2a) 29 
2b.) 7 

2.) LC50 (96 h) >105 mg L-1 
-LOLC (96 h) = 42 mg L-1 

2.) 24 
 

3.) Zebrafish Danio rerio 3.) LC50 (96 h) = 10 mg L-1 3.) 17 3) LC50 (96 h) = 241 mg L-1 3.) 21 
Aquatic invertebrates: 
1.) Water flea  
Daphnia magna 
 
 
 

1a.) LC50 (48 h) = 0.96 µg L-1 
1b.)LC50 (48 h) = 0.83;  1.1 µg L-1 
1c.) EC50 (48 h) = 0.9 µg L-1 
1d.)NOEC repr. (21 d) = 5 µg L-1 
1f.) LOEC repr. (21 d) = 0.15- 0.25 
µg L-1 

1a) 28 
1b.) 29 
1c.) 17 
1d.) 27 
1f.) 9 

1a.) LC50 (48 h) = 85 mg L-1 
1b.) LC50 (48 h) = 10.4 mg L-1 
1c.) EC50 (48 h) = 56.6 mg L-1 
1d.) LOEC repr. (21 d) = 7.3 mg L-1  
1f.) LOEC repr. (21 d) = mg L-1 

1a.) 11 
1b.) 25 
1c.) 21 
1d) 35 
1f.) 27 

2.) Amphipod  
Hyalella azteca 

2a.) LC50 (96 h) = 6.51 µg L-1 
2b.) LC50 (96 h) = 4.3 µg L-1 
 

2a.) 4 
2b.) 2 

2.) LC50 (96 h) (juveniles) = 0.526 
mg L-1 
-LC50 (96 h) (14-21 d old) = 51.8 mg 
L-1 
-LC50 (96 h) (7-21 d old) =  94.8 mg 
L-1 
-LOEC immobility (96 h) (juveniles) =  
0.00097 mg L-1 
-LOLC (96 h) (14-21 d old) = 43.8 
mg L-1 
- NOEC immobility (96 h) (7-21 d old) = 
94.8 mg L-1 

2.) 24 

3.) Midge  
Chironomus tentans  

3.) LC50 (96 h) = 10.7 µg L-1 3.) 4 3.) LC50 (96 h) (2nd instar) = 0.0105 
mg L-1;  
- LOLC (96 h)(2nd instar) = 0.00339 
mg L-1 

3.) 24 

 

Abbreviations: DT50 (half life); EC50 (median effective concentration for immobility); LC50 (median lethal 

concentration); LOEC repr. / immobility (lowest observed effect concentration for reproduction/immobility); LOLC 

(lowest observed lethal concentration); NOEC repr./ immobility (no observed effect concentration for 

reproduction/immobility); OC (organic carbon).  

 

References: Abdel-Halim et al., 2006 (1); Anderson and Lydy, 2002 (2), Anderson et al., 2003 (3); Ankley and 

Collyard, 1995 (4); Cobb et al., 2000 (5); Cooke et al. 2004 (6); Eisler, 1986 (7); Felsot and Ruppert, 2002 (8); 

Fernandez-Casalderrey et al., 1995 (9); Ferrando et al., 1992 (10); Fossen, 2006 (11); Graebing and Chib, 2004 

(12); Hall, 2003 (13); Kagabu and Medej, 1995 (14); Konstantinou et al., 2006 (15); Krohn and Hellpointner, 

2002 (16); Lee et al., 1993 (17); Moza et al., 1998 (18); Nemeth-Konda et al., 2002  (19); Oi, 1999 (20); Our 

laboratory, unpublished (21); Pfeuffer and Matson, 2001 (22); Sarkar et al., 1999 (23); SERA, 2005 (24); Song 

et al., 1997 (25); TDC Environmental, 2003 (26); This study (27); Tomlin, 1997 (28); U.S. EPA, 1999 (29); U.S. 

EPA, 2004 (30); U.S. Geological Survey, 2003 (31); Wamhoff and Schneider, 1999 (32); Watanabe and 

Grismer, 2001 (33); WHO, 2005 (34); Young and Blakemore, 1990 (35); Zheng and Liu, 1999 (36). 

 



 

Table 2. 21 d LOEC (lowest observed effect concentration) values for biochemical and reproduction data, and 21 d LOLC (lowest observed 

lethal concentration) values for mortality data. The following concentrations of analytical grade IMI: 0, 0.625, 1.25, 2.5, 5, 10, 20, 40 mg L-1; 

IMI formulated as Confidor SL 200: 0, 1.25, 2.5, 5, 10, 20, 40 mg L-1 of IMI, and diazinon: 0, 0.0753, 0.165, 0.312, 0.625, 1.25, 2.5, 5, 8 µg L-1 

were tested.  

 

        Endpoint 

Chemical 

№ of neonates 

per adult 

Brood size Days to first brood № of broods per 

adult 

Mortality GST CAT ChE Total protein 

content 

IMI (mg L-1) 2.5 5 5 10 40 2.5 5 10 1.25 

Confidor SL 200 

(in mg L-1 of IMI) 

5 

 

5 

 

5 

 

10 

 

10 

 

5 

 

2.5 

 

5 

 

2.5 

 

Diazinon (µg L-1) 5<(L)OEC< 8 5<(L)OEC< 8 5<(L)OEC< 8 5<(L)OEC< 8 81  5<(L)OEC< 8 n.d.2 5<(L)OEC< 8 5<(L)OEC< 8 
1 100% mortality of adult daphnids was observed at this concentration. At lower tested concentration (5 µg/L), no statistically significant mortality was detected (≤20%).   

2 LOEC could not be determined due to insignificant trend 

 

 

 



 

Table 3. Calculated risk quotients (RQ) of tested chemicals for D. magna (based on 21 d 

LOEC (lowest observed effect concentration) for biochemical parameters (bio. param.), 

reproduction, and 21 d LOLC (lowest observed lethal concentration) for survival).  

  

Chemical Exposure concentration (µg L-1) 2 RQ bio.  param. RQ reproduction RQ survival 

IMI a.) highest detected: 14  

b.) lowest detected: 1  

c.) estimated (chronic surface water): 17.24  

d.) estimated (accidental spill): 7300  

a.) 0.0112  

b.) 0.0008 

c.) 0.0138  

d.) 5.81 

a.) 0.0056 

b.) 0.0004 

c.) 0.0069   

d.) 31 

a.) 0.00035 

b.) 0.000025 

c.) 0.00043  

d.) 0.183 

IMI in 

Confidor 

SL 200 

a.) highest detected: 14  

b.) lowest detected: 1  

c.) estimated (chronic surface water): 17.24  

d.) estimated (accidental spill): 7300  

a.) 0.0056 

b.) 0.0004 

c.) 0.0069   

d.) 31 

a.) 0.0028 

b.) 0.0002 

c.) 0.00345   

d.) 1.461 

a.) 0.0014 

b.) 0.0001 

c.) 0.00172 

d.) 0.73 

     

Diazinon a.) highest detected: 24.6  

b.) lowest detected: 0.775  

c.) estimated: 429  

a.) > 3.11 

b.) > 0.097 

c.) > 53.61  

a.) > 3.11 

b.) > 0.097 

c.) > 53.61 

a.) 3.11 

b.) 0.097 

c.) 53.61 

1 Potentially chronically hazardous to D. magna (RQ>1) (U.S. EPA; 2004)  

2 Please refer to Table 1 for references on exposure concentrations 

 

Table 4. Calculated risk quotients (RQ) of diazinon and IMI for freshwater invertebrates and 

vertebrates (fish) (based on LC50 (96 h)) 

 

Chemical Exposure concentration (µg L-1)2 RQ:  Aquatic 

invertebrates2 

RQ: Vertebrates 

(fish)2 

IMI a.) highest detected: 14  

b.) lowest detected: 1  

d.) estimated (accidental spill): 7300  

0.0266-1.41 

0.0019-0.095 

13.81-695.21  

0.000058-0.000168 

0.0000041-0.000012 

0.031-0.0879 

Diazinon a.) highest detected: 24.6  

b.) lowest detected: 0.775  

c.) estimated: 429  

0.145-1171 

0.0046-3.71 

2.521-20431 

0.0025-1.231 

0.000077-0.0387 

0.0429-21.451 

1 Potentially acutely hazardous to selected aquatic organisms (RQ>0.5) (U.S. EPA; 2004)  

2 Please refer to Table 1 and TDC Environmental (2003) for references on exposure concentrations and LC50 (96 

h) data, respectively. 



 

 


