Interactive toxic effects of heavy metals and humic acids on Vibrio fischeri
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Abstract

The effect of humic acids (HAs) on the toxicity of copper and zinc, and the effects of HAs on metal toxicities were investigated using the photobacterium Vibrio fischeri as a test organism. The toxicity of zinc was lower than copper. The toxicity of copper decreased with the addition of HAs, while the toxicity of zinc remained almost constant. The interactive effect between copper and zinc was synergistic on the bioluminescence of V. fischeri was additive. The presence of HAs caused relatively high toxicity reduction in the binary mixtures of zinc and copper. The high toxicity reduction of the Cu/Zn mixture could be attributed to the complexation of Cu with HA that may be assumed to eliminate the bioavailable phase of Cu.
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1. Introduction
The presence of heavy metals in solid and liquid wastes is an important issue related to the pollution of the environment. It is generally accepted that the solubility, the bioavailability and the toxicity of heavy metals are dependent on various physicochemical parameters such as pH, hardness, interactive effects and the presence of natural organic matter [1,2]. Additionally, heavy metals are often present in the environment in mixtures, making the task of the assessment of the environmental hazard even more difficult, due to the antagonistic or synergistic actions that may occur. The investigation of the joint toxic effects of the chemicals in a mixture is generally based on the comparison of the actual toxic effect of the mixture with the theoretically expected toxic effect deduced by a statistical model, using the toxic effects of the individual chemicals [3].
The bioavailability of metals may be affected by the presence of natural organic matter, such as humic acids, which are produced by the degradation of dead organic materials. Humic acids consist of a variety of molecular structures such as alcylaromatic, quinoid and aliphatic structures in the core, and aminoacid or carbohydrate- like structures and carbonyl, carboxyl, phenyl and hydroxyl groups in the periphery [4]. Humic acids are able to bind a variety of metals at their carboxylic groups, altering the bioavailability and consequently the toxicity of these compounds. The assessment of the toxic effect of cadmium and chromium on the crustacean Daphnia pulex in the presence of various concentrations of humic acids from 0.5 to 50 mg/L showed that the toxicity of cadmium depended on the concentrations of humic acids, while the toxicity of chromium was not influenced [5]. The effect of humic acids on the toxicity of copper has been studied extensively compared with other heavy metals, due to the strong complexation capacity of this metal with humic acids, resulting in most cases to a toxicity reduction. 

Although many studies have been reported regarding the investigation of the influence of complexation on the toxicity of heavy metals on various test organisms as well as regarding the interactive toxic effects of chemicals, there is lack of available data concerning the effect of humic acids on the toxicity of metal mixtures. Furthermore, few studies have dealt with the effect of humic acids on the toxicity of metals on V. fischeri. The objective of this study is the evaluation of the effects of humic acids on the toxicity of copper and zinc and on their binary mixtures, using V. fischeri as a test organism.

2. Materials and Methods
The solutions with an initial concentration 10 mg/L of the tested metals were freshly prepared by dissolving the following chloride salts in deionized water: zinc chloride (ZnCl2) provided by Merck (Germany) and copper chloride dehydrated (CuCl2.2H2O) provided by J.T. Baker (Netherlands). The effect of humic acids (HA) on the toxicity of the tested heavy metals was evaluated using 1, 10 and 20 mg/L humic acids that were prepared by a stock humic acids (Fluka, Germany) solution of 100 mg/L. All chemicals used were of analytical grade. Furthermore, the pH value of all metal solutions was adjusted to 7 ( 0.2, prior to the toxicity tests, by the addition of 0.1N HCl or 0.1N NaOH solutions.
2.1 Toxicity assessment of heavy metals
The toxicity of heavy metals was evaluated using the bioluminescence bacteria V. fischeri (Microtox test) that were in freeze-dried form (SDI, USA). The light emission of the test organisms obtained by their direct contact with the samples was measured using the Microtox 500 analyzer (SDI, USA), within short exposure time 15 min. The EC50 values (metal concentration that caused 50 % inhibition on the bioluminescence of V. fischeri, expressed as mg/L of Cu or Zn) of the heavy metals in the presence and in the absence of HA was evaluated using the 45 % Basic test [6], while the effect of HA on the toxicity of heavy metals was assessed with contact times 0.5, 2 and 4 h.

2.2 Toxicity assessment of binary mixtures

The theoretically expected effect of the binary mixtures was evaluated using a simple mathematical model based on the theory of probabilities [3]. According to this model, if P1 is the inhibition caused by a certain concentration of chemical A1 and P2 the inhibition caused by a certain concentration of chemical A2, then, the theoretically expected additive inhibition P(E), when those concentrations of the two chemicals are applied together, is given by the Equation 1. The null hypotheses were that the observed values were higher or lower than the theoretically predicted ones, for synergistic and antagonistic effects respectively. The result was considered to be antagonistic or synergistic, only if the observed effect was significantly lower or higher respectively than the theoretically predicted one at the 0.05 level of significance.

P(E) = P1 + P2 - P1P2/100                                                                                                                   (1)

3. RESULTS AND DISCUSSION 

3.1 Effect of HA on the toxicity of heavy metals

The toxicity measurements of the pure compounds showed that Cu and Pb exhibited similar toxic effects and the toxic effect of Zn was lower than the other metals. The effect of HA on the toxicity of Cu and Zn as a function of contact time with HA is shown in Table 1. As it is presented in Table 1, the toxicity of Cu decreased with increasing HA concentration and contact time. It was observed that the addition of 1 mg/L HA was not sufficient in order to alter the toxicity of Cu, since the EC50 value was approximately the same compared to that of Cu without the addition of HA, even after 4 h of contact time. The toxic effect of Cu with the addition of 10 mg/L HA was slightly reduced after 2 h of contact time, while no further significant reduction was recorded after 4 h of contact time. 

Table 1. Effect of HA on the toxicity of Cu and Zn as a function of contact time with HA
	
	
	15 min EC50 (95% confidence range)

	Heavy Metal
	HA concentration (mg/L)
	Contact time

0.5 h
	Contact time

2 h
	Contact time

4 h

	Cu
	0 
	0.20 (0.17-0.24)
	0.22 (0.17-0.28)
	0.23 (0.18-0.29)

	
	1
	0.21 (0.17-0.25)
	0.24 (0.19-0.29)
	0.25 (0.22-0.29)

	
	10
	0.25 (0.22-0.28)
	0.32 (0.28-0.37)
	0.34 (0.27-0.43)

	
	20
	0.31 (0.28-0.33)
	0.42 (0.41-0.43)
	0.46 (0.39-0.54)

	Zn
	0
	1.49 (1.37-1.59)
	1.42 (1.31-1.55)
	1.51 (1.40-1.61)

	
	1
	1.53 (1.52-1.55)
	1.49 (1.20-1.79)
	1.58 (1.37-1.81)

	
	10
	1.58 (1.37-1.85)
	1.43 (1.26-1.63)
	1.51 (1.15-1.93)

	
	20
	1.51 (1.13-1.96)
	1.32 (1.24-1.39)
	1.60 (1.34-1.98)


On the other hand, the presence of HA did not exhibit any significant effect on the toxicity of Zn. Furthermore, it is clear that contact time had a small effect on Cu toxicity, while the toxicity of Zn was not affected with contact time increase. The dose response curves of Cu and Zn for single-metal solutions and in the presence of 10 and 20 mg/L HA after 2 h contact time are illustrated in Figures 1 and 2, respectively. 
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Figure 1. Comparison of dose response curves for Cu and Cu/HA solutions after 2 h contact time.

As shown in Figure 1, the toxicity of Cu in the absence of HA increased with concentration, reaching up to 100% for Cu concentrations higher than 0.8 mg/L, while a decrease of toxic effect was observed with the addition of HA at almost all dilutions. On the other hand, the addition of HA in Zn solution (Figure 2) did not affect the dose response curve of Zn solution and the solutions containing 10 and 20 mg/L HA showed the same patterns.
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Figure 2. Comparison of dose response curves for Zn and Zn/HA solutions after 2 h contact time.

3.2 Toxicity of binary mixtures of heavy metals

The interactive effect between Cu and Zn on the bioluminescence of V. fischeri for some concentration combinations without the addition of HA is illustrated in Figure 3. As it is shown in this Figure, the effect was synergistic at all the concentration combinations tested. In general, the differences between the observed interactive toxic effects and the theoretically expected ones for binary mixtures were higher in the mixtures having relatively low Cu concentrations, compared with the corresponding differences with higher Cu concentrations. 
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Figure 3. Comparison between theoretically expected and observed inhibitions for the combined effect of Cu and Zn on the bioluminescence of V. fischeri.

3.3 Effect of HA on the toxicity of binary mixtures of heavy metals
The toxicity of the binary mixtures of heavy metals that were tested for the investigation of the interactive effects was also measured in the presence of 10 mg/L HA for contact time 3 h. The effect of HA on the toxicity of some binary mixtures of Cu and Zn is depicted in Figure 4. It was observed that, in all tested metal concentration combinations, the addition of HA caused a significant reduction in the toxic effect of metals after 3 h contact time. The toxicity reduction with the addition of HA varied between 40 % and 90 %. Higher reductions were observed for the mixtures with relatively low Zn concentrations. Thus, for the mixture A (0.12 mg/L Cu and 0.43 mg/L Zn) the bioluminescence inhibition decreased from 40 to 5 % with the addition of 10 mg/L HA. 
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Figure 4. Comparison between the observed effects of combined concentrations of Cu and Zn on the bioluminescence of V. fischeri, without the addition of HA and with the addition of 10 mg/L HA after 3 h contact time.

The investigation of the influence of HA on the toxicity of Cu and Zn showed that the toxic response varied depending on the type of heavy metals and the concentration of HA. The toxicity of Zn was not influenced by the presence of HA, while the toxicity of Cu was influenced for HA concentrations higher than 1 mg/L. Based on complexation kinetics reported in the literature of the tested heavy metals, Cu has the greatest binding efficiency, while for Zn the binding efficiency is lower than Cu. As a result of Cu complexation, a toxicity reduction was observed and it could be assumed that Cu toxicity is dominated by the free ion activity. These results are consistent with results by other researchers reporting that Cu complexation with organic ligands results to a decrease of toxic effect on various test organisms [7]. 

The interactive effects between Cu and Zn were synergistic for all concentration combinations tested (Figure 3). This result is in accordance with results presented in a study conducted by Utkigar et al. [8]. The interactive effect of all binary mixtures that were examined varied between additive and synergistic, while the concentrations of the metals in the binary mixtures did not affect the type of interaction, at least for all the concentration combinations tested in this study. However, it has been shown in other studies that the mode of interaction may be dependent on metal concentrations as well [1]. The addition of humic acids in the binary metal mixtures resulted in a toxicity reduction in most of the cases studied. Comparing the toxic effect of the binary mixtures with the corresponding values in the presence of 10 mg/L HA, it is clear that relatively high toxicity reduction was observed for the binary mixtures of Cu/Zn (Figure 4). The high toxicity reduction of the Cu/Zn mixture could be attributed to the complexation of Cu with HA that may be assumed to eliminate the bioavailable phase of Cu. Moreover, so far as the complexation capacity of the metals with HA in the binary mixtures is concerned, the molecular relative ratios should be also considered. It should be noted that the metal/HA ratio in single metal solutions was significantly lower compared to the ratios examined in the binary mixtures. Furthermore, the addition of NaCl for the adjustment of the osmotic pressure of the solutions prior to the toxicity test includes another parameter that may affect the complexation of heavy metals and as a result their toxicity. This addition may cause an increase in the ionic strength of the solutions that in many cases reduces the binding capacity of heavy metals to HA.

4. Conclusions

The complexation of heavy metals with humic acids is an important parameter that may alter the toxicity and bioavailability of heavy metals in the aquatic system. The examination of the complexation of heavy metals with humic acids showed that the toxicity of Cu decreased with the addition of humic acids, while the toxicity of Zn remained almost constant. The interactive effects of Cu and Zn mixtures on V. fisheri were found to be synergistic. The presence of HA in the binary mixtures caused relatively high toxicity reduction. It was found that the presence of humic acids reduced the toxicity of Cu and Zn applied together. It can also be concluded that, for the proper estimation of the environmental hazard caused by a chemical, the presence of other constituents that may interact with the chemical of concern should be evaluated. 
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