Molecular responses during cadmium-induced stress in Daphnia magna: Integration of differential gene expression with higher-level effects
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Abstract

DNA microarrays offer great potential in revealing insight into mechanistic toxicity of contaminants. The aim of the present study was (i) to gain insight in concentration- and time-dependent cadmium-induced molecular responses by using a customized Daphnia magna microarray, and (ii) to compare the gene expression profiles with effects at higher levels of biological organization (e.g. total energy budget and growth). Daphnids were exposed to three cadmium concentrations (nominal value of 10, 50, 100 μg/l) for two time intervals (48 and 96 h). In general, dynamic expression patterns were obtained with a clear increase of gene expression changes at higher concentrations and longer exposure duration. Microarray analysis revealed cadmium affected molecular pathways associated with processes such as digestion, oxygen transport, cuticula metabolism and embryo development. These effects were compared with higher-level effects (energy budgets and growth). For instance, next to reduced energy budgets due to a decline in lipid, carbohydrate and protein content, we found an up-regulated expression of genes related to digestive processes (e.g. α-esterase, cellulase, α-amylase). Furthermore, cadmium affected the expression of genes coding for proteins involved in molecular pathways associated with immune response, stress response, cell adhesion, visual perception and signal transduction in the present study.
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1. Introduction

Until now, cadmium effects on daphnids have mainly been studied at the biochemical level (e.g. altered digestive enzyme activity; De Coen and Janssen, 1997), the physiological level (e.g. reduced food consumption; Bodar et al., 1988a), the organismal level (impaired reproduction; Bodar et al., 1988b) and the population level (altered intrinsic rate of natural increase; Enserink et al., 1991). However, the exact mechanistic toxicity information of cadmium in these organisms still has to be elucidated.

The emerging field of ecotoxicogenomics could be very helpful to identify mechanisms of action of chemicals in model organisms such as Daphnia magna ([Snell et al., 2003] and [Orphanides, 2003]). Powerful platforms in this context are DNA microarrays, offering the potential to measure expression changes of hundreds to thousands of genes in a single assay. The application of DNA microarrays in the field of aquatic toxicology has recently started to increase ([Van der Ven et al., 2005], [Williams et al., 2006], [Soetaert et al., 2006] and [Vuori et al., 2006]). Until now, little attention has been given to the integrated analysis of molecular responses and higher-level effects within the same study. Only in a few reports microarray analysis were combined with different levels of biological organization ([Waters and Fostel, 2004] and [Moens et al., 2007]). In these studies gene expression data provided significant insights into the working mechanisms behind the observed physiological effects.

Most ecotoxicological studies so far have applied the array technology to study the effects of environmental contaminants in fish. Only a few studies have reported gene expression analysis on D. magna ([Soetaert et al., 2006], [Soetaert et al., 2007], [Heckmann et al., 2006] and [Poynton et al., 2007]). As illustrated by previous work, we have constructed a custom cDNA microarray consisting of in total 2455 gene fragments of D. magna, derived from three suppression subtractive hybridization libraries associated with energy metabolism, molting and life-stage processes. Suppression subtractive hybridization is a PCR based method which can be used to construct cDNA libraries by isolating differentially expressed genes from organisms with clear differences in physiological status. This custom cDNA array was successfully used to detect gene expression changes induced by the fungicides propiconazole and fenarimol ([Soetaert et al., 2006] and [Soetaert et al., 2007]).

Different studies have described that molecular responses on toxicant exposure alter in a time- and concentration-dependent manner. Complex and dynamic changes in gene expression patterns after cadmium exposure have already been reported for different species (e.g. Escherichia coli, Cyprinus carpio, mouse), indicating the importance of analysing different time intervals and concentrations to unravel the molecular impact of cadmium ([Bartosiewicz et al., 2001], [Wang and Crowley, 2005] and [Reynders et al., 2006]). These studies reported multiple affected pathways such as oxidative stress, detoxification (methallothionein-induction), immune response and energy metabolism.

In the present study, we aimed to obtain insight into the concentration- and time-dependent cadmium-induced molecular responses using a customized D. magna microarray. Daphnids were exposed to sublethal cadmium concentrations 10, 50, 100 μg/l cadmium during 48 and 96 h. The molecular responses were complemented with effects at higher levels of biological complexity such as effects on the total energy budget (cellular energy allocation), and growth of the organisms in order to obtain an integrated view on cadmium induced responses.

2. Materials and methods

2.1. Cultering method of D. magna
D. magna was cultured in aerated and biofiltered tap water in a ratio of 20 adults per liter. The temperature was maintained at 20 ± 1 °C and a 14-h light/10-h dark photoperiod was used. Three times per week, the new juveniles were collected, the culture medium was removed and adults were fed a mixture of algae (a 3:1 ratio of Pseudokirchneriella subcapitata and Chlamydomonas reinhardtii, 4 × 105 cells/ml). These conditions maintained the daphnids in the parthenogenetic reproductive stage.

2.2. Short term exposure D. magna
Daphnids were exposed to three sublethal cadmium concentrations, 10, 50 and 100 μg Cd/l (CdCl2.H2O, Merck, Germany), which were 2, 9 and 18% of the Cd LC50–48h-value determined in the acute toxicity test (OECD guidelines 202, Part I). These concentrations were chosen in light of results from previous toxicity studies (De Coen and Janssen, 2003).

For cellular energy allocation (CEA) and growth measurements, three replicate flasks were used, each containing 100 neonates (<24 h) per liter medium. After 48 h or 96 h, for each flask, seven daphnids were put on sucrose-formol (120 g/l sucrose, 4% formaldehyde) for length measurements while the remaining 93 daphnids were used for CEA determination. More specifically, three batches of 31 daphnids were collected separately, shock frozen in liquid nitrogen, and stored at −80 °C for lipid, glucose/protein, and electron transport activity measurements. For gene expression analysis three replicate flask were used each containing 50 neonates in 500 ml for 96 h exposure or 75 neonates in 750 ml for 48 h exposure. More organisms were necessary after 48 h exposure to ensure a high RNA yield during later extractions. After 48 and 96 h, daphnids were collected in RNALater (Ambion, USA), shock frozen in liquid nitrogen, and stored at −80 °C. A modification to the RNALater protocol was added by killing the organisms via shock freezing in liquid nitrogen. Samples were stored at −80 °C. During the whole experiment the same organism/volume ratio was used in identical flasks. The temperature was maintained at 20 ± 1 °C and a 14-h light/10-h dark photoperiod was used. Every two days, all Cd concentrations were renewed, and the organisms were fed a mixture of P. subcapitata and C. reinhardtii in a 3/1 ratio (4 × 105 cells/ml exposure water). The possible effect of feeding in combination with cadmium exposure was not explicitly investigated in this study. The organization of economic cooperation and development (OECD) standard test artificial freshwater was used as a dilution medium (CaCl2·2H2O, 2 mM; MgSO4·7H2O, 500 μM; NaHCO3, 771 μM; KCl, 77.1 μM; water hardness, 250 mg CaCO3; pH 7.8; OECD guideline 203, annex 2). All test concentrations were confirmed by graphite furnace–atomic absorption spectrometry (Varian SpectraAA 800 Zeeman, Mulgrave, Australia). Concentrations were within 10% of nominal values.

2.3. Cellular energy allocation and growth

Cellular energy allocation and growth were measured after 48 and 96 h of exposure. Growth was determined by measuring the length of the carapax from the top of the daphnids head to the base of its spine using a microprojector (Projectina, Switzerland). The CEA––used as an indicator of the net energy budget of the organism––was measured by quantifying the total lipid, protein, and carbohydrate content (energy reserves available, Ea), and the electron transport system activity (energy consumption, Ec) as described in De Coen and Janssen (2003). In brief, total lipids were extracted following Bligh and Dyer (1959) and measured at 370 nm with tripalmitin (Across organics, Belgium) as a standard. Total protein content was determined using Bradford reagent (1976) (absorbance at 590 nm) with bovine serum albumin (Sigma, USA) as a standard. Total carbohydrate content was quantified using five percent phenol and concentrated H2SO4 (absorbance at 490 nm). Carbohydrate concentrations were calculated by means of a glucose standard curve (Sigma). The electron transport activity was measured following the method of King and Packard (1975), adjusted by the De Coen and Janssen (2003). Briefly, 50 μl from each extract was added to 150 μl buffered substrate solution and 50 μl NAD(P)H solution. The reaction was started by adding 100 μl INT (p-IodoNitroTetrazolium, Sigma), and the absorbance was measured kinetically at 20 °C for 10 min. The different Ea and Ec fractions were transformed into energetic equivalents (enthalpy of combustion: 39.5 kJ/g lipid, 24 kJ/g protein, 17.5 kJ/g glycogen; and the oxyenthalpic equivalent 480 kJ/mol O2) and integrated over a period of 48 h (0–48 h and 48–96 h). Integration of all parameters as described by De Coen and Janssen (2003) results in the individual total net energy budget (CEA) values of the exposed daphnid populations over 48 and 96 h exposure periods. Significant differences between the exposure conditions and the control were determined by one-way ANOVA followed by Duncan's multiple range test (Statistica, Stat Soft Inc., USA).

2.4. Spotting of D. magna cDNA microarrays

Three D. magna cDNA libraries enriched with genes related to energy metabolism, molting and life stage specific processes were made previously using the suppression subtractive hybridization technique ([Soetaert et al., 2006] and [Soetaert et al., 2007]). All 2455 isolated cDNA clones were PCR amplified from the pGEM-T easy vector (Promega, USA), checked by electrophoresis, purified by Montage PCR Plate (Millipore, USA) and loaded into 384-well plates (Genetix, UK) in 50% dimethylsulfoxide at a final concentration of 50–75 ng/l.

These cDNA framents (average length of 415 bp) were printed in triplicate on aminosilane coated glass slides (Generoma microarray slides, Asper Biotech, Estonia). To control the technical variability of the microarray experiments clear precautions were taken by using a set of artifical control genes (Lucidea Universal Scorecard, Amersham Biosciences, UK). The cDNA fragments were, after rehydration and drying, crosslinked to the slides using UV-radiation at 300 mJ (UV Stratalinker 2400, Stratagene, USA). The cDNA microarrays are used as a dual color system where two samples are labeled with different dyes and hybridized together on one array.

2.5. RNA isolation, fluorescent labelling and microarray hybridizations

Total RNA was isolated from each biological replicate of the different exposure conditions (0, 10, 50 and 100 μg/l cadmium during 48 and 96 h), using the Trizol extraction method (Invitrogen, Belgium). Following DNase treatment (Fermentas, Germany), RNA integrity was controlled by denaturing formaldehyde-agarose gel–electrophoresis. Probes were prepared by converting 7 μg total RNA from each biological replicate into aminoallyl-dUTP (Sigma) labelled cDNA using the Superscript II Reverse transcriptase kit (Invitrogen). Lucidea test and reference mRNA spikes were added to the RNA samples from exposed and control populations, respectively. RNA was hydrolyzed and unincorporated nucleotides were removed using the Qiaquick PCR purification columns (Qiagen, UK). Exposed and control aminoallyl cDNA were then covalently coupled with Cy5- or Cy3-esters, respectively (or vice versa in dye-swap experiments), purified once more, and the labelling efficiency was determined by spectrophotometry. Each of the three biological replicates of the exposed daphnids was hybridized on a separate array against one labelled control pool for each point in time. Prior to hybridization labelled cDNA containing 150 pmol of each dye was mixed and added to the microarray under a glass cover slip. Following the incubation overnight (42 °C), arrays were washed and scanned using the Genepix personal 4100A scanner (Axon Instruments, USA). Detailed information on the microarray hybridization protocol is published in [Soetaert et al., 2006] and [Soetaert et al., 2007].

2.6. Bioinformatics analysis and sequencing

Using the Genepix pro Software (Axon Instruments) a grid was positioned on the microarray images allowing spot identification and quantification of the fluorescent signal intensities. Subsequently, data were put in the BioArray Software Environment database (BASE 1.2.12, http://www.islab.ua.ac.be/base/), a minimum information about a microarray experiment (MIAME) compliant platform and further analyzed by custom made software developed by the Intelligent Systems Laboratory (University of Antwerp, Belgium). For each DNA spot, the mean of intensity of pixels present within a spot was calculated using local background subtraction. Low intensity spots (i.e., foreground intensity was not more than the mean background intensity plus two times the standard deviation) and spots with saturated intensities were filtered out. The log2 ratio (Cy5/Cy3) was normalized using locally weighed scatterplot smoothing (Lowess) (Yang et al., 2002). By this method, intensity-dependent normalization was applied where the ratio was reduced to the residual of the Lowess fit of the intensity versus ratio curve. All analyses were based on triplicate experiments (biological replicates) and triplicate spots per gene on each array, resulting in nine measurements per gene per condition.

Significance thresholds based on 99.7% confidence intervals were calculated, using the average standard deviation of all genes on the array, as determined by multiple self–self hybridization experiments. In these hybridizations, RNA from a single pool was labelled with both dyes and hybridized to the same arrays. Based on the average standard deviation the expected variance of the genes on the array was estimated, leading to a predicted confidence interval for testing the significance of the ratios obtained. Median ratios outside the 99.7% confidence interval were determined to be significantly different following cadmium exposure. On the basis of this a fold change of ±1.8 were set as cut-off values.

As the cDNAs on the microarray were only partially identified in previous studies ([Soetaert et al., 2006] and [Soetaert et al., 2007]), all the differentially expressed genes after Cd exposure were further sequenced using the CEQ™Dye terminator cycle sequencing kit (Beckman Coulter, USA) and the CEQ™8000 Genetic analysis system (Beckman Coulter). Sequences obtained were compared with DNA and protein databases using BLASTN and BLASTX analysis software respectively (Altschul et al., 1990). All sequences were submitted to Genbank via the NCBI website (www.ncbi.nlm.nih.gov).

2.7. Real time PCR confirmation

Highly purified salt-free OliGold primers (Eurogentec, Belgium) were designed using Roche Molecular Biochemicals LightCycler Probe Design Software 1.0 (Table 1). Real-time PCR was conducted on a Roche Molecular Biochemicals LightCycler 3.5 using the LightCycler FastStart DNA MasterPLUSSYBR Green I Kit (Roche Diagnostics, Germany) in combination with Superscript First-Strand Synthesis System for RT-PCR (Invitrogen) according to the manufacturer's instructions. The RNA samples used were identical as in the microarray experiments. Cycling parameters were 95 °C for 5 min, followed by 40 cycles of 10 s at 95 °C, 10 s at 58 °C, and 12 s at 72 °C. For normalization prohibitin 2 (DW724510) was used because of its lack of differential expression as demonstrated by microarray analysis (log2-value: −1.18 ± 0.15). The relative expression of the target transcript sequences was calculated as reported by Pfaffl et al. (2002) including efficiency corrections for each transcript.

Table 1.

Real time PCR validation of selected gene expression changes (exposed/control)

	Gene (accession nr)
	100 μg/l 96 h


	Primers (5’-3’)

	
	Microarray


	RT-PCR


	

	α-esterase (DW724473)
	1.89
	1.90
	tggatacgcttgcactg/cgcttctacctgtcattg

	Opsin BCRH2 (DW724560)
	3.99
	15.93
	gcagataacggcgaaag/ccaactacatcctgcca

	Prohibitin 2 (DW724510)
	–
	a
	aattgttcaagccgagg/cgtcaaaggaaacgtcac


Microarray and RT-PCR expression levels of each transcript were determined in triplicate.

a Prohibitin 2 was used for normalisation.

3. Results

3.1. Cellular energy allocation and growth

Cadmium exposure had a clear impact on daphnid growth and cellular energy allocation at both time intervals (Fig. 1). The daphnids showed already a significant decrease in growth after 48 h exposure at 50 μg/l (Fig. 1(a)). In addition, all daphnids exposed for 96 h at the three concentrations tested were significantly smaller than controls in a concentration-dependent manner. A comparable pattern was observed for the cellular energy allocation, providing insight in the net energy budget of the organisms (Fig. 1(b)). After 48 and 96 h, all cadmium concentrations tested caused a significant and gradual reduction in the CEA values, with the lowest energy budget at 100 μg/l. Moreover, looking at the individual components of the available energy over the first and second 48 h interval (i.e., integrating the change in the different fractions between 0 and 48 h as well as between 48 and 96 h), the lipid fraction was mostly affected. During the first half of the experiment, protein and carbohydrate contents were reduced, but the daphnids clearly depleted their lipid reserves (i.e., negative Ea value lipid reserves) at the two highest concentrations (Fig. 1(c)). These effects were even more pronounced in the second half of the exposure period. The decline in lipid fraction formed the major contribution in the decrease of the net energy budget. The energy consumed (i.e., electron transport activity) was reduced with increasing the stressor concentration after both time intervals.

	
	Full-size image (60K)


Fig. 1. The effect of cadmium exposure on: (a) growth, (b) cellular energy allocation (see text for further details), (c) the energy reserves available (protein, carbohydrate and lipid reserves) and (d) the energy consumption (electron transport activity) as a function of concentration and time. Each condition consisted of three experimental replicates and each replicate included seven organisms (for length) or a pool of 31 (for Ea components and Ec). Different letters on the bars indicate that the means are significantly different among exposure concentrations (p < 0.05), as determined by one-way ANOVA followed by Duncan post hoc test.

3.2. Microarray analysis of cadmium-induced gene expression changes

Gene expression changes in response to 48 and 96 h cadmium exposure were determined by hybridizing fluorescently labelled cDNA targets derived from control and treated daphnids on a custom D. magna microarray, containing 2455 SHH-derived gene fragments ([Soetaert et al., 2006] and [Soetaert et al., 2007]). In this study we use gene expression changes to refer to changes only at the mRNA-level. For each exposure condition triplicate hybridizations were performed. The numerical assessment of the quality of the individual microarrays was evaluated using the expression data of the Lucidea control Scorecard, as described in Soetaert et al. (2006). All arrays included in the analysis fulfilled the required quality parameters (e.g. no nonspecific hybridizations, no location effect, …). Moreover, dye-swap experiments were carried out to correct for possible dye-biases. Of the 2455 cDNAs spotted on the array, a total of 266 genes were found to be differentially expressed by exposure to at least one of the cadmium concentrations, as determined by the significance thresholds for up and down-regulated genes (i.e., at least ±1.8-fold, based on self–self hybridizations, Soetaert et al., 2007). After sequencing and BLAST homology search, this gene set resulted in 112 nonredundant gene fragments. Fig. 2 shows the number of differentially expressed genes for the different concentrations (10, 50, 100 μg/l) and time intervals (48 h, 96 h). In general, more genes were influenced with increasing stressor concentration and time. Moreover, more transcripts were up-regulated than down-regulated at the two highest concentrations. All genes were annotated using gene ontology (http://www.geneontology.org and http://www.harvester.embl.de) and classified by function. These genes were involved in several biological pathways including digestion, oxygen transport, acid-base balance and immune response. The expression profiles of all six conditions are present in Fig. 3 with the different genes organized per functional class. There was a high overlap of differentially expressed genes between the three concentrations after 96 h of exposure. Some of these genes were also influenced after 48 h (i.e., hemoglobin down-regulated at each condition). Furthermore, a set of specific gene expression responses could be distinguished for each concentration. More details on the expression levels are given as supplementary material. Some examples of cadmium-induced biochemical and organismal effects in comparison with molecular responses are present in Fig. 4.
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Fig. 2. Total number of differentially expressed genes after cadmium exposure at different concentrations (10, 50, 100 μg/l) and time intervals (48 h, 96 h). Bars are divided in the proportion up and down-regulated genes.
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Fig. 3. Cadmium induced gene expression patterns in daphnids exposed to three cadmium concentrations after two exposure times. A total of 112 unique genes were shown to be regulated at least ±1.8-fold. Genes were individually annotated (gene ontology) and classified by function. (a): gene fragments with known function; (b) unknown genes. The colours represent median fold changes from triplicate experiments. Up-regulation of mRNA transcripts is represented by shades of red, and down-regulation by shades of green. Black boxes indicate no significant differential gene expression. Numbers refer to genes handled in the discussion section.
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Fig. 4. Representation of cadmium-induced biochemical and organismal effects with reflections at the molecular level. (CEA, cellular energy allocation; ETS, electron transport activity).

3.3. Confirmation of α-esterase and opsin BCRH2 by quantitative RT-PCR

Transcript levels of α-esterase and opsin BCRH2, which revealed expression changes between exposed and control organisms, were validated by RT-PCR. As shown in Table 1, the expression changes based on RT-PCR followed the same trend as established by the microarray analysis.

4. Discussion

In this study the molecular impact of cadmium in D. magna under varying exposure conditions, including different time intervals and concentrations, was investigated and compared with biochemical and organismal endpoints. In general, cadmium-induced molecular responses in D. magna were highly dynamic. The concentrations and time periods resulted in different gene expression profiles. Moreover, an increase in the number of affected genes with increasing stressor concentration and increasing exposure period were observed. By examining the gene expression data for affected biological pathways by cadmium exposure, we identified different gene sets encoding for proteins involved in digestion, oxygen transport, cuticula metabolism, immune response, visual-sensory perception, signal transduction and acid-base balance. Especially, the 96 h exposure period allowed the detection of the first signs of development-related responses at the molecular level.

4.1. Digestion-related genes

At the molecular level the induction of genes involved in digestive processes of carbohydrates, including those involved in cellulose and starch digestion (i.e., cellulase and α-amylase; Fig. 3(a) numbers 1 and 2) were observed. Furthermore, an induction of α-esterase (up-regulation of 1.89-fold at 100 μg/l confirmed by RT-PCR, p < 0.05; Fig. 3(a) number 3) for the digestion of lipids was found. This up-regulation of digestive activity was previously demonstrated at the level of digestive enzyme activity (i.e., α-amylase and α-esterase) (De Coen and Janssen, 1997). Possibly, such up-regulation could be seen as a compensatory mechanism to cope with reduced carbohydrate and lipid reserves. Indeed, at the biochemical level, a decrease in net energy budget (CEA) was clearly demonstrated after cadmium exposure. Especially, the lipid content, which has previously been shown to be mobilized to maintain homeostasis during toxicant exposure (De Coen and Janssen, 2003), was the most affected endpoint of all individual CEA components studied. Whether the up-regulation of digestion-related genes is a direct or indirect consequence of Cd exposure can only be speculated. The up-regulation of digestive enzyme gene expression could be the result of the toxicant-induced reduction of feeding activity of D. magna (Bodar et al., 1988a), a physiological response which is of primary importance for the generation of energy resources in this organism.

4.2. Oxygen-transport involved genes

Two genes involved in oxygen transport related processes were down-regulated. The proteins encoded by these genes show high similarities to hemoglobin (dhb1) and di-domain hemoglobin precursor (Fig. 3(a) numbers 4 and 5). Hemoglobin genes are among the few genes which are already well characterized in daphnids (Nunes et al., 2005). The result suggests that less O2 could be transported in the organisms. This is not surprising, as in other studies it has been shown, at the protein level, that different metals, including cadmium, affect hemoglobin content in daphnids ([Berglind, 1985] and [Pane et al., 2003]). Moreover, a reduction of consumed O2 was indicated in this study by measuring a reduction of the mitochondrial electron transport activity at the biochemical level.

4.3. Genes encoding for vitellogenin
In parallel with the reduced lipid fraction, we found a strong down-regulation of a set of lipoproteins at the molecular level. Four vitellogenin genes, two of which are well documented in D. magna (vitellogenin 1 and 2; [Kato and Tokishita, 2004] and [Tokishita et al., 2006]), were down-regulated at all concentrations after 96 h (Fig. 3(a) numbers 14–17).). In accordance with this, a vitellogenin reduction has been described recently in D. magna at the transcriptional level after 24 h cadmium exposure at a same concentration range (Poynton et al., 2007). At the protein level, studies have reported a reduction of vitellogenin after cadmium exposure in other arthropods (Cervera et al., 2006). As it is reported by Bodar et al. (1988b) and Baillieul et al. (2005) that cadmium causes a pronounced decrease in reproduction and the fact that vitellogenin is a major egg yolk protein it is not surprising that we found this mRNA vitellogenin reduction after cadmium exposure. This reduced reproduction of cadmium was reflected in the population dynamics of the organism as demonstrated by De Coen and Janssen (2003). Whether Cd affects vitellogenin gene expression directly or vitellogenin reduction is a general reflection of energetic constraints of the organisms is unclear based on this study.

4.4. Cuticula metabolism related genes

A set of seven genes, all differentially expressed after cadmium exposure, encode for cuticula proteins which are important structural components of the exoskeleton of the organisms. During daphnia molt, the exoskeleton is shedded and a brood of neonates is released. The molting process is highly controlled in arthropods by hormones including 20-hydroxyecdysone. After 96 h we found at 50 μg/l cadmium a set of mainly induced cuticula proteins which shifted to decreased expression levels at 100 μg/l. At lower concentrations (5, 10, 20 μg/l) Bodar et al. (1990) found elevated ecdysone titres in D. magna, while in the crab Chasmagnathus granulate at higher cadmium concentrations (500 μg/l) Moreno et al. (2003) suggested that cadmium inhibits molting by inhibiting the secretion of ecdysone. Whether the different molting-related responses in this study (dependent on the cadmium concentration tested), are caused by affected ecdysone concentrations is an interesting question for further studies. In addition, as calcium uptake and loss is crucial during the molting cycle (Wheatly, 1999) it could be interesting to investigate how competitive uptake between calcium and cadmium in daphnids (Penttinen et al., 1995) could affect different aspects of the molting cycle.

4.5. Genes involved in immune response

Microarray analysis revealed a set of differentially expressed genes potentially involved in immune response after cadmium exposure (Fig. 3). Two up-regulated genes are encoding for proteins with similarities to coagulation factor XIII, A1 and gamma glutamyltransferase (also known as transglutaminase or TGase; Fig. 3(a) numbers 8 and 9), involved in the arthropod innate immune system. They are essential in haemolymph clotting, engulfing or immobilizing the invading microbes in the haemolymph by a clot, and in addition preventing hemolymph leakage ([Osaki and Kawabata, 2004] and [Iwanaga and Lee, 2005]). For example, in the freshwater crayfish Pacifastacus leniusculus, TGase is released from the haemocyte-after bacterial endotoxin detection-and catalyzes the polymerization of clottable proteins in the presence of Ca2+. During the clotting process haemocytes are also releasing granules containing coagulation factors, antimicrobial peptides, cell agglutination/adhesion factors (lectins) and protease inhibitors (i.e., cystatin) (Muta and Iwanaga, 1996). Interesting to note is that the gene expression level concerning two of these proteins, lectin 4C and cystatin (Fig. 3(a) numbers 10 and 18), were also induced after cadmium exposure. Furthermore, a gene with high similarities to the sarcophaga proteinase (E-value: 4e-64; supplementary material) showed decreasing expression levels with higher concentrations after 96 h of exposure (Fig. 3(a) number 7). Fujimoto et al. (1999) found that this proteinase is possibly involved in the elimination of foreign proteins in arthropods. This is in accordance with a recent study by Poynton et al. (2007) also showing that metals, including cadmium, are influencing possible immune response related genes in D. magna. In addition, in invertebrate as in vertebrate species cadmium-induced immunomodulation and immunosuppression is already widely described in literature ([Auffret et al., 2002], [Coteur et al., 2005], [Massadeh and Al-Safi, 2005] and [Reynders et al., 2006]).

4.6. Visual-sensory perception and signal transduction related genes

Next to this, the genes of the group of visual-sensory perception and signal transduction were influenced in the same manner: all these genes were up-regulated after the two highest concentrations at both time intervals. For instance, two opsins, which are components of visual pigment systems, have been well characterized in the branchyuran crab Hemigrapsus sanguineus (Sakamoto et al., 1996). Arrestin, on the other hand, is involved in the termination of the phototransduction cascade in neuroptera (Bentrop et al., 2001). The genes encoding for these proteins were induced upon cadmium exposure (Fig. 3(a) numbers 11–13). The up-regulation of opsin BCRH2 with 3.99-fold at 100 μg/l after 96 h was confirmed with RT-PCR (15.9-fold, p < 0.05). Although in daphnids neither opsins nor arrestin are yet investigated, it has been reported that cadmium-exposed daphnids became significantly less phototactic at 60 μg/l after 4 h (Michels et al., 2000). Hypothetically, this could point out that daphnids are trying to compensate this disrupted phototactic behaviour by producing more visual pigments through opsin expression and influencing the phototransduction cascade.

4.7. Acid-base balance response

After four days of exposure at the highest concentration, we detected an induction of the gene encoding for carbonic anhydrase, an enzyme involved in the reversible hydration of CO2 to produce H+ and , and exhibiting a fundamental role in acid-base balance (Fig. 3(a) number 6). Recently, a similar cadmium induction of this gene has been reported in common carp at 480 μg/l cadmium (Reynders et al., 2006). In crustaceans and teleosts, cadmium as well as other metals and pesticides are well known to inhibit carbonic anhydrase enzyme activity, and can be considered indicative for a general toxicant induced stress response ([Vitale et al., 1999] and [Lionetto et al., 2005]).

4.8. Conclusions

Although these microarray data do not give a full description of all cadmium-induced molecular events, microarray analysis showed cadmium-induced molecular pathways associated with processes such as digestion, oxygen transport, cuticula metabolism and embryo development. Moreover, molecular information associated with processes related to immune response, stress response, cell adhesion, visual perception and signal transduction were found in this study. In addition, a quite large group of 59 gene fragments, with at this moment no known homology to sequences in public databases, may present very promising genes in terms of cadmium-induced responses. These molecular responses were found to enlighten additional insight into the higher level effects, CEA and growth, and with previous reports of cadmium on daphnids such as digestive enzyme activity, hemoglobin concentration, reproduction and population level effects ([Berglind, 1985], [De Coen and Janssen, 1997], [Knops et al., 2001], [Baillieul et al., 2005] and [De Coen and Janssen, 2003]) without assuming any causal relationship.

Next to this, the highly dynamic expression profiles obtained illustrated the importance of gathering gene expression profiles at a series of concentrations and time intervals. Furthermore, these results demonstrated the benefit of ecotoxicogenomic methods, such as our customized D. magna microarray, in a ‘systems toxicology’ approach, for gaining additional molecular insights integrated in effects across multiple levels of biological organization. In the future, gene expression signatures of different heavy metals will be evaluated using this gene collection, and similarities, and differences in responses will be addressed.
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