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Toxicity of metal mixtures to the Pacific white shrimp Litopenaeus vannamei postlarvae
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According to the literature, the safe level of a toxic substance for any given organism may be calculated from its median lethal concentration multiplied by a suitable application factor (AF: usually 0.1 and 0.01). The medial lethal concentrations for Litopenaeus vannamei postlarvae exposed to the mixtures in equitoxic proportions of Cd-Hg, Hg-Zn and Hg-Pb were close to one order of magnitude lower than the values calculated from individual toxicity tests, indicating a synergistic effect, while the mixture Cd-Zn showed an antagonistic effect. Exposure to the mixture of Cu, Fe, Mn, Zn, Cd, Hg and Pb caused 63.3 and 100% mortality after 21 and 13 days for 0.05 and 0.1 AF, showing that environmentally safe concentrations of toxicants should not be calculated from individual toxicity tests.

Introduction

Continental waters discharge into the marine environment the different substances they receive from anthropogenic and natural sources; in most situations these discharges contain complex mixtures, which are likely to cause environmental damage because mixtures of toxicants in concentrations below their individual toxic levels may have negative effects on the growth and reproduction of aquatic organisms (Enserink et al., 1991;[START_REF] Barata | Toxicity of binary mixtures of metals and pyrethroid insecticides to Daphnia magna Straus. Implications for multi-substance risks assessment[END_REF].

There is evidence that the levels of heavy metals are increasing throughout northern Mexico [START_REF] Holguín | Calidad del agua del Río Conchos en la región de Ojinaga, Chihuahua: parámetros fisicoquímicos, metales y metaloides[END_REF], especially in the coastal waters and lagoons of the Pacific NW which receive industrial, agricultural and municipal wastewaters and their accompanying contaminants. In one coastal lagoon, Soto-Jiménez et al. (2003) calculated yearly anthropogenic inputs of 350, 1020 and 970 kg of Cd, Cu and Zn, and [START_REF] Frías-Espericueta | Heavy metals in the edible muscle of shrimps from several coastal lagoons located in the NW of Mexico[END_REF] reported concentrations of 1.1-6 µg/g of Cd, 33.8-110 of Cu, 6.4-19.4 of Pb and1146-2531 of Zn in aquatic organisms of the NW coast of Mexico. Therefore, these discharges may become a major threat to the ecology and to the traditional fishery of the coastal states of NW Mexico, as well as to their growing shrimp culture industry [START_REF] Páez-Osuna | Shrimp aquaculture development and the environment in the Gulf of California ecoregion[END_REF].

Metals may affect the metabolism of penaeid shrimp: for instance, exposure to Cd or to Zn affects the gill functions of Litopenaeus vannamei and L. schmitti [START_REF] Wu | Effects of cadmium and zinc on oxigen consumption, ammonium excretion, and osmoregulation on white shrimp (Litopenaeus vannamei)[END_REF][START_REF] Barbieri | Use of oxygen consumption and ammonium excretion to evaluate the sublethal toxicity of cadmium and zinc on Litopenaeus schmitti (Burkenroad, 1936, Crustacea)[END_REF], and of Farfantepenaeus brasiliensis challenged with sublethal levels of Hg [START_REF] Barbieri | Use of metabolism to evaluate the sublethal toxicity of mercury on Farfantepenaeus brasiliensisi larvae (Latreille 1817, Crustacean)[END_REF].

However, there is scant information concerning the toxicity of metal mixtures for the white shrimp Litopenaeus vannamei, which is the most important species for Mexican aquaculture. The purpose of this study was to assess the effects of mixtures of some essential (Cu, Fe, Mn and Zn) and non essential (Cd, Hg and Pb) metals on mortality, feeding and growth of postlarvae of the Pacific white shrimp L. vannamei.

Materials and Methods

Toxicity ratios, toxic unit and application factors calculations

The safe level of a toxic substance (concentration which presumably has no sublethal or chronic effect), may be predicted multiplying its median lethal concentration (usually 96-h LC50) by a suitable application factor (AF: usually 0.1 and 0.01) (Buikema et al., 1982;Mariño-Balsa et al., 2000).

The 96-h LC50 of Cd, Cu, Fe, Hg, Mn, Pb and Zn for L. vannamei postlarvae were calculated with a computer program based on Probit analysis (Finney, 1971), using the results results of previous experiments [START_REF] Frías-Espericueta | Acute toxicity of Cd, Hg and Pb to whiteleg shrimp Litopenaeus vannamei postlarvae[END_REF], 2003). The individual 96-h LC50 values were used to calculate the nominal equitoxic concentrations of the experimental mixtures for the application factors 0.1, 0.05, 0.025 and 0.01 (Table 1).

The individual stock solutions were prepared in MilliQ deionized water with concentrations equivalent to the 96-h LC50 of the water-soluble salts CdCl 2 , CuCl 2 , FeCl3•6H 2 O, HgCl 2 , MnCl 2 •4H 2 O, PbCl 2 and ZnCl 2 ; the nominal test concentrations of each metal were obtained adding appropriate aliquots of each stock solution to the shrimp culture water. These salts react with seawater (mainly with Cl -and OH -), and generate CdCl 2 , Cu(OH) 2 , FeOH, HgCl and PbCO 3 as the dominant chemical species for Cd, Cu, Fe, Hg and Pb, whereas the free ion is dominant in the case of Mn and Zn (Mantoura et al., 1978;[START_REF] Hall | The effect of salinity on the acute toxicity of total and free cadmium to a Chesapeake Bay copepod and fish[END_REF].

In one first experiment, which lasted one week (168 h), we used the binary mixtures Cd-Hg, Cd-Zn, Hg-Zn and Hg-Pb with a 1:1 toxicity ratio (TR), and the experiment was mortality. S values <1, =1, or >1 were taken as proof of synergism, simple additivity or antagonism, respectively [START_REF] Vermeulen | Elaborating chironomid deformities as bioindicator of toxic sediments stress: the potential application of mixture toxicity concepts[END_REF].

In the second experiment the design was similar and the AFs were the same, but the organisms were exposed to the mixture of the seven metals and the exposure lasted 21 days.

Acclimation and water characteristics

For each experiment, we used postlarvae (PL12) of L. vannamei (1.2 ± 0.2 cm) obtained at different times and of different parental origin from a local commercial hatchery. The postlarvae were acclimated during three days to the experimental conditions in a common 50 l container with natural seawater, previously filtered through a sand and gravel bed, one cartridge system (10 to 1 µm) and treated with 0.5-m mesh activated charcoal. The water was renewed daily and the postlarvae, kept with a 12:12-h light:dark photoperiod, were fed ad libitum freshly hatched Artemia sp. nauplii supplied twice daily in equal rations [START_REF] Frías-Espericueta | Acute toxicity of copper, zinc, iron and manganese and of the mixtures copper-zinc and iron-manganese to whiteleg shrimp Litopenaeus vannamei postlarvae[END_REF].

After this first period of acclimation, triplicate groups of 10 postlarvae for each experimental treatment, taken at random from the common tank, were placed in 600 ml acid-washed glass beakers with 300 ml of filtered seawater aerated with an airstone, where they were kept for three additional days under the same conditions.

Throughout this period and during the experiment, the mean background concentrations of Cd, Cu, Fe, Mn, Pb and Zn, determined by atomic absorption spectrophotometry (Spectra AA Varian), were 0.35, 8.0, 1.6, 1.5, 1.1 and 6.7 µg/l, respectively.

Temperature was maintained nearly constant at 29 ± 0.5 °C and the mean values of salinity was 35.4 ± 0.2 ppt. The ranges of the chemical characteristics of the seawater used for the experiments are given in Table 2.

It is generally accepted that the toxicity of metals is inversely related to ambient salinity [START_REF] Hall | The effect of salinity on the acute toxicity of total and free cadmium to a Chesapeake Bay copepod and fish[END_REF]. However, although in Mexican shrimp farms L. vannamei may be grown at salinities ranging from <1 to 50 ppt, all commercial shrimp hatcheries of the Mexican NW use full strength seawater with a salinity close to that of this study, because they are located in the marine coastal zone where the most common salinity values range between 37 and 35 ppt (Cano-Pérez, 1991).

Exposure experiments

After this period, each group of three beakers was added the respective metal mixture; in all cases the experimental conditions were the same as during the acclimation period, but the test solutions were renewed every 48 h and the organisms were fed individual daily rations of 20 Artemia nauplii, supplied every 12 hours in equal portions.

In both experiments, observations on survival and molting were carried out at 12-h intervals in each container. Death was assumed in absence of response to a mechanical stimulus with a glass rod. The food consumption in each test solution during the second experiment was calculated by difference between the nauplii supplied daily to each container and those remaining in the flask 24 hours later.

Results

Mortality

Previous experiments with L. vannamei postlarvae showed that Hg and Zn are the most toxic among the metals used in this work [START_REF] Frías-Espericueta | Acute toxicity of Cd, Hg and Pb to whiteleg shrimp Litopenaeus vannamei postlarvae[END_REF], 2003). This was confirmed by the results of the first experiment, since the lowest TU 50 was observed with the Hg-Zn binary mixture.

The TU50 values of each binary mixture decreased with the time of exposure (Table 3), the three mixtures Cd-Hg, Hg-Zn and Hg-Pb caused 50% mortalities at metal concentrations close to one order of magnitude lower than their individual 96-h LC50, and the respective sums of toxic contributions were <1 (S = 0.21, 0.16 and 0.22 for Cd-Hg, Hg-Zn and Hg-Pb, respectively). This indicates a synergistic effect, whereas the mixture Cd-Zn showed an antagonistic effect (S = 2.58).

In the second experiment with the mixture of the seven metals, survival was 100% in the control cultures and in those exposed to 0.01 and 0.025 AF, whereas mortality was 63.3 and 100% after 21 and 13 days for those exposed to 0.05 and 0.1 AF, respectively (Table 4).

Food consumption, molting and growth

In the second, multi-metal exposure experiment, there was no significant correlation between instant mortality and ecdysis (P > 0.1 in all cases). However, we noticed a decreasing number of exuviae with increasing AF, as well as a progressive decrease of the final mean weights of the postlarvae, which were significantly (p < 0.05) lower with 0.025 and 0.05 AF than in the control cultures and in those exposed to 0.01 AF (one-way ANOVA and Tukey's multiple comparison tests, = 0.05) (Table 4).

There were no significant differences between the food consumption observed in the cultures exposed to 0.01 and 0.025 AF and those of the control. The mortality in the cultures exposed to 0.05 and 0.1 AF did not allow a meaningful comparison with the rest of the treatments.

Discussion

The antagonistic effect of Cd and Zn coincides with the protective effect of Zn noticed in the mysid Praunus flexuosus challeged with a mixture of metals (McLusky and Hagerman, 1987), and with the results of [START_REF] Barata | Toxicity of binary mixtures of metals and pyrethroid insecticides to Daphnia magna Straus. Implications for multi-substance risks assessment[END_REF] who pointed out that, since Zn, Cu and Cd are inducers of metallothionein synthesis, there is a high probability of competition for binding sites, and that for this reason their combined effects may be expected to be antagonistic. The synergism of the mixture Cd and Hg was observed in the mussel Perna viridis by [START_REF] Mohan | Combined toxicity of Hg and Cd to the mussel Perna viridis[END_REF]. Both metals have a high affinity for protein binding sites, which might explain their increased toxicity when they occur at relatively high concentrations in the environment [START_REF] Barata | Toxicity of binary mixtures of metals and pyrethroid insecticides to Daphnia magna Straus. Implications for multi-substance risks assessment[END_REF]. A similar explanation is likely for the increased toxicity of the mixtures Hg-Zn and Hg-Pb, although we could not trace other studies on the interactive effect of these metals.

The mortalities of L. vannamei observed in the mixture of the seven metals agree with those observed by Chu and Chow (2002) and [START_REF] Verslycke | The toxicity of metal mixtures to the estuarine mysid Neomysis integer (Crustacea: Mysidacea) under changing salinity[END_REF], when the nematode Caenorhabditis elegans and the crustacean Neomysis integer were exposed to combinations of metals in concentrations deemed to be individually safe. These results confirm that metal interactions must not be neglected, since even if they are present in minute amounts, their interactions may generate a severe environmental stress.

When L. vannamei are exposed to metals, these are accumulated in gill tissues (Wu and Chen,2004) and cause cytological and histochemical damage to the gill epithelium. The resulting alterations in gill functions and inhibition of oxygen consumption (Soegianto et al., 1999a,b;[START_REF] Barbieri | Effects of zinc and cadmium on oxygen consumption and ammonium excretion in pink shrimp (Farfantepenaeus paulensis, Pérez-Farfante, 1967, Crustacea)[END_REF] could explain the mortalities observed in this study. [START_REF] Wong | Effects of chromium, copper and nickel on survival and feeding behavior of Metapenaeus ensis larvae and postlarvae (Decapoda: Penaeidae)[END_REF] found that metal exposure of Metapenaeus ensis postlarvae affects their rate of predation and consumption of Artemia nauplii, and [START_REF] Barata | Determining the ecotoxicological mode of actions of toxicants from measurements on individuals: results from short duration chronic test with Daphnia magna Straus[END_REF] observed that Cd and Cu strongly impair feeding of Daphnia magna. Although our results do not confirm that food consumption of L. vannamei postlarvae is a good indicator of metal stress, their reduced growth coincides with that observed in Ceriodaphnia dubia and Daphnia magna exposed to metal mixtures, and in this case it could be due to a greater energy allocation to protect cells from metal accumulation and toxic effects [START_REF] Spehar | Acute and chronic effects of water quality criteriabased metal mixtures on three aquatic species[END_REF]Enserink et al., 1991).

The presence of metals in Mexican coastal waters should be of concern for commercial hatcheries, because it may result in alterations of different metabolic functions, such as those observed in different penaeid shrimps exposed to metals alone (Soegianto et al. 1999a,b;[START_REF] Barbieri | Use of oxygen consumption and ammonium excretion to evaluate the sublethal toxicity of cadmium and zinc on Litopenaeus schmitti (Burkenroad, 1936, Crustacea)[END_REF][START_REF] Barbieri | Effects of zinc and cadmium on oxygen consumption and ammonium excretion in pink shrimp (Farfantepenaeus paulensis, Pérez-Farfante, 1967, Crustacea)[END_REF] or in mixtures (Wu and Chen,2004). It should also be of environmental concern, because metals cause increased susceptibility to other stressors in aquatic organisms (Liao et al., 2006). Some authors have pointed out that it is difficult to extrapolate laboratory results to the natural environment, because other variables (pH, alkalinity, natural chelators, temperature and salinity, among others) may affect the response of aquatic organims modifying the availability as well as the toxicity of metals [START_REF] Wong | Effects of chromium, copper and nickel on survival and feeding behavior of Metapenaeus ensis larvae and postlarvae (Decapoda: Penaeidae)[END_REF][START_REF] Wu | Effects of cadmium and zinc on oxigen consumption, ammonium excretion, and osmoregulation on white shrimp (Litopenaeus vannamei)[END_REF]).

The results of several authors indicate that L. vannamei is a good test organisms for laboratory experiments on the effects of heavy metals, but there is insufficient evidence that it could be used for the in situ assessment of water pollution in field conditions.

Although our results indicate that 0.01 AF is a safe level for the survival of shrimp postlarvae, those of other authors indicate metabolic dysfunctions when metals are present at sublethal levels, which might have a severe effect in the long term. Therefore, we feel that additional observations on the histological and biochemical effects of sublethal concentrations of metals should be used to validate our result.

We also feel that the allowable concentrations of toxic substances for regulatory use should not be based on untested hypothesis and that, since different species may show different responses [START_REF] Spehar | Acute and chronic effects of water quality criteriabased metal mixtures on three aquatic species[END_REF], any allowable limit may be too permissive to protect some species when other toxicants are also present. in the organism. Food Chemistry and Toxicology 39, 967-980. Buikema, A.L., Niederlehner, B.R., Cairns, J.Jr., 1982. Biological 

  carried out for different toxic units (TU), calculated with the equations: TR= M1-m/LC50 M1 : M2-m/LC50 M2 and TU= (M1-m/LC50 M1) + (M2-m/LC50 M2) M1-m and M2-m are the concentrations in the mixture of metals M1 and M2, and LC50 M1 and LC50 M2 their respective 96-h LC50 (Logan and Wilson, 1995). The effect of any given binary metal mixture was determined from the sum of toxic contributions (S) calculated as: S= ([A]/LC50 M1) + ([B])/LC50 M2) Where [A] and [B] are the concentrations of each metal in the mixture causing 50%

  According to Brzóska and Moniuszko-Jakoniuk (2001), since many toxic effects of Cd result from interactions with essential metals, including Zn, the availability of Zn is an important factor with respect to Cd toxicity. While exposure to Cd interferes with the Zn biological functions, dietary Zn intake affects Cd absorption and accumulation, and prevents or at least reduces its adverse effects. A similar antagonistic effect of Cu and Zn was observed in L. vannamei and Daphnia magna by Frías-Espericueta et al. (2003) and by Cañizares-Villanueva et al. (2000), although Negilski et al. (1981) and Vanegas et al. (1997) found a synergistic effect in the crustaceans Callianassa australiensis and Litopenaeus setiferus exposed to a mixture Cd-Zn, which could be explained by genetic differences or by different chemical characteristics of the respective aquatic environments.
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Table 3 .

 3 TU50 values (in parenthesis, 95% confidence limits) of binary metal mixtures for Litopenaeus vannamei postlarvae.

		TU50 of mixtures			
	Exposure		Equivalent	Individual 96-h LC50
	time (h)	TU50	concentrations in the	(mg/l)*	
			mixture		
			Cd	Hg	Cd	Hg
	96	0.22 (0.19, 0.26)	0.27	0.13	2.49	1.23
	168	0.19 (0.16, 0.22)	0.23	0.11		
			Cd	Zn	Cd	Zn
	96	2.60 (2.40, 2.80)	3.23	2.70	2.49	2.08
	168	2.12 (1.88, 2.33)	2.63	2.20		
			Hg	Zn	Hg	Zn
	96	0.17 (0.15, 0.19)	0.10	0.17	1.23	2.08
	168	0.14 (0.12, 0.15)	0.08	0.14		
			Hg	Pb	Hg	Pb
	96	0.23 (0.19, 0.27)	0.14	15.40	1.23	134.2
	168	0.20 (0.17, 0.23)	0.12	13.40		
	*Frias-Espericueta et al. (2001, 2003)			

Table 4 .

 4 Survival (%), number of exuviae, final weight (W, in mg) and food consumption (FC in % of control) of L. vannamei postlarvae exposed to different application factors. Different letters indicate significant difference ( = 0.05).

	AF	Survival	Exuviae	W	FC (%)
		%	(N)		
	control 0.01 0.025 0.05	100 100 100 37	98 88 47 57	18.2 ± 5.3 a 13.1 ± 4.9 a 8.3 ± 1.7 b 4.0 ± 1.1 c	100 100 97.6 --
	0.1	0*	17*		--
	* 100% mortality after 13 days of exposure		
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Variable

Dissolved metals (µg/l) Temperature: 28-30 °C Cd: 0.3-0.4 Salinity: 34-36 ppt Cu: 6.0-8.0 pH: 8.0-8.1

Fe: 1.5-2.6 Oxygen: 5.2-5.8 mg/l Mn: 1.3-2.2 Total alkalinity: 2.10-2.13 meq/l Pb: 1.0-1.1 Ammonia-N: 9.0 -13.0

Zn: 1.9-2.9 Nitrite-N: 3.9-5.2 µg/l Nitrate-N: 220-280 µg/l Phosphate-P: 68-80 µg/l