








































































































Chapitre 6 : Liste des références 

Elliott, J.M., 1996a. British freshwater Megaloptera and Neuroptera: a key with 

ecological notes. Freshwater biological association, Ambleside, U.K., Scientific 

publication no. 54, 72 pp. 

Elliott, J.M., 1996b. Temperature-related fluctuations in the timing of emergence and 

pupation ofWindermere alder-flies over 30 years. Ecological Entomology 21,241-

247. 

Environnement Canada, 1994. Le nickel et ses composés - LSIPl. Cat No. En 40-

215/43F. 

Environnement Canada, 1997. Méthodes d'essai biologique: essai de survIe et de 

croissance des larves dulcicoles de chironomes ( Chironomus tentans ou 

Chironomus riparius) dans les sédiments. Cat No. En 49-24/l-32F. 

Evans, E.D., Neunzig, H.H., 1996. Megaloptera and aquatic Neuroptera. In: An 

introduction to the aquatic insects of North America. 3rd edition. R.W. Merritt et 

K.W. Cummins (Eds), Kendall/Hunt Publishing Company, Dubuque, Iowa, pp. 

298-308. 

Galvan-Arzate, S., Santamaria, A, 1998. Thallium toxicity. Toxicology Letters 99, 1-13. 

Gauthier, C., Couture, P., Pyle, G.C., 2006. Metal effects on fathead minnows 

(Pimephales promelas) under field and laboratory conditions. Ecotoxicology and 

Environmental Safety 63,353-364. 

Giguère, A, Couillard, Y., Campbell, P.G.C., Perceval, O., Pinel-Alloul, B., Pellerin, J., 

2003. Steady-state distribution of metals among metallothionein and other cytosolic 

ligands and links to cytotoxicity in bivalves living along a polymetallic gradient. 

Aquatic Toxicology 64, 185-200. 

Giguère, A, Campbell, P.G.C., Hare, L., Couture, P., 2006. Sub-cellular partitioning of 

cadmium, copper, nickel and zinc in indigenous yellow perch (Perca flavescens) 

sampled along a polymetallic gradient. Aquatic Toxicology 77, 178-189. 

Gillis, P.L., Dixon, D.G., Borgmann, U., Reynoldson, T.B., 2004. Uptake and depuration 

of cadmium, nickel, and lead in laboratory-exposed Tubifex tubifex and 

corresponding changes in the concentration of a metallothionein-like protein. 

Environmental Toxicology and Chemistry 23, 76-85. 

41 



Efficacité d'assimilation de Sialis velata pour le nickel et le thallium présents chez ses 
proies; importance de la distribution subcellulaire des métaux chez les proies 

Hare, L., 1992. Aquatic insects and trace metals: bioavailability, bioaccumulation and 

toxicity. Critical Reviews in Toxicology 22,327-369. 

Hare, L., Campbell, P.G.C., 1992. Temporal variations of trace metals in aquatic insects. 

Freshwater Biology 27, 13-27. 

Hare, L., Tessier, A., Borgmann, u" 2003. Metal sources for freshwater invertebrates: 

pertinence for risk assessment. Human and Ecological Risk Assessment 9, 779-793. 

Hassler, C.S., Chafin, R.D., Klinger, M.B., Twiss, M.R., 2007. Application of the biotic 

ligand model to explain potassium interaction with thallium uptake and toxicity to 

plankton. Environmental Toxicology and Chemistry 26, 1139-1145. 

Hopkin, S.P., 1989. Ecophysiology ofmetals in terrestrial invertebrates. Elsevier Applied 

Science, London, u'K., 366 pp. 

Jaques, A.P., 1987. Summary of emissions of antimony, arsenic, cadmium, chromium, 

copper, lead, manganese, mercury and nickel in Canada. Direction des programmes 

industriels, Environnement Canada, Ottawa, Ontario. 44 pp. 

Kajak, Z., Prus, P., 2004. Influence of the population density and the amount of food on 

Chironomus plumosus (L.) and Tubificidae. Laboratory experiments. Polish Journal 

of Ecology 52,47-53. 

Lazim, M.N., Leamer, M.A., 1986. The life-cycle and productivity of Tubifex tubifex 

(Oligochaeta; Tubificidae) in the Moat-Feeder stream, Cardiff, South Wales. 

Holarctic Ecology 9, 185-192. 

Lin, T.-S., Nriagu, J., 1999. Thallium speciation in the Great Lakes. Environmental 

Science and Technology 33,3394-3397. 

Lin, T.-S., Nriagu, J.O., Wang, X.-Q., 2001. Thallium concentration in lake trout from 

Lake Michigan. Bulletin of Environmental Contamination and Toxicology 67, 921-

925. 

Locklin, J.L., Arsuffi, T.L., Bowles, D.E., 2005. Life history of Sialis (Megaloptera: 

Sialidae) in a lentic and lotic ecosystem in Central Kansas. American Midland 

Naturalist 155, 50-62. 

42 



Chapitre 6 : Liste des références 

Meyer, J.S., Adams, W.J., Brix, K.V., Luoma, S.N., Mount, D.R., Stubblefield, W.A., 

Wood, C.M., 2005. Toxicity of dietbome metals to aquatic organisms. SETAC 

Press, Pensacola, Florida, USA, 303 pp. 

Michaud, A.L., Hare, L., Campbell, P.G.C., 2005. Exchange rates of cadmium between a 

burrowing mayfly and its surroundings in nature. Limnology and Oceanography 50, 

1707-1717. 

Munger, C., Hare, L., Tessier, A., 1999. Cadmium sources and exchange rates for 

Chaoborus larvae in the field. Limnology and Oceanography 44, 1763-1771. 

Muyssen, B.T.A., Brix, K.V., Deforest, D.K., Janssen, C.R., 2004. Nickel essentiality and 

homeostasis in aquatic organisms. Environmental Reviews 12, 113-131. 

Nott, J.A., Nicolaidou, A., 1994. Variable transfer of detoxified metals from snails to 

hermit crabs in marine food chains. Marine Bio1ogy 120, 369-377. 

Nriagu, J.O., 1998. Thallium in the environment. John Wiley & Sons, New-York, USA, 

284 pp. 

Nriagu, J.O., Pacyna, J.M., 1988. Quantitative assessment ofworldwide contamination of 

air, water and soils by trace metals. Nature 333, 134-139. 

Pacyna, J.M., Scholtz, M.T., Li, Y.-F., 1995. Global budget of metal sources. 

Environmenta1 Reviews 2, 145-159. 

Penry, D.L., 1998. Applications of efficiency measurements in bioaccumulation studies: 

definitions, clarifications, and a critique of methods. Environmental Toxicology and 

Chemistry 17, 1633-1639. 

Ptashynski, M.D., Pedlar, R.M., Evans, R.E., Baron, c.L., Klaverkamp, J.F., 2002. 

Toxicology of dietary nickel in 1ake whitefish (Coregonus clupeaformis). Aquatic 

Toxico1ogy 58,229-247. 

Pyle, G.G., Rajotte, J.W., Couture, P., 2005. Effects of industrial metals on wild fish 

populations along a metal contamination gradient. Ecotoxicology and 

Environmental Safety 61,287-312. 

Reinfelder, J.R., Fisher, N.S., 1991. The assimilation of elements ingested by marine 

copepods. Science 251, 794-796. 

43 



Efficacité d'assimilation de Sialis velata pour le nickel et le thallium présents chez ses 
proies; importance de la distribution subcellulaire des métaux chez les proies 

Reinfelder, J.R., Fisher, N.S., Luoma, S.N., Nichols, J.W., Wang, W.-x., 1998. Trace 

element trophic transfer in aquatic organisms: A critique of the kinetic model 

approach. Science of the Total Environrnent 219,117-135. 

Ristola, T., 2000. Assessment of sediment toxicity using the midge Chironomus riparius 

(Diptera: Chironomidae). Biology, University of Joensuu, Joensuu, Finland, 101 pp. 

Ristola, T., Pellinen, J., Ruokolainen, M., Kostamo, A., Kukkonen, J., 1999. Effect of 

sediment type, feeding level, and larval density on growth and development of a 

midge (Chironomus riparius). Environrnental Toxicology and Chemistry 18, 756-

764. 

Roesijadi, G., 1992. Metallothionein in metal regulation and toxicity in aquatic animaIs. 

Aquatic Toxicology 22,81-114. 

Ross, H.H., 1937. Studies ofNearctic aquatic insects. I. Nearctic aIder flies of the genus 

Sialis. Illinois Natural History Survey Bulletin 21,56-77. 

Roy, L, Hare, L., 1999. Relative importance of water and foods as cadmium sources to 

the predatory insect Sialis velata (Megaloptera). Canadian Journal of Fisheries and 

Aquatic Sciences 56, 1143-1149. 

Silverrnan, H., Steffens, W.L., Dietz, T.H., 1983. Calcium concretions in the gills of 

freshwater mussel serve as a calcium reservoir during periods ofhypoxia. Journal of 

Experimental Zoology 227, 177-189. 

Smith, D.G., 2001. Pennak's freshwater invertebrates of the United States: Porifera to 

Crustacea, 4th Edition. John Wiley and Sons, New-York, N.Y. 638 pp. 

Steen Redeker, E., van Campenhout, K., Bervoets, L., Reijnders, H., Blust, R., 2007. 

Subcellular distribution of Cd in the aquatic oligochaete Tubifex tubifex, 

implications for trophic availability and toxicity. Environrnental Pollution 148: 166-

175. 

Sullivan, P.A., Robinson, W.E., Morse, M.P., 1988. Isolation and characterization of 

granules from the kidney of the bivalve Mercenaria mercenaria. Marine Biology 

99, 359-368. 

Tachet, H., Richoux, P., Bournaud, M., Usseglio-Polatera, P., 2002. Invertébrés d'eau 

douce: systématique, biologie, écologie. CNRS Éditions, Paris, France. 587 pp. 

44 



Chapitre 6 : Liste des références 

Twinning, B.S., Twiss, M.R., Fisher, N.S., 2003. Oxidation of thallium by freshwater 

plankton communities. Environmental Science and Technology 37,2720-2726. 

Twiss, M.R., Twinning, B.S., Fisher, N.S., 2004. Bioconcentration of inorganic and 

orgamc thallium by freshwater phytoplankton. Environmental Toxicology and 

Chemistry 23,968-973. 

Twiss, M.R., Twinning, B.S., Fisher, N.S., 2003. Partitioning of dissolved thallium by 

seston in Lakes Erie and Ontario. Canadian Journal of Fisheries and Aquatic 

Sciences 60, 1369-1375. 

Vijver, M.G., Van Gestel, C.A.M., Lanno, R.P., Van Straalen, N.M., Peijnenburg, 

W.J.G.M., 2004. InternaI metal sequestration and its ecotoxicological relevance: A 

review. Environmental Science and Technology 38,4705-4712. 

Vijver, M.G., Van Gestel, C.A.M., Van Straalen, N.M., Lanno, RP., Peijnenburg, 

W.J.G.M., 2006. Biological significance of metals partitioned to subcellular 

fractions within earthworms (Aporrectodea caliginosa). Environmental Toxicology 

and Chemistry 25,807-8174. 

Wallace, W.G., Lee, B.-G., Luoma, S.N., 2003. Subcellular compartmentalization of Cd 

and Zn in two bivalves. 1. Significance of metal-sensitive fractions (MSF) and 

biologically detoxified metal (BDM). Marine Ecology Progress Series 249, 183-

197. 

Wallace, W.G., Lopez, G.R., 1996. Relationship between subcellular cadmium 

distribution in prey and cadmium trophic transfer to a predator. Estuaries 19, 923-

930. 

Wallace, W.G., Lopez, G.R., 1997. Bioavailability of biologically sequestered cadmium 

and the implications of metal detoxification. Marine Ecology Progress Series 147, 

149-157. 

Wallace, W.G., Lopez, G.R., Levinton, J.S., 1998. Cadmium resistance in an oligochaete 

and its effect on cadmium trophic transfer to an omnivorous shrimp. Marine 

Ecology Progress Series 172,225-237. 

45 



Efficacité d'assimilation de Sialis velata pour le nickel et le thallium présents chez ses 
proies; importance de la distribution subcellulaire des métaux chez les proies 

Wallace, W.G., Luoma, S.N., 2003. Subcellular compartmentalization of Cd and Zn in 

two bivalves. II. Significance of trophically available metal (TAM). Marine 

Ecology Progress Series 257, 125-137. 

Walshe, B.M., 1947. Feeding mechanisms of Chironomus riparius larvae. Nature 160, 

474. 

Wang, W.-x., Fisher, N.S., 1999. Assimilation efficiencies of chemical contaminants in 

aquatic invertebrates: a synthesis. Environmental Toxicology and Chemistry 18, 

2034-2045. 

Wang, W.-x., Rainbow, P.S., 2006. Subcellular partitioning and the prediction of 

cadmiumtoxicity to aquatic organisms. Environmental Chemistry 3,395-399. 

Warren, L., Tessier, A., Hare, L., 1998. Modeling cadmium accumulation by benthic 

invertebrates in situ: the relative contribution of sediment and overlying water 

reservoirs to organism cadmium concentrations. Limnology and Oceanography 43, 

1442-1454. 

World Health Organizatiori, 1996. Thallium. Environmental Health Criteria 182. Geneva, 
Switzerland. 

46 



DEUXIÈME PARTIE: ARTICLE 





Nickel and thallium transfer from prey to predator 

Julie Dumas and Landis Hare i 

Institut National de la Recherche Scientifique - Eau, Terre et Environnement (INRS­

ETE), Université du Québec, 490 rue de la Couronne, Québec, QC, Canada, GIK 9A9 

For submission to Environrnental Pollution as an article 

Running head: Ni and Tl transfer and subcellular distribution 

1 Corresponding author (landis@ete.ims.ca) 



Efficacité d'assimilation de Sialis velata pour le nickel et le thallium présents chez ses 
proies; importance de la distribution subcellulaire des métaux chez les proies 

Résumé de l'article 

L'accumulation du nickel et du thallium chez les animaux aquatiques a été peu 

étudiée, même si ces métaux sont présents à des concentrations potentiellement nocives 

dans certains lacs. Pour mesurer l'accumulation et le transfert de ces contaminants le long 

de chaînes alimentaires, nous avons exposé deux types d'invertébrés, un insecte 

(Chironomus riparius) et un ver (Tubifex tubifex), à des sédiments contaminés par ces 

métaux en laboratoire. Nous avons alors mesuré la distribution subcellulaire du Ni et du 

Tl chez ces invertébrés pour mieux connaître la probabilité qu'ils aient des effets toxiques 

et qu'ils soient transférés à des maillons supérieurs des chaînes trophiques. Les deux 

espèces ont détoxiqué au moins la moitié du Ni et du Tl accumulés, étant situés dans les 

fractions qui ont un rôle connu de détoxication des métaux. Nous avons estimé qu'une 

grande partie du métal présent chez ces animaux (43-84 %) pouvait être disponible pour 

le transfert vers les prédateurs selon un indice souvent utilisé dans la littérature. Pour 

tester cette prédiction, nous avons nourri un prédateur, l'insecte Sialis velata, avec ces 

invertébrés et nous avons mesuré l'efficacité avec laquelle l'insecte assimile le Ni et le Tl 

venant de chaque type de proie. La majorité des deux métaux traces (58-83 %) était 

assimilée par le prédateur, ce qui suggère que ces contaminants pourraient être facilement 

transférés le long de chaînes alimentaires et que les modèles décrivant la bioaccumulation 

du Ni et du Tl chez les animaux aquatiques devraient considérer la nourriture comme 

source de ces métaux. La proportion de métaux qui pourrait potentiellement être 

disponible pour le consommateur et le pourcentage réellement assimilé par S. velata 

correspondaient à une relation 1: 1 dans deux cas sur les quatre combinaisons proie-métal 

étudiées. Pour les deux autres cas, les résultats du fractionnement sous-estimaient les 

efficacités d'assimilation mesurées chez le prédateur. Une certaine quantité de métaux 

présente dans la fraction des débris cellulaires ou les granules pourrait donc être 

assimilable pour les prédateurs. 

50 



Chapitre 7 : Article scientifique 

Abstract 

The accumulation of nickel and thallium by aquatic animaIs has been little studied 

despite the fact that these metals are present at potentially harmful concentrations in sorne 

lakes. To measure the propensity of animaIs for accumulating and transferring these 

contaminants along food chains, we exposed two types of invertebrates, an insect 

(Chironomus riparius) and a worm (Tubifex tubifex), to these metals spiked into 

sediment. We then measured the subcellular distribution of Ni and Tl in these 

invertebrates to better understand the likelihood of these metals having toxic effects and 

of being transferred to higher trophic levels. In both species, at least half of their Ni and 

Tl was present in fractions that are purportedly "detoxified" (granules and metal-binding 

proteins), which leaves room for toxic effects to occur. Furthermore, based on 

information in the literature, we estimate that much of the metal in these animaIs (43-84 

%) is available for transfer to a predator. To test this prediction, we fed these 

invertebrates to a predator, the alderfly Sialis velata, and measured the efficiency with 

which this insect assimilated Ni and Tl from each prey type. The majority of both trace 

metals (58-83 %) was assimilated by the predator, which suggests that these contaminants 

would be easily transferred along aquatic food chains and that models describing Ni and 

Tl accumulation by aquatic animaIs should consider food as a source of these metals. The 

proportion of metal that could potentially be taken up by a consumer and the actual 

percentage assimilated by S. velata fell on aI: 1 hne for 2 of the 4 prey-metal 

combinations, whereas in 2 cases results for prey fractionation underestimated 

assimilation efficiencies measured for the predator. Metal present in the cellular debris 

and granules could be partially available for the predator. 

Keywords: Nickel; Thallium; Subcellular partitioning; Trophic transfer; Detoxification 
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1. Introdu'ction 

Canada is the second largest source of the world's nickel (Ni; Chau and 

Kulikovsky-Cordeiro 1995). Canadian lakes located in regions where Ni is mined and 

smelted can be heavily contaminated with this trace metal (Gunn 1995, Pyle et al. 2005), 

and animaIs living in such lakes suffer the consequences (Borgmann et al. 2001). 

Likewise, the trace metal thallium (Tl) can be released by the smelting of sulfidic ores but 

is also a product of coal buming and cement manufacturing (Nriagu and Pacyna 1988, 

Pacyna and Pacyna 2001, Lis et al. 2003). The concentrations of Tl in trout from Lake 

Michigan are reported to be of concem for humans consuming these fish (Lin et al. 2001). 

Despite their potential for toxic effects, the accumulation of Ni and Tl by aquatic 

animaIs has been little studied. Even less information is available on their propensity for 

being transferred from prey to predators along aquatic food chains. In laboratory 

experiments, aquatic animaIs are often exposed to these metals in water only (Ni: Pane et 

al. 2003, Keithly et al. 2004; Tl: Zitko and Carson 1975, Pickard et al. 2001), despite the 

fact that food can be a major source of their trace metals (Hare et al. 2003, Meyer et al. 

2005). 

To fill sorne of these knowledge gaps, we studied the transfer of Ni and Tl from 

two common aquatic invertebrates to a widespread predatory insect. As prey, we chose 

two widespread invertebrates that are used in sediment toxicity tests as weIl as being 

members of two of the .dominant groups living in freshwater sediments: insects 

(Chironomus riparius; Diptera, Chironomidae) and worms (Tubifex tubifex; Oligochaeta, 

Tubificidae). Our predator of choice, Sialis velata (Insecta, Megaloptera), accumulates 

many trace metals mainly from its prey (Croisetière et al. 2006), which include both 

chironomids and oligochaetes. Larvae of the genus Sialis burrow in the sediment of lakes 

(Charbonneau and Hare 1998) and rivers throughout the Holarctic region (Elliott 1996). 

To determine if Ni and Tl are readily transferred along food chains, we measured 

the efficiency with which S. velata accumulates these metals from the two prey types. To 
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explain its propensity for assimilating these metals, we also measured Ni and Tl 

distributions in prey cells because the manner in which metals are detoxified and stored in 

cells is reported to influence their transfer to higher trophic levels (Wallace and Lopez 

1996,1997, Wallace and Luoma 2003, Seebaugh et al. 2006, Wang and Rainbow 2006). 

2. Materials and methods 

All labware for metal analyses was soaked for 1 d in 10 % HN03, rinsed 6 times 

with ultrapure water and dried in a laminar flow hood. 

2.1. Field techniques and prey rearing 

Sialis velata larvae, water and sediment were collected from Lake St. Joseph 

(46°53' N, 71°38' W), a Canadian Shield lake located near Quebec City, QC, Canada. 

This lake is distant from industrial emissions and contains low concentrations of metals 

(Cd, Cu, and Zn) in sediment, water and larvae of S. velata (Hare and Campbell 1992, 

Warren et al. 1998). Sediments and S. velata were collected at a depth of ~5 m using an 

Ekman grab. Sediments were sieved in the field (1 mm mesh-aperture net) to extract S. 

velata and larvae were transported to the laboratory in plastic bags containing lakewater 

and sorne sediment. In the laboratory, unsieved sediment and lakewater for prey exposure 

were stored at 4 oC until use, whereas individual S. velata were held in 20 mL of non­

aerated lakewater (changed once per week) in 30 mL polystyrene vials, in the dark, at 10 

oC. 

Chironomus riparius larvae to be used as prey for S. velata were obtained by the 

Centre d'Expertise et d'Analyse Environnementale du Québec (Québec, Canada) and 

were cultured continuously in glass aquaria containing ~3 cm depth of fine clean sand and 

~8 L of reconstituted water ([Ca2+] 0.8 mM, [Cr] 0.95 mM, [K+] 50 ~M, [Mg2+] 0.25 

mM, [Na+] 1 mM, [SOl-] 0.62 mM). A second prey species, Tubifex tubifex (purchased 

from Aquatic Research Organisms, Hampton, VA, USA), was held in glass aquaria 

containing ~3 cm of sediment and ~8 Lof reconstituted water. For both prey species, half 

of the water in their aquaria was changed twice weekly after which fish food (Aquatox; 
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Aquatic Eco-Systems Inc., Apopka, FL, USA) was added (0.5 and 1 g, respectively). Prey 

were cultured at room temperature at an lS:6light:dark ratio. 

2.2. Sediment spiking for prey metal exposure 

Sediment from Lake St. Joseph was spiked with a solution containing 1 mCi of 

204TICh (Isotope products, Valencia, CA, USA) and 0.4 mg of TIN03 to obtain a nominal 

total Tl concentration of S nrnol g-l dry wt; this Tl concentration has been reported from 

Tl-contaminated Canadian lakes (Cheam et al. 1995). Likewise, we added 5 mCi of 

63NiCh (Amersham Biosciences, Piscataway, NJ, USA) and 1.456 g of Ni(N03)2.6H20 to 

a separate batch of sediment to obtain a nominal total Ni concentration of 10 !lmol g-l dry 

wt; this Ni concentration has been reported from contaminated lakes located near 

Sudbury, Ontario (Borgmann et al. 2001). These spiked sediments were mixed for 10 min 

each day over 3 d then held at 4 oC for a minimum of 2 weeks prior to use; experiments 

using these contaminated sediments were carried out over the following 3 (Ni) or 12 (Tl) 

months. To measure the total Ni and Tl concentrations in spiked sediments, ~ 100 mg 

subsarnples were frozen at -SO oC, freeze-dried, weighed and digested in 2.5 mL of 70 % 

HN03 for 5 d followed by the addition of 2 mL of 30 % H20 2 for 1 d. These digests were 

diluted with ultrapure water to a final volume of 50 mL and total Ni and Tl concentrations 

were measured by inductively coupled plasma mass spectrometry (Therrno Electron 

Corp., model X7) using external calibration with standards and rhodium as an internaI 

standard. 

2.3. Prey metal-exposure 

Prey were acc1imated for 1-2 d, at 10°C, in a plastic basin containing sand (c. 

riparius) or sediment (T tubifex) and reconstituted water ([Ca-2] ~SO !lM, [CI+2] ~95 !lM, 

[K+1
] ~5 !lM, [Mg+2] ~25 !lM, [Na-2] ~100 !lM, [S04-2] ~62 !lM). Following acc1imation, . 

prey were exposed at 10 oC to Ni or Tl in 1-L high-density polyethylene bottles (HDPE; 

Nalgene, New York, NY, USA) containing spiked sediment (5 mL per individual) and 

reconstituted water (10 mL per individual; prepared 1 d in advance) until they attained a 

steady state in their metal concentrations (~14 d; data not shown). Contaminated prey 

were then held in groups of 3-4 in polystyrene vials (30 mL) containing uncontaminated 
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Lake St. Joseph sediment (10 mL) and reconstituted water (20 mL) for 24 h, at 10 oC, to 

eliminate their contaminated gut contents. Groups of prey were used for subcellular 

fractionation, given to Sialis velata to measure assimilation efficiencies, or used to 

determine metal specific-activities in animaIs. 

2.4. Subcellular fractionation 

Depurated prey (20 pooled individuals) were placed in preweighed 1.5 mL 

polypropylene microcentrifuge tubes (Fisher Scientific, Ontario, Canada), weighed and 

then stored at -80 oC. Just prior to fractionation, prey samples were thawed on ice, 

transferred to a glass potter and homogenized by 25 tums of a round glass pestle in 25 

mM TRIS buffer at a pH of 7.4. The tissue to buffer ratio was 1:8 for C. riparius and 1:4 

for T tubifex. Homogenates were transferred back into their original micro centrifuge 

tubes and weighed. Three 30-IlL aliquots were removed from each sample to measure 

metal concentrations in the homogenate. Aliquots were placed on pre-weighed pieces of 

Teflon sheeting, weighed, and frozen in 1.5 mL polypropylene microcentrifuge tubes at -

80 oC for later analysis. 

Homogenates were reweighed and fractionated according to the scheme shown in 

Fig. 1 so as to obtain 5 fractions: heat denatured proteins (HDP); heat stable proteins 

(HSP) such as the metallothionein (MT); organelles (mitochondria, microsomes and 

lysosomes); granules (and other NaOH resistant particles); and cellular debris including 

cell membranes and unbroken cells (Wallace et al. 2003, Campbell et al. 2005, Wang and 

Rainbow 2006). The purity of th~se operationally-defined fractions was not verified. The 

50 000 and 100 000 x g centrifugation was carried out using a Beckman TL-100 

centrifuge with a TLA-100.3 rotor, whereas for the other centrifugations we used a 

Sorvall RC 5C Plus with an HB-4 rotor. Supematants were weighed, acidified and held at 

4 oC until analysis. Pellets and aliquots were freeze-dried (FTS Systems, New-York, NY, 

USA) and weighed. By comparing metal burdens in the homogenate with the sum of 

those measured in the various fractions, we determined that metal losses during the 

fractionation procedure were very small (6 ± 2 % for Ni and 4 ± 4 % for Tl). 
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2.5. Efficiency of Ni and Tl assimilation by the predator 

Sialis velata were starved for 3 d in 30-mL HDPE vials containing 10 mL of 

lakewater and then offered 1-2 live contaminated prey of a given type. After 1 h, prey that 

had not been ingested were removed and the water was renewed. Predators that did not 

ingest prey were excluded from the experiment. To ensure that contaminated prey had 

been defecated, the following day we offered the predator one uncontaminated prey (of 

the other species) ; once the uncontaminated prey had been observed in the predator's 

feces, it was counted for radioactivity. Each predator was then held for 10 minutes in 3.75 

mL of EDTA (0.1 mM), to remove metal bound to its surface, then weighed and counted 

for radioactivity (as was the EDTA). The water in which the predator had been depurated 

was acidified (to remove metal bound to the surface of the vials) and counted for 

radioactivity as well. 

Assimilation efficiencies (AE) were calculated using a mass-balance approach: 

AE = MSialis X 100 
MSialis + MWater + MEDTA + MFeces 

where M is the metal burden in either S. velata, water, EDTA or feces. AEs calculated in 

this manner are like1y minima, because they ignore physiological metal los ses during 

depuration. 

2.6. 63Ni and 204Tl analyses 

Samples for 63Ni analysis were acidified with 0.2 mL of 70 % HN03 (3 d at 20 oC 

for solid samples) and diluted with ultrapure water to a total volume of 3.75 mL. 

Likewise, samples containing 204TI were acidified in 0.4 mL of 70 % HN03 and diluted to 

a total volume of 2.1 mL. Acidified samples were transferred to 20 mL glass scintillation 

vials (VWR International, Québec, Canada) containing either 10 mL (63Ni) or 15 mL 

e04TI) of scintillation liquid (Ultima Gold LLT, Perkin Elmer, Woodbridge, ON, 

Canada). Sample radioactivity was measured in a Wallac 1114 liquid scintillation counter 
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and counting efficiencies were corrected for the addition of HN03. We did not measure 

Tl speciation in our study. 

2. 7. Ni and Tl specifie activities in animais 

Sediment was eliminated from the guts of metal-contaminated prey by holding 3-4 

individuals for 1 d in polystyrene vials (30 mL) containing uncontaminated sediments (10 

mL) and reconstituted water (20 mL) followed by 1 d in 30 mL of reconstituted water. 

Individuals were then placed on a preweighed piece of Teflon sheeting in 1.5 mL 

polypropylene microcentrifuge tubes and frozen at -80 OC for later analysis. Depurated 

prey were freeze-dried and digested in 100 ilL of 38 % trace-metal free grade H Cl for 3 d 

followed by 40 ilL of 30 % H20 2 for 1 d; digests were diluted with 900 ilL of ultrapure 

water. Using 300 ilL of the digestate, total Ni and Tl was measured by inductively 

coupled plasma mass spectrometry (Thermo Electron Corp., model X7) using external 

calibration with standards and rhodium as an internaI standard. 500 ilL of the digestate 

was used to analyse 63Ni and 204TI by scintillation counting as described above. We 

presumed that Ni and Tl specific activities in prey were the saille as those in the predator. 

2.8. Statistical analyses 

The 'proportions of Ni or Tl in various prey subcellular fractions were compared 

using a repeated-measures ANOVA or a Kruskall-Wallis test, followed by a Student~ 

Newman-Keuls multiple comparisons test. Comparisons within a prey species and 

between prey species were made using a Student's t-test or a Mann-Whitney test, as were 

assimilation efficiencies by S. velata. All statistical tests were performed using SigmaStat 

(Systat Software Inc.). Error terms around means are reported as standard deviations 

throughout the text and all values for metal concentrations are in terms of dry weight. 

3. Results and Discussion 

3.1. Ni in sediments and prey 

The Ni concentration in spiked sediments was ~16 Ilmol g-l, which is close to our 

nominal value of 10 Ilmol Ni g-l. Total steady-state Ni concentrations in prey exposed to 
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these sediments were similar at ~0.8 (c. riparius) and ~0.3 (T tubifex) /lmo! g-l. These Ni 

concentrations in prey are lower than the maxima reported for Ni in: C. riparius in 

contaminated sediments from rivers in Belgium (~2 /lmol g-l; Bervoets et al. 2004); T 

tubifex in Ni-spiked field sediments (~3 /lmol g-l; Gillis et al. 2004); the trichopteran 

Steno psyche marmorata in a contaminated Japanese river (~3 /lmol g-l; Tochimoto et al. 

2003); but close to that in the crustacean Hyalella azteca in metal-contaminated 

sediments from Canadian lakes (~0.7 /lmol g-l; Borgmann 2003). The similarity of these 

maxima, suggests an upper limit for Ni concentrations in these freshwater benthic 

invertebrates. Indeed, Borgmann et al. (2001) have estimated that toxic effects would be 

experienced by 25% of the members of a H azteca population if their internaI Ni 

concentrations reached ~0.2 /lmol il. In our study, no T tubifex died during the Ni 

exposures, whereas from 25-50% of the C. riparius were not recovered from Ni­

contaminated sediment (in part due to adult emergence; we did not quantify insect 

mortality). 

Within the cells of C. riparius, Ni was located in: debris > HSP > granules> HDP 

> organelles (Fig. 2). Ni in the cytosol (HSP and HDP) accounted for 37 ± 2 % of the 

total. Assuming that Ni in the granules and HSP fractions has been detoxified (Wallace et 

al. 2003), then approximately half of the Ni (46 ± 1 %) present wasn't toxic to this insect 

(Fig. 3). Ni that is theoretically available for transfer to the predator (HSP + HDP + 

organelles; Wallace et al. 2003) represented 43 ± 2 % of the total (Fig. 3). 

In T tubifex, Ni was located in: HSP > organelles> debris > HDP > granules. Ni 

ln the cytosol accounted for approximately half (49 ± 2 %) of the total, which is 

significantly greater (p < 0.001) than the corresponding figure for C. riparius. The 

detoxified portion comprised 47 ± 2 % of the Ni present (Fig. 3), which is the same (p = 

0.38) as that in C. riparius. However, in T tubifex, this likely represents a minimum value 

because a large proportion of the Ni in this worm was found in the organelles fraction 

(~36 %), which includes lysosomes containing detoxified metal (Hopkin 1989, Wallace et 

al. 2003). The percent age of Ni that was potentially available for trophic transfer was 84 

± 3 % (Fig. 3), which is significantly higher (p < 0.001) than that for C. riparius (Fig. 4). 
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In both prey species, the HSP fraction appears to play an important role in 

detoxifying Ni (27% in C riparius and 45 % in T tubifex; Fig. 2) as it does for Cd in 

several types of invertebrates (Cain et al. 2004, Michaud et al. 2005). Nickel in the HSP 

fraction was likely bound in part to metallothionein-like proteins, as is the case for Cd 

(Giguère et al. 2003, Campbell et al. 2005), however, there is little information available 

on the affinity of this metal for such proteins. Granules were less important as a site for 

Ni detoxification « 20%, Fig. 2) in our prey species, which contrasts with the results for 

an earthworm in which the majority of its Ni was reported to be associated with granules 

(Vijver et al. 2006). However, the subcellular fractionation proto col differed substantially 

between our study and that ofVijver et al. (2006); these authors centrifuged homogenates 

at 10 000 x g rather than 800 x g (as in our study ; Fig. 1). A higher centrifugation speed 

could result in small granules and lysosomes being sedimented, and those rich in Ca 

would be found in the granule fraction. Although Ni has been detected in phosphate 

granules in a marine gastropod (Nott and Nicolaidou 1994), the relativ~ importance of 

these granules as a detoxification mechanism was not measured by the authors. Overall, 

detoxified metal (HSP + granules) represented approximately half of the Ni present in 

both of our prey species (Fig. 3), although this value is probably higher given the like1y 

presence of detoxified Ni in lysosomes in the organelles fraction. 

3.2. Tl in sediments and prey 

The Tl concentration in spiked sediments was ~5 nmol g-l, which is somewhat 

lower than our nominal value of 8 nmol Tl g-l. Total steady-state Tl concentrations in 

prey exposed to these sediments were ~3 (C riparius) and ~1.5 (T tubifex) nmol g-l. 

Similar values (0.8 - 5 nmol g-l) have been reported for Tl concentrations in the 

amphipod Hyalella azteca exposed to unspiked sediments from Lake Ontario (Borgmann 

et al. 1998). However, Borgmann et al. (1998) estimated that such values are well below 

the concentration at which toxic effects are likely to occur; for example, growth of H 

azteca was reduced in 25% of individuals at a Tl concentration of ~200 nmol g-l. In our 

study, all T tubifex survived Tl exposure, whereas 24-45 % of C. riparius were not 

recovered from the sediment (sorne emerged as adults and thus these losses might not be 

due to Tl toxicity). 
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In the cells of C. riparius, the majority of the Tl was located in the HSP fraction 

with the remaining fractions declining in the order: debris > organelles> granules> HDP 

(Fig. 2). Of the total, 64 ± 1 % was located in the cytosol, 65 ± 1 % was potentially 

detoxified and 74 ± 1 % was theoretically available for assimilation by the predator (Fig. 

3). These values are significantly higher (p < 0.02) than the comparable figures for Ni in 

this species (Fig. 4). 

In T. tubifex, Tl was distributed equally (p > 0.05) among the granules, organelles, 

debris and HSP fractions (~25% each), whereas there was little Tl in the HDP fraction 

(Fig. 2). Of the total, 29 ± 5 % was in the cytosol and 49 ± 7 % should be available to the 

predator (Fig. 3); both of these percentages are significantly lower (p < 0.01) than 

comparable figures for Ni in this species and Tl in C. riparius (Fig. 4). The detoxified 

portion represented 52 ± 5 % of the total Tl burden (Fig. 3), which is similar (p = 0.055) 

to the comparable figure for Ni in this species (Fig. 4). 

In both prey species, a large proportion of their Tl was situated in the HSP fraction 

(Fig. 2), which suggests that Tl was bound in part to metallothionein. This possibility is 

supported by the affinity of Tl for sulfhydril groups (Galvan-Arzate and Santamaria 

1998), which are a key component of this metal-binding protein. The sum of the 

detoxified fractions (granules + HSP) accounted for the majority of the Tl present in both 

prey species (Fig. 3), which suggests that these invertebrates are able to detoxify this rare 

metal reasonably well. We know of no previous studies in which Tl has been measured in 

the subcellular fractions of animaIs. 

3.3 Ni and Tl transfer fram prey ta predatar 

The predator S. velata assimilated the majority of the Ni and the Tl that was 

present in both prey types (Fig. 4). Likewise, copepods are reported to assimilate large 

proportions of the Tl present in their prey (40-50%; Twining and Fisher 2004). For Ni, 

the only previously published value for Ni assimilation by a consumer from its food was 

for marine bivalves consuming phytoplankton; as in our study, clams assimilated the 
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majority (61 %) of the Ni present in their food, whereas oysters were much less efficient 

(17%) at assimilating this metal (Hédouin et al. 2007). Tl was transferred to the predator 

with equal efficiency from our two prey types (p = 0.791), whereas Ni transfer was more 

efficient (p = 0.002) from T tubifex than from C. riparius (Fig. 4). Comparing the two 

metals, there was no significant difference (p = 0.056) in the efficiency of assimilation if 

C. riparius was prey, whereas the predator assimilated Ni somewhat more efficiently (p = 

0.013) than it did Tl from the oligochaete T tubifex (Fig. 4). 

The extent to which our estimates of trophically available metal predict metal 

assimilation by the predator can be ascertained from Figure 4. Values for Tl in C. riparius 

and Ni in T tubifex were very close to the 1: 1 line, which suggests that these estimates of 

metal available for transfer to the predator are reliable. For the other metal-prey 

combinations, subcellular partitioning underestimated somewhat the assimilation 

efficiencies that we measured. Overall, our data suggest that cellular fractionation results 

indicate the minimum Ni and Tl likely to be assimilated by this predator. Metal included 

in the debris fraction could be partially assimilated by the predator because of the 

unbroken cells remaining in this fraction. The capacity of the digestive system of this 

predator to digest cellular membranes or granules and thereby release the metal bound to 

them is unknown. 

The fact that the predator assimilated the majority of the Ni and Tl present in both 

prey species suggests that both of these metals could be readily transferred along food 

chains to top consumers and that food has the potential to be an important source of Ni 

and Tl for aquatic animaIs, as is the case for several other trace metals (Hare et al. 2003; 

Meyer et al. 2005). If this proves to be the case, then bioaccumulation models for Ni and 

Tl should include food as a route of entry to aquatic animaIs. 
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Figure captions 

Fig. 1. Protocol used to separate prey into 5 operationally defined fractions: granules, 

cellular debris, organelles, Heat-Denatured Proteins (HDP), and Heat-Stable Proteins 

(HSP). 

Fig. 2. Subcellular partitioning of Ni (left panel) and Tl (right panel) in C. riparius and T 

tubifex (means ± SD, n = 4-5). Significant differences (p < 0.05) among fractions for a 

given prey type are indicated by different letters. For a given metal and fraction, aIl 

values varied significantly between the two prey types with the exception of the cellular 

debris fraction for Tl (*). 

Fig. 3. Distribution of Ni (upper circles) and Tl (lower circles) among functionally­

defined subcellular pools representing detoxified metal (HSP + granules) and subcellular 

fractions that are sensitive (HDP) or potentially sensitive (organelles) to the effects of 

metals as well as the debris fraction in C. riparius (on the left) and T tubifex (on the 

right). The hne outside each circle represents the proportion of metal that is potentially 

available for transfer to a predator. 

Fig. 4. Relationship between the assimilation efficiencies (AE) of Ni and Tl by the 

predator S. velata and the proportion of Ni or Tl in its prey that is theoretically available 

for uptake (means ± SD, n = 4-5). Dashed hne represents al: 1 relationship. 
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