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1. Introduction

ABSTRACT

The recent development of a custom cDNA microarray platform for one of thé standard organisms
in aquatic toxicology, Daphnia magna, opened up new ways to mechanistic insights of toxicological
responses. In this study, the mRNA expression of several genes and (sub)organismal responses (Cellu-
lar Energy Allocation, growth) were assayed after short-term waterborne metal exposure. Microarray
analysis of Ni-exposed daphnids revealed several affected functional gene classes, of which the largest
ones were involved in different metabolic processes (mainly protein and chitin related processes), cuticula
turnover, transport and signal transduction. Furthermore, transcription ofgenes involved in oxygen trans-
port and heme metabolism (haemoglobin, 8-aminolevilunate synthase) was down-regulated. Applying
a Partial Least Squares regression on nickel fingerprints and biochemical (sub)organismal parameters
revealed a set of co-varying genes (haemoglobin, RNA terminal phosphate cyclase, a ribosomal protein
and an “unknown”gene fragment). An inverse relationship was seen between the mRNA expression levels
of different cuticula proteins and available energy reserves. In addition to the nickel exposure, daphnids
were exposed to binary mixtures of nickel and cadmium or nickel and lead. Using multivariate analysis
techniques, the mixture mRNA expression fingerprints (Ni2++ Cd2+,Ni2+ +Pb2+) were compared to those
ofthe single metal treatments (Ni2+, Cd2+,Pb2+). It was hypothesized thatthe molecular fingerprints ofthe
mixtures would be additive combinations of the gene transcription profiles of the individual compounds
presentin the mixture. However, our results clearly showed additionally affected pathways after mixture
treatment (e.g. additional affected genes involved in carbohydrate catabolic processes and proteolysis),
indicating interactive molecular responses which are not merely the additive sum ofthe individual met-
als. These findings, although indicative of the complex nature of mixture toxicity evaluation, underline
the potential of a toxicogenomics approach in gaining more mechanistic information on the effects of
single compounds and mixtures.

© 2008 Elsevier B.V. All rights reserved.

763/93). Moreover, the implementation of the Water Framework
Directive guideline in 2000 (2000/60/EC) designed for develop-

Although nickel is ubiquitous in the environment as a natu-
rally occurring element, anthropogenic activities such as mining,
smelting, refining and waste incineration activities contribute to
the nickel loading in aquatic and terrestrial ecosystems. Nickel lev-
els in estuaries and streams generally tend to range between 1 and
75 |uig/L (Eisler, 1998). At highly nickel-contaminated sites ground-
water levels can even reach concentrations of 2500 ptg/L. Although
most reported environmental exposure concentrations appear to
be quite low, nickel toxicity is gaining interest with one of the key
reasons lying within the European Union’s (EU) Existing Substances
Risk Assessment process categorizing Ni as apriority substance (EC
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ment of European environmental quality guidelines also assigned
apriority label to this metal.

In humans, nickel is known to cause awide range oftoxic effects,
from skin dermatitis (Lidén and Norberg, 2005) over immunotoxic
effects (Salsano et al, 2004) to several types of cancers (Hayes,
1997; Lu et al,, 2005). Despite the reasonably well studied effects of
this heavy metal in human and mammalian systems, there is still
very little information present concerning modes oftoxic action in
aquatic ecosystems. In the rainbow trout mainly acute respiratory
effects were detected, which were further evidenced by increases
in hematocrit and plasma lactate values and a decrease in spleen
haemoglobin (Pane et al, 2003a). However, in astudy by Ptashynski
etal. (2002)no differences regarding hematological endpoints were
noted in lake whitefish after a dietary treatment. Ptashynski et al.
(2002) reported histopathological alterations in liver and kidney
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to be the most sensitive endpoints. Waterborne exposures with
Daphnia magna caused most significant effects on Mg2+ homeosta-
sis, both acutely as chronically (Pane et al, 2003b). Additionally,
a significant reduction in both oxygen consumption rate as well as
whole-body haemoglobin concentration was seen in D. magna after
chronic exposure.

Gaining relevant information about the modes of action of
single compounds has already been proven a challenging task.
However, in natural environments toxicants never occur as single
contaminants, resulting in opportunities for interactions between
compounds. Furthermore, from atoxicological point of view these
interactions can highly influence the overall impact of chemical
stressors on organisms. Although an increasing number of stud-
ies (Altenburger et al., 2004; Groten et al., 2004; Barata et al., 2006)
invested large efforts for a better understanding of mixture tox-
icity, the complex interplay of different toxicants among several
biological pathways still remains difficult to unravel. When mix-
ture toxicity is discussed, effect data are usually fitted into eitherthe
concentration addition (CA) or the independent action (IA) model
depending on the presumed (dis)similarity of modes of action of
the compounds. However, a compound can elicit agonistic actions
on one biological pathway, but show antagonistic responses on
another. Therefore, contradictory results can easily be obtained
depending onthe endpoint studied (Cedergreen and Streibig, 2005;
Barata et al., 2006). Nevertheless, single endpoint mixture studies
generate considerable amounts of valuable information, specifi-
cally when compound-related biomarkers are used (e.g. loss of
acetylcholinesterase activity in relation to organophosphate and
carbamate pesticide exposures). So far, only the “top layer” of the
toxic response has been revealed and it still remains impossi-
ble to elucidate actual modes of action or interactions between
them. Acquiring in depth information regarding interactions of
compounds requires multi-endpoint techniques which can provide
an overview of several endpoints and mechanisms simultaneously,
such as microarrays. Currently there are only a limited number of
studies that have applied microarrays for evaluation of mixture tox-
icity responses (Bae et al, 2002; You and Bartolucci, 2004; Finne et
al.,, 2007; Geoghegan et al.,, 2008). However, the potential assets of
using cDNA microarray technology to help resolve mixture toxicity
issues were highlighted in all of them.

The application ofrecent'omics’-technologies in (eco)toxicology
depends on the assumption that all toxicologically relevant effects
are accompanied by alterations in gene expression patterns (Farr
and Dun, 1999). However, to improve ourunderstanding ofcomplex
exposure situations and develop adequate tools for effect assess-
ment it is not only essential to study effects on multiple endpoints
using microarrays but also to gain insight in effects on multiple
levels of biological organization. The evaluation of additional end-
points such as the Cellular Energy Allocation (CEA) methodology
(De Coen and Janssen, 2003; Smolders et al, 2004; Verslycke et
al, 2004) for the assessment of - toxic stress induced - adverse
effects on the energy budget of D. magna can provide valuable
additional organismal information. Moreover, the relationship and
usefulness of CEAmeasurements for prediction oflong-term effects
in D. magna was shown by De Coen and Janssen (2003).

In the present study, microarrays are applied with two major
purposes. The first aim is to elucidate unknown toxic actions of
waterborne nickel to the crustacean D. magna at both the gene
transcription and (sub)organismal level (CEA and growth). The sec-
ond objective is to investigate the potential biological/molecular
interplay associated with binary mixtures of nickel and other met-
als (cadmium and lead) using DNA arrays as a multi-endpoint
technique. Furthermore, it is questioned whether gene expression
patterns ofbinary metal mixture stress are reducible to the sum of
the effects ofindividual metals or whether additional pathways are
affected.

2. Materials and methods
2.1. Experimental organisms

A single clone ofD. magna was used to perform the toxicity tests.
For the culturing, 1L glass recipients containing aerated and bio-
filtered tap water were used to hold 20 organisms each. They were
held at a constant temperature of 20+1 C and at a photoperiod
of 14 h light/10 h dark. The medium of the cultures was renewed
three times weekly and the water fleas were fed a mixture of Pseu-
dokirchneriella subcapitata and Chlamydomonas reinhardtii in a 3:1
ratio (4 X 10s cells/mL).

2.2. Chemicals and experimental setup

During all exposures, Daphnia were kept at a density of
10 organisms/100mL OECD standard water (CaCl2-2H20, 2mM;
MgS04-7H20,500 (jIM; NaHCO03, 771 piM; KC1,77.1 piM; water hard-
ness, 250 mg CaCO03; pH 7.8; OECD guideline 203, annex 2) and were
fed at 0 and 48 h with a mixture of P subcapitata and C. reinhardtii
in a 3:1 ratio (4 x 10scells/mL). The volume of the test solution
was adjusted according to the amount of organisms used in each
test. Test concentrations of the used metals were confirmed by
inductively coupled plasma mass spectrometry (ICP-MS) (Varian,
Australia) and were all within 10% ofthe nominal values.

2.2.1. Single metal exposures

Daphnia were exposed for 96 h to either a control or four differ-
ent concentrations of Ni2+ (0.125, 0.5, 1 and 2mg/L) (NiC126H20,
INC Biomedicals, USA). These concentrations are equal 0,0.02, 0.09,
0.18 and 0.36 Toxic Units (TU) when one TU is defined as the
EC50 (immobility at 48 h) value of nickel when applied separately.
After 96 h Daphnia were collected for cDNA microarray analysis and
determinations ofenergy budgets. Forthe growth follow-up, organ-
isms were exposed to the same concentrations, but were collected
daily until day 4. All treatments were done in triplicate.

2.2.2. Binary mixture exposures

Daphnia were exposed to aNi2+ (0.5 mg/L)-Pb2+ (0.5 mg/L) and a
Ni2+ (0.5 mg/L)-Cd2+ (0.05 mg/L) mixture (CdCI2-H20 and Pb(N03)2
Merck, Germany). In the tested mixtures, each metal component
contributes to the toxic loading of the mixture with 0.09 TU (cal-
culations based on the individual compound EC50 (immobility at
48 h) values). Assuming that the toxicity of the metals remains
unchanged in their mixture application, the total toxic dose of
the mixture was assumed to be equal to 0.18 TU. Hereafter, con-
ditions are indicated as 0.09TU Ni2++0.09TU Pb2+ and 0.09TU
Ni2++0.09 TU Cd2+. The datasets of cadmium and lead as individ-
ual metals (equal to 0.09 and 0.18 TU ofthe individual metals) were
presented previously (Soetaert et al, 2007b; Soetaert, 2007).

2.3. Microarray experiments

After 96 h of exposure, triplicate groups of approximately 45
Daphnia/replicate were collected. Samples were shock-frozen in lig-
uid nitrogen and stored in RNAlater (Ambion, USA) at -80 Cuntil
further analysis.

2.3.1. RNA extractions

These were performed using the TRIzol® method (Invitrogen,
Belgium) followed by a DNAse treatment using 1U RNAse-free
DNAse and 1U RNAse inhibitor (Fermentas, Germany) per 30 p,L
sample and subsequent phenol/chloroform extractions. The purity
of the RNA samples was checked using the ND-1000 spec-
trophotometer (Nanodrop®, USA) through measurement of the
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260 nm/280 nm and 260 nm/230 nm absorbance. For all used sam-
ples these ratios were above 1.90 and 2.10, respectively. To verify
the intactness of the RNA samples, a denaturating formaldehyde
agarose gel electrophoresis was performed to visualize the 18S and
28S ribosomal bands. Aliquots from the control samples - with
equal RNA concentrations (pig) - were pooled for use as reference
material.

2.3.2. The production ofcDNA and subsequent amino-allyl
labelling

These were performed according to the protocol described in
detail by van der Ven et al. (2005) and Soetaert et al. (2006). In
brief, 7 p,goftotal RNAwas mixed with Lucidea control mRNA spike
mix (Amersham, UK) to be reverse-transcribed using Superscript
I, Random hexamer primers (both Invitrogen) in the presence of
dNTPs with 2/3 aa-dTTP/dTTP (Sigma-Aldrich, Belgium). After an
overnight incubation period (42 C) the amino-allyl-incorporated
cDNA was purified using a modified Qiagen PCR spin column pro-
tocol (van der Ven et al, 2005). In a next step, Cy3/Cy5 esters
(Amersham) were used for covalent coupling to the amino-allyl
labelled cDNA. The vacuum dried cDNA samples (dissolved in a
0.1 M carbonate buffer (pH 9.0)) were mixed with the Cy3/Cy5
esters (dissolved in 100% DMSO) and incubated for an hour in the
dark at room temperature. Hereafter, a second cleanup reaction
was performed to establish the removal of the remaining uncou-
pled dyes (QlAquick PCR purification kit, Qiagen, USA). The quality
of eluted and labelled cDNA was analysed using the Nanodrop®
spectrophotometer. Samples with an FOI (frequence of incorpo-
rated dye) between 20 and 50 were selected for hybridization and
an amount of 150 pmol labelled target was vacuum dried.

2.3.3. Hybridization onto the D. magna microarray

The previously developed custom D. magna cDNA microarray
(Soetaert et al, 2006, 2007a) containing 2445 life stage, moulting
and energy metabolism related gene fragments was used. Tripli-
cates ofthe cDNA fragments were spotted onto amino-coated glass
slides (Asper biotech Ltd., Estonia) using the Qarray Mini (Genetix
Ltd., UK). Sequencing of all fragments included in these three
cDNA libraries was performed to get a more complete overview on
the amount of unique fragments on the microarray. All bad qual-
ity sequences (too short or vector contaminated) were removed
from the analysis and remaining gene fragments were aligned and
assembled using CAP3. This resulted in 288 contigs and 901 sin-
gletons which provided us with an estimated 1189 unique gene
fragments on the microarray.

Next to the D. magna cDNA fragments, 20 artificial quality con-
trol fragments from the Lucidea universal scorecard (Amersham)
were spotted in 20-fold to ensure evaluation of the overall array
quality. More specifically, 10 calibration controls were used to eval-
uate the dynamic range and sensitivity of the platform, 8 ratio
controls represent low and high microarray expression levels and
2 negative controls allow evaluation of non-specific hybridization.
The final step in the spotting protocol included rehydration of the
spots over a hot water bath, snap-drying and cross-linking (UV
Stratalinker 2400, Stratagene, USA). Prior to hybridization, arrays
were incubated for 30-45 min at 42 Cin a prehybridization solu-
tion (50% formamide, 5x saline sodium citrate (SSC), 0.1% sodium
dodecyl sulphate (SDS), 0.1 mg/mL bovine serum albumine (BSA)).
The vacuum dried targets (both reference and treatment target)
were resuspended in a hybridization solution (50% formamide, 5x
SSC, 0.1% SDS, 0.1 mg/mL BSAand 0.1 mg/mL sheared salmon sperm)
and denaturated at 95 C. The cooled targets were subsequently
applied onto the prehybridized slides and incubated overnight at
42 C. After hybridization, arrays were washed in solutions with
increasing stringency (decreasing concentrations of SSC and SDS)
and dried with N2.

2.3.4. Bioinformatics evaluation ofthe microarrays

Scanning and analysing of the slides was performed using the
Genepix personal 4100 Scanner and Genepix pro Software (both
Axon instruments, USA). Cy3 and Cy5 fluorescent signals were
scanned at, respectively, 532 and 635 nm and the PMT (photomulti-
pliertube) values were adjusted to reach aratio (Cy5/Cy3) around 1.
Spots were identified and ratios quantified by means ofthe Genepix
software 5.0 (Axon Instruments). The BioArray Software Environ-
ment Database (BASE 1.2.12, http://www.islab.ua.ac.be/base/) was
used for storage, further evaluation and succeeding statistical anal-
ysis of the microarray datasets. In addition, the MIAME compliant
data was submitted to the Gene Expression Omnibus (GEO) at
the NCBI website (platform: GPL7742; series: GSE13866). After a
local background correction, spots with a foreground larger than
the mean local background +2 standard deviations for one or both
colours were selected for further analysis. The log2 transformed
Cy3/Cy5 ratio data were normalized by implementation ofa Locally
Weighed Scatterplot Smoothing (Lowess) (Yang et al, 2002) step,
which is an intensity-based method. Significant vertical cut-off
values of log-0.85 and 0.85 were determined through multiple
self-self hybridizations. These were performed by labelling the
same biological material with both Cy3 and Cy5 dyes and hybridiz-
ing them simultaneously on a microarray slide. To statistically
evaluate the microarray results, Significance Analysis of Microar-
rays (SAM) described by Tusher et al. (2001) was applied on the
Lowess normalized datasets. W ith this SAM approach a false dis-
covery rate (FDR) below 5%was applied. As aresult genes with log2
ratios outside the confidence interval o f-0.85 and 0.85 were con-
sidered as differentially expressed gene fragments when FDR was
below 5%.

2.4. Real-Time PCR confirmation

Real-Time quantitative PCR was used in order to validate rela-
tive mRNA expression changes of six selected gene fragments after
nickel and metal mixture treatment (Table 1). In order to produce
first strand cDNA of the different targets, the Superscript™ first
strand synthesis system for Real-Time PCRKkit (Invitrogen) was used
according to manufacturer’sinstructions. The Lightcycler Fast start
DNA master SYBRgreen | kit (Roche Diagnostics, Germany) enabled
quantitative PCR confirmation on the LightCycler 3.5 (Roche Diag-
nostics, Germany). The used experimental protocol consisted of
a dénaturation phase (5' at 95 °C), an amplification phase of 40
cycles (10" at 95 C, 10" at 58 Cand 12" at 72 C) and afinal melt-
ing phase. Primer sequences were designed using Roche Molecular
LightCycler Probe Design software 1.0 (Table 1). Four potential
housekeeping genes (beta-tubulin, actin, G3PDH, prohibitin 2) were
compared to evaluate the variability of mMRNA expression between
exposure conditions. When comparing standard deviation on their
respective Ct values the following order could be noted: Beta-
tubulin (0.66)<actin (0.73)< G3PDH (1.06)< prohibitin 2 (1.21). As
a result, beta-tubulin was selected as housekeeping gene for nor-
malization and quantification of the Real-Time-PCR data. Relative
mRNA expression levels were calculated and statistically evaluated
according to the REST formula (Pfaffi et al, 2002).

2.5. (Sub)organismal parameters - Cellular Energy Allocation and
growth

Whole-body homogenates of 30 pooled Daphnia taken after 0
and 96 h of exposure to the different nickel concentrations (0,0.125,
0.5,1 and 2 mg/L Ni2+)were used to measure the available (proteins,
lipids, sugars) and the consumed (Electron Transport System, ETS)
energy according to the CEA protocol described in De Coen and
Janssen (2003). All measurements of the energy reserve fractions
were determined spectrophotometrically and transformed into
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Table 1

Gene fragments and corresponding primers selected for Real-Time PCR.

Gene fragment - accession number

a. Beta-tubulin - DV075795
b. Actin - AJ292554

c. G3PDH - AJ292555

d. Prohibitin 2 - DW724510
b

c.

d

. 8-Aminolevilunate synthase (8-ALAS) - DW724592

. Haemoglobin - DW724693
. Opsin- DW724560
e. Vitellogenin - AB114859
f.JH-esterase - DW724473

g. RNA terminal phosphate cyclase doml - DW724698

Forward primer

5'-CCAGAACTCACTCAGC-37
5’-CCAAGGCTAATCGTGAGA-3’
S'-GGATTCGGTCGTATTGGC*'
5 AAITGTTCAAGCCGAGG-3’
S'-GAAGGTAGACAACTGCG*7
S'-GGAAGCGGATTCACTG*'
5'-TCCTCGTGCTTGAAGAC-3”’
57-CCAGCGAATCCTACACC-3’
5/-TGGATACGCTTGCACTG-3/
5’-CGGCAGTTTCACATGATAG-3;

T. Vandenbrouck et al./Aquatic Toxicology 92 (2009) 18-29

Reverse primer

21

Primer efficiency

5;-AGCCTTACGACGGAAC-3’ 1.94
5’-TGTAACCGCGTTCAGT-3’ 1.87
5/-TCAGCTCCAGCAGTTC-3/ 1.92
S'-CGTCAAAGGAAACGTCACH 1.70
5/-CTCGGCACTGTCGGATA-3/ 1.89
S'-TGTCACCCATAGCCGA* 1.87
5/-GCGCNn'GTTrCGGATAC-3/ 1.80
57-CGCACAGACCACAGAG-3”’ 1.81
S§'-CGCTTCTACCTGTCATTG*' 1.77
5,-TTCGTCGCTGGCACCATA* 1.96

energetic equivalents using their respective energy of combustion
(39.5 kj/g lipid, 24 kj/g protein, 17.5 kj/g glycogen) and oxyenthalpic
equivalents (480kJ/mol O2) (Gnaiger, 1983). Measurement of the
protein content was performed by the Bradford method (Bradford,
1976), a standard curve of bovine serum albumine (Sigma, USA)
was used and concentrations were determined at 592 nm. From the
same body homogenate total carbohydrate content was extracted
using trichloracetic acid (Across organics, Belgium) and visualized
with 5% phenol and H2SO4 at 492 nm. A glucose (Sigma, USA)
standard curve was used for quantification. Lipids were isolated
through the chloroform-methanol extraction method and mea-
sured at 375 nm (Bligh and Dyer, 1959). Hereby, lipid concentrations
were calculated by means ofastandard curve oftripalmitin (Sigma,
USA). The consumed energy, hence the consumed oxygen rate, was
estimated through measurement of the electron transport activ-
ity (King and Packard, 1975) over a 96 h exposure period. Finally,
the Cellular Energy parameter was calculated by integrating the
available and consumed energy over the 96 h exposure period.

Besides energy parameters, growth was monitored by daily col-
lection of 15 organisms per condition over the 4 days exposure
period. Daphnia were stored in a sucrose-formaldehyde solution
(4% formaldehyde; 12% sucrose) and lengths were determined by
measuring the distance ofthe carapaxfrom headtill spine by means
of amicroprojector (Projectina, Switzerland).

On all (sub)organismal parameters measured, univariate statis-
tics using the Statistica Software package (StatSoft, USA) was
performed. After testing the data for normality and homogene-
ity of variance, a one-way analysis of variance (ANOVA) was done,
followed by the post hoc Tukey HSD test if significant differences
(p< 0.05) were found.

2.6. Multivariate and clustering analysis

Multivariate analysis techniques enable areduction ofthe multi-
dimensionality of complex datasets. In the present study, Principal
Component Analysis (PCA) and Partial Least Squares (PLS) were
applied. A major advantage of these projection methods is that
they deal with microarray data associated problems such as miss-
ing values, collinearity and the presence of more variables than
observations. All multivariate analyses were performed using the
Simca-P 11.5 software package (UMETRICS, 1997). Clustering anal-
yses were done using the MultiExperiment Viewer (MeV, TIGR).

3. Results
3.1. Single substance toxicity - Ni2+

3.1.1. Microarray experiments

Microarray experiments were performed for all four Ni2+ treat-
ments (0.125, 0.5,1 and 2mg/L Ni2+). A reference design was used
where the RNA from exposed (and control) Daphnia was compared
to pooled RNAfrom control Daphnia. Using three biological microar-
ray replicates, the biological relevance of the data was optimized.

Sequencing of all gene fragments present in the three selected
cDNA libraries resulted in the identification of 1189 unique frag-
ments on the used microarray platform. Evaluation of the four
nickel treatments showed that 10.1% (120 genes) of all unique
fragments on the microarray were affected in at least one of the
treatments. Subsequently, the nucleotide sequences of these 120
significantly differentially expressed gene mRNAs were submit-
ted to Blast2GO (http://www.blast2go.de) (Conesa et al, 2005),
a Gene Ontology (GO) and annotation tool which enables blast-
searching and GO annotation in one run. This Blast2GO analysis
was able to identify 55.8% (Fig. 1, numbers 1-67) of all differen-
tially transcribed fragments due to significant homology with other
known protein/nucleotide sequences (Fig. 1, numbers 68-120). The
genes lacking significant homology to other genes/proteins were
appointed as “unknown” gene transcripts. Increasing nickel con-
centrations caused a higher number of differentially expressed
genes to be influenced (7, 19, 55, 107 after respective 0.125, 0.5,
1 and 2mg/L Ni2+).

Using the Blast2GO tool, the biological processes and molecular
functions were identified and evaluated for the “known” fragments.
The biological processes primarily predicted to be affected are dif-
ferent metabolic processes (protein, chitin, carbohydrate metabolic
processes), transport (ATP, lipid, oxygen) and signal transduction
related processes such as visual and sensory perception. In the
evaluation of the molecular functions, 'constituents of the cutic-
ula’ was the largest GO category predicted to be affected. Binding
activity of different substrates (protein, ATP, chitin, zinc and cal-
cium ion) was identified as the second largest. Fig. 2 - in which
each gene is appointed to one single GO category - provides asum-
mary of these results. Certain categories are composed of mainly
repressed fragments due to nickel treatment, such as, transport
of lipids, ATP and oxygen (Fig. 1). However, also some processes
with significantly induced transcription - e.g. visual and sensory
perception (within the signal transduction category) - could be
identified. Examples of gene fragments involved in this process
are homologues of opsin 1, opsin 2 and rhodopsin 4. Furthermore,
the transcription of almost all gene fragments involved in the for-
mation of the carapax and the chitin metabolism was induced
in the organisms exposed to the three highest nickel concentra-
tions.

3.1.2. (Sub)organismal effects - CEA and growth

Energy budgets were determined after 96 h of exposure to the
four different Ni2+ treatments (Fig. 3A-C). Cellular Energy Alloca-
tion, which integrates both consumed as well as available energy
over a 96 h time-interval, was significantly increased after expo-
sure to the lowest selected nickel concentration (0.125 mg/L Ni2+).
Nonetheless, all other exposure conditions (0.5,1 and 2 mg/LNi2+)
caused a significant decrease ofthe CEA. In parallel with the energy
budgets, the growth ofthe organisms was monitored during a con-
secutive period of4 days (Fig. 3D). Already after an exposure period
of 3 days a significant decrease in length was noticed in the two
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2 mg/L Nickel

Constituents of the cuticula
1) cuticular protein (DW724684)
2) cuticular protein (DW724634)
3) pupal cuticle protein (FD482878)

4} endocuticle structural glycoproteinbd-4 (DY037411)

5) pupal cuticle protein (EG565401)
6) pupal cuticle protein (DW724686)
7) cuticle protein (DM724658)

8) cuticular proteinrr-1 family (DM985621)

9) cuticle protein (DM985510)

10) larval cuticle protein 8 (DM985495)
11) endocuticle structural glycoproteinbd-1 (DM985615)
12) pupal cuticle protein 78e (DW724622)

Dif*eren*netabo rocesse "
AMINO ACID METABOLIC PROCESS
13) glycine dehydrogenase (DN724450)
CARBOHYDRATE METABOLIC PROCESS
14) 6-PF2K - biphospatase (FD467184)

15) peptidoglycan-binding domain 1 protein (EG565354)

CHITIN—-STEROID METABOLIC PROCESS

16) gasp precursor (EH669235)
17) chitinase 3-like 1 (DM985604)

18) chondroitinlycan family member (DM724579)

19) midgut chitinase (DW724556)
HEME METABOLIC PROCESS

20) 5-anu.nalevulinic acid synthase (DM724592)

PROTEIN METABOLIC PROCESS
21) cathepsin 1 (DM724638)

22) trypsine-like serine protease (DW985551)
23) cathepsin 1l-like proteinase (FD465573)
24) trypsin-like serine protease (DW724632)

25) meprin a subunit beta (EH669288)
26) transglutaminase 1 (DM724584)
27) transglutaminase (DM724489)

28) 2Inc metalloprotease (EH669237)

29) cathepsin f-like systeine protease

Response to stimulus

30) barrier to autointegration factor 1 (EH669337)

31) heat shock protein 60 (EH669242)

32) protein disulfide isomerase (EH669336)
33) gifsy-2 prophage lysozyme (DW724469)

(DW724547)

3,
iDW985583

iDW985552)
(DW72462Q)
(DH724619)

(DW724551)
(DY037288>
IDYQ37322)

DWV24823)
DW?72461S)

(DWS85513)

i{FD466568
(EH669295)
{EH669246)

(EH669294)

EHfr69298>
(DW724596 >

(DW724574)
(DW724613)

[EG565373
(DW724468)
[DW724446)
(DW724666)
(DW724487)
FD466660

"l
vU/U 84l

FD402877
EGb6iJb9

(DV075828)

B&H

[DM724581)
(EG5654QQ)
[FD482879)

34) inter-alpha-trypsin inhibitor heavy chain 3 (FD482911)
35) inter-alpha-trypsin inhibitor heavy chain 4 (EG565402)

Signal transduction

36) sel-1 suppressor of lin-12-like
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Fig. 1. A heat map of significantly differentially transcribed genes after 96 h of exposure to 0.i25, 0.5, |, 2mg/L Ni2+ Genes are divided into functional classes according to
their GO annotation. mRNAs for down-regulated gene fragments are represented by a green horizontal bar and up-regulated ones by a red bar. The fragments with a darker

shade ofgreen/red ranging to black show less to no differential gene transcription.

highest nickel treatments (1 and 2 mg/L Ni2+) (p<0.05). From day
4, adecrease in length in the 0.5 mg/L Ni2+ exposure treatment was
also seen (p<0.05).

3.1.3. Multivariate analysis:from genes to (sub)organismal effects

A PLS analysis was performed in order to analyse the relation-
ship between transcriptional and biochemical level responses. As
CEA has been shown to be a valuable predictor for population
effects (De Coen and Janssen, 2003) we tried to relate these
biochemical responses with effects at the transcriptional level. The
two-component PLS analysis led to a model with an R2=0.77 and

Q2=0.52. These values represent the predictive capacities of the
model, expressed as the predictive residual sum ofsquares, noted as
Q2 or the cross-validated R2. Results are visualized in Fig. 4, which
illustrates that the prediction of the overall energy budget of the
organisms is best represented by the protein and lipid fraction. In
astudy by De Coen and Janssen (2003) - where arange of different
chemicals was tested - they also identified the lipid fraction as most
important. The genes which contributed the most to the model
were identified by selecting those genes with aVariable Importance
(VIP) score above one for both components. Among these genes
two groups could be identified. A first group shows a direct link to
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Fig. 2. All unique and “known” differentially transcribed fragments subdivided into functional classes according to their GO annotation.

the energy reserves and a second group has an inverse relationship
with the biochemical endpoints. Genes which are part of this first
group are genes coding for haemoglobin (fragment 56, numbers
correspond to numbers in Fig. 1), two fragments involved in
transcriptional and translational processes (a ribosomal fragment
(fragment44), and RNAterminal phosphate cyclase (fragment 45)),
anunknown (fragment 77) and two cuticula proteins (fragments 1
and 2). Genes included in the second group offragments are mainly
fragments coding for processes involved in the cuticula metabolism.
These results indicate that among the cuticula metabolism related
fragments two different sets (probably indicating different regula-
tory control) were identified. mMRNAs of cuticula related fragments
1 and 2 co-vary with the energy reserves while fragments 4-12
and 18 show an inverse relationship with the CEA parameters.
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3.2. Mixture toxicity - microarray experiments

Exposing Daphnia for 96 h to binary metal mixtures of 0.09TU
Ni2+0.09TU Pb2+ and 0.09TU Ni2++0.09TU Cd2+ enabled the
comparison of molecular responses with equitoxic treatments
of the single metals (0.18TU). The binary mixture and nickel
molecular fingerprints were generated in this study, but the
gene transcription datasets of single component exposures with
cadmium and lead (both 0.09 TU and 0.18 TU of the individual
metals) were previously published by Soetaert et al. (2007b)
and Soetaert (2007). The latter datasets facilitated comparison
between molecular fingerprints of all three metals at similar lev-
els of toxicity (TU). Moreover, the same clone of D. magna and
an identical microarray platform were used in both previous
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Fig. 3. (Sub)organismal effects after nickel exposure: (A) available energy, (B) consumed energy, (C) Cellular Energy Allocation and (D) length ofthe daphnids over a 4 days

exposure period. Significant differences (p<0.05) are indicated by
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Fig.4. PLS analysis ofdifferent nickel treatments, using differentially expressed mRNAs (*) as predictors and (sub)organismal effects (D)as response data. Genes are numbered
from 1to 120 concordant to numbering in Fig. 1. R2 and Q2 for this two-compartment model are, respectively, 0.77 and 0.52. Only the genes with aVariable Importance (VIP)
score above 1 for both components in the model are labelled with their respective number.

as present studies, which greatly improves comparability of the
datasets.

3.21. Similarity or dissimilarity ofthe single compound and
mixture gene expression profiles

The differentially expressed gene transcripts, caused by the eight
treatments (three individual metals tested at 0.09 TU and 0.18 TU
and two mixtures), i.e. those of 258 unique gene fragments, were
used for PCA analysis (Fig. 5). The score plot of the PCA shows a
three-component model resulting in a R2 value of 0.64 and a Q2
of 0.44, with 64% of the total variance being explained. The first
PC - explaining the majority of the variance (39%) - produces a
first distinction between the profiles of the mixtures and the sin-
gle compounds. The second and third PC accounted for 14 and 11%
of the variance, respectively. Five major clusters were identified:
(A) 0.09TU Ni2++0.09TU Cd2+, (B) 0.09TU Ni2++0.09TU Pb2+, (C)
0.18TU Cd2+, (D) 0.09TU Cd2+ and (E) the biggest cluster contain-
ing all othertreatments (0.09 TU Ni2+,0.09 TU Pb2+,0.18TUNi2+ and
0.18 TU Pb2+).

We wanted to compare the molecular responses ofthe mixtures
with those ofthe individual treatments, therefore the five equitoxic
treatments were compared. We started to assess the compound-
specificity ofthe molecular fingerprints by identifying the uniquely
responding genesets (i.e. gene transcripts induced uniquely by
one treatment) and the overlapping genesets (i.e. gene transcripts
affected by more than one treatment) (Fig. 6). An increase in
the number of differentially expressed gene transcripts could be
observed in the following order: 0.18TU Pb2+ (14)<0.18TU Ni2+
(65)<0.18 TU Cd2+ (62) <0.09TU Ni2++0.09TU Cd2+ (127)<0.09TU
Ni2++0.09TU Pb2+ (165). Among all five equally toxic treatments,
seven common differentially expressed (repressed) gene tran-
scripts were identified, i.e. those of genes coding for haemoglobin
(Dhbl), cathepsin I, vtgl, vtg-like protein, RNA terminal phosphate

PC2-14%

- -20

Q0

- 20

Fig. 5. PCA analysis of all differentially expressed genes of the mixtures (0.09 TU
Ni2++0.09 TU Pb2+0.09 TU Ni2++0.09 TU Cd2+) and single metal treatments (0.09 TU
Ni2+, 0.09 TU Cd2+,0.09 TU Pb2+ and 0.18TU Ni2+, 0.18 TU Cd2+ and 0.18TU Pb2+). The
total variance explained by the three components was 64%. The compositions ofthe
different clusters are: (A) 0.09TU Ni2++0.09TU Cd2+, (B) 0.09TU Ni2++0.09TU Pb2+,
(C) 0.18TU Cd2+, (D) 0.09TU Cd2+ and (E) the biggest cluster containing all other
treatments (0.09TU Ni2+, 0.09TU Pb2+ 0.18TU Ni2+ and 0.18TU Pb2+).
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Fig. 6. AVenn diagram representation ofthe number ofgenes shared by the treatments equal to 0.18 TU for either Ni2+, Cd2+ and Ni2+ + Cd2+ or for the Ni2+, Pb2+and Ni2++ Pb2+

cyclase domain 1, and 2 unknown fragments; respective GenBank
accession nos. DW724678, DW724638, DY037265, DW724602,
DW724698, DY037322 and EG565411).

3.2.2. COdriven analysis ofsingle compounds versus mixtures

In order to further compare the mixtures and their interactions,
a GO driven analysis was used to identify the genes and path-
ways underlying the differences in single compound compared
to mixture exposure responses. Both binary mixtures and their
respective components (at equitoxic concentrations) were evalu-
ated using this approach (Fig. 7). The differentially expressed gene
transcripts after exposure to one of the mixtures and its respective
components were selected and subjected to a K-means clustering
with the pre-definement of five types of responses (gene identities
and their mRNA expression ratios are provided as supplementary
information Tables 2 and 3). The rationale for selecting five types of
responses was based on prior hierarchical clustering results (data
not shown). The same set of genes (differentially expressed gene
transcripts from one mixture and its individual components) was
then submitted to Blast2GO for identification ofthe mostimportant
GO categories. To gain as much in depth GO information as possible
- but still have a representation of all annotated fragments - we
selected only those GO categories which were composed of at least
five sequences (the GO categories presented in Fig. 7). In order to
detect GO-related differences between the five clusters identified
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by K-means clustering, the GO terms associated within the individ-
ual clusters were plotted againstthe GO terms ofthe complete gene
set.

The mRNA expression responses (or clusters) from which we
gain most information regarding the mixture behaviour are the
ones which behave differently in the mixture compared to the sin-
gle compound treatments. Regarding the Ni-Cd mixture this refers
to clusters 1, 2 and 4 (Fig. 7). Identification of the most prominent
GO categories in the different clusters shows that cluster 1 is rep-
resented by different additionally induced processes of which the
largest ones include polysaccharide catabolic processes, response
to stimuli and proteolysis. Examples ofgenes involved in these pro-
cesses are (among others) genes coding for amannanase precursor,
chymotrypsin-like serine proteinases, cellulases, carboxypeptidase,
amylase. Cluster 2 is represented by genes coding for additionally
repressed processes such as multicellular organismal processes and
biopolymer metabolic processes. Clear interaction behaviour (with
an up-regulation in the nickel treatment, a slight down-regulation
in the cadmium treatment and a severe down-regulation in the
mixture) is demonstrated by the fourth cluster which is mainly
composed of genes coding for structural constituents of the cutic-
ula. In the Ni-Pb mixture similar types of transcript expression
responses - as identified in the Ni-Cd treatment - were seen (Fig. 7;
clusters a-c). Cluster b which represents genes coding for addi-
tionally induced processes includes mainly response to stimuli and
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Fig. 7. The biological processes and molecularfunctions ofthe differentially transcribed genes dueto Ni-Cd and Ni-Pb treatments and their respective individual components.
The genes were subdivided into five different clusters using K-means clustering and the representation ofthese clusters within each GO category is represented as such.



26 T. Vandenbrouck et al./Aquatic Toxicology 92 (2009) 18-29

Table 2

Real-Time PCR results for the selected gene fragments. Significantly differentially transcribed fragments are indicated by

Real-Time PCR results).

0.02TU Ni 0.09TU Ni 0.18 TU Ni

QA RT-PCR JA RT-PCR A RT-PCR
8-ALAS -0.59 0.43 -0.80 -0.53 -1.19* -0.95
Dhbl -0.15 0.70* -1.64* -1.30 -2.20* -2.35*
Opsin 0.42 1.20* 0.99* 1.41* 1.49* 2.30*
Vtgl -0.60 -0.89 -0.16 -0.02 -2.05* -3.39*
JH-esterase -0.07 1.96 0.29 0.32 0.20 113
RNA terminal 0.04 0.25 -0.43 -0.40 -1.00* -0.05

catabolic processes (biopolymer, carbohydrate). Cluster a displays
genes coding for additionally repressed processes and includes
mostly biosynthetic and developmental processes. Cluster c which
behaves in asimilar manner as the fourth clusterin the Ni-Cd mix-
ture is also composed of genes coding for structural constituents of
the cuticula.

3.3. Real-Time PCR confirmation

A set of six genes was selected for Real-Time PCR confirmation
(Table 1). For the majority of these selected genes the Real-Time
PCRresults confirmed the microarray responses (Table 2). In 92% of
the cases, the trend (MRNA up- or down-regulation) was the same
when comparing microarray results with Real-Time PCRresults. All
conditions for which the trend of transcription was not confirmed
were also not significantly differentially transcribed according to
the microarray analysis. Regarding actual levels of mRNA expres-
sion (and significance) we noted the most deviating response for
the gene coding for RNAterminal phosphate cyclase fragment. The
mRNA of this gene was - according to the microarray results -
significantly differentially expressed in four out of six tested con-
ditions and although the trend (down-regulation) was the same in
the Real-Time PCR analysis, the level of repression was clearly less
and not significant.

4. Discussion

The application of ecotoxicogenomics techniques opens possi-
bilities for gaining insights into unknown modes of toxicity. In the
present study this approach was used to test nickel toxicity in a
standard test species, D. magna. Assuming that a large number of
toxicologically relevant effects are accompanied by alterations in
gene transcription, cDNA microarray analysis can produce insights
into multiple endpoints and underlying mechanisms. Combined
with specific (sub)organismal effects, a good image of the stress
status of the organism is generated. Furthermore, since chemi-
cals never occur solely in natural environments, our interest also
focussed on molecular interactions of metals.

4.1. Single compound experiment - nickel exposure

Compared to the amount of mammalian toxicology data on
nickel, the number of ecotoxicological studies is still very limited.
Only a few studies have reported nickel effects in aquatic species
(Dave and Xiu, 1991; Pane et al, 2003a; Ptashynski et al, 2002)
and specifically crustaceans (Kszos et al, 1992; Pane et al, 2003b,
2004; Keithly et al, 2004). Relying on the specific respiratory effects
observed in both Daphnia and rainbow trout (Pane et al, 2003a,b,
2004), respiratory effects were suggested as possibly important
endpoints for nickel exposure.

In this study, a down-regulation of mMRNA of a gene coding for
haemoglobin (Dhbl) was detected (both by means of microarray
analysis and quantitative RT-PCR) which is concordant with litera-
ture. Indeed, Pane et al. (2004) described a decrease in whole-body

(both for the microarray results as for the

0.36TU Ni 0.09TU Ni+0.09TU Cd 0.09TU Ni+0.09TU Pb
QA RT-PCR JxA RT-PCR JxA RT-PCR
-1.99* -1.91 -0.78 -0.64 -1.49* -1.61
-2.73* -2.38* -2.96* -2.99* -2.91* -2.68*

2.14* 3.79* 217 273 1.96 2,97
-4.08* -7.72 -3.11* -6.46* -3.53* -5.60*

0.21 0.92 0.50 2.96 0.29 213
-1.11* -0.04 -2.14* -0.55 -2.44* -1.45

haemoglobin concentrations in daphnids after chronic waterborne
nickel exposure. At the molecular level, it has already been exten-
sively illustrated that haemoglobin levels can fluctuate in response
to different types of stressors in daphnids (Gorr et al,, 2004; Rider
et al, 2005; Soetaert et al, 2007a,b; Soetaert, 2007). Soetaert et
al. (2007a) reported besides an up-regulation of mMRNA of a gene
coding for haemoglobin as a result of fenarimol exposure, a mRNA
down-regulation of the same fragment caused by cadmium and
lead exposure (Soetaert et al, 2007b; Soetaert, 2007). The involve-
ment of an endocrine regulated pathway for altered (elevated)
haemoglobin expression due exposure to methyl farnesoate (and
their synthetic analogues) was suggested by Rider et al. (2005).
However, other studies (Gorr et al, 2004) - which demonstrated
elevated haemoglobin concentrations in D. magna in response to
low dissolved oxygen - suggest the activation of the hypoxia sig-
nalling pathway and subsequent hypoxia inducible factors (HIF).
The results presented in the latter studies lead to the suggestion
that dependent on the type of compound under investigation dif-
ferent underlying mechanisms result in differential haemoglobin
expression levels. Therefore, it could be that although alterations
in haemoglobin expression levels are clearly not compound spe-
cific, the underlying mechanisms could be compound specific or at
least specific to a set of compounds, e.g. metals.

Transition metals such as nickel have been shown to be able
to activate and stabilize the HIF-la subunit in nickel-treated
HIF-1-proficient cells (Salnikow et al, 1999, 2003). Therefore,
based on our results, the involvement of this pathway in the
regulation of oxygen-related gene fragments in Daphnia could
be suggested. Another complementary finding to the observed
haemoglobin effects was the identification oftwo additional differ-
entially transcribed gene fragments which are involved in the heme
biosynthesis. The first one, mRNA for agene fragment homologue to
8-ALAS (i.e. akey enzyme in the heme biosynthesis) was found to be
repressed. This enzyme catalyzes the formation of8-aminolevilunic
acid (8-ALA) through carboxylation of succinyl-CoA and glycine. A
decrease in 8-ALAS activity in the liver of rats after nickel injec-
tion was described (Maines and Kappas, 1977). Latunde-Dada et al.
(2004) reported reduction ofurinary 8-ALA in nickel-treated mice.
The second gene encodes a glycine decarboxylating enzyme (Gen-
Bank accession no. DW724450) - aprecursor enzyme in the heme
biosynthesis pathway responsible for the breakdown of glycine -
and its mMRNA was found to be up-regulated after treatment. These
lasttwo gene fragments suggestthatthe haemoglobin effects might
be due to a disturbance of the biosynthetic heme pathway rather
than through HIF-related transcriptional regulation of the whole
haemoglobin protein.

Among the down-regulated mRNAs of genes following nickel
exposure, gene fragments encoding genes involved in lipid trans-
port and embryo development were identified. The embryo
development related group includes the D. magna vitellogenin
(VTG) genes, the products of which serve as storage proteins pro-
viding nutrients to the developing embryo (Kato et al, 2004).
Several studies (Poynton et al,, 2006; Tokishita et al, 2006; Soetaert
et al, 2007b; Soetaert, 2007) have indicated that besides nickel
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other compounds are able to affect VTG transcription as well. For
example, a repression of VTG mRNAs and proteins as a result
of exposing neonate daphnids to juvenile hormone agonists was
described by Tokishita et al. (2006). They related this differential
expression of VTG mRNA to the presence of a homologue of the
juvenile hormone response element in the VTG sequence and con-
sequently proposed the utilization of VTG mRNAs as biomarkers
for endocrine disrupting compounds. Our results, however, suggest
that the down-regulation of VTG due to nickel exposure might be
the result of a lack of sufficient energy reserves (Fig. 3A), rather
than through a direct interaction with the gene encoding for VTG
itself. This indicates that the down-regulation of VTG mRNA lev-
els can be the result of either direct interaction (e.g. in the case of
juvenile hormone agonist exposure) but it can also be a secondary
response (e.g. in the case of lack of energy due to metal exposure).
Therefore, whether this gene could reflect ageneral stress response
to several types of toxicants in D. magna still remains to be further
elucidated.

Another (repressed) gene which might give valuable insights
into the nickel-induced toxic mechanism of action is coding for an
inorganic pyrophosphatase (GenBank accession no. DW724642).
As this enzyme hydrolyses pyrophosphate, it is involved in many
different biochemical pathways (e.g. fatty acid synthesis, glycogen
synthesis, etc.). However, for this enzyme to be active it requires
the presence of magnesium ions (Braga and Avaeva, 1972). Pane
et al. (2003b) described Mg2+ antagonism as one of the major
mechanisms of acute nickel toxicity in D. magna. They noted a sig-
nificant decrease in whole-body Mg2+ concentrations (both acute
and chronic). Therefore, we believe that the effect of nickel on Mg2+
homeostasis might cause these direct effects on Mg2+-dependent
genes such as inorganic pyrophosphatase.

Furthermore, mRNAs of genes involved in photo-transduction
(opsin 1, opsin 2 and rhodopsin 4) are induced due to nickel
treatment (opsin 2 levels were confirmed by RT-PCR). Phototactic
behaviour has been known to be influenced by metals (Michels et
al, 2000) and previous studies at the mRNA level have also shown
that the transcription of these genes responds to metal stress in
Daphnia (Soetaert et al, 2007b; Shaw et al, 2007).

Generally, stressful exposure conditions will elicit toxic
responses in organisms on many different biological levels. Inte-
grating several biological levels fits into the so-called “systems
toxicology” concept (Waters and Fostel, 2004). The potential and
added value of such an approach has been shown in a small selec-
tion of studies (Moens et al, 2007; Heckmann et al, 2008). In the
present study, a PLS analysis was used to connect the molecu-
lar (gene transcription) and (sub)organismal (energy parameters
and growth) level in order to detect possible relationships between
molecular and biochemical responses. This analysis (Fig. 4) pointed
out that several gene fragments were co-varying with the CEA
parameter, indicating a strong directly proportional relationship
between both phenomena. These highly co-varying genes (coding
for haemoglobin, RNAterminal phosphate cyclase, aribosomal pro-
tein) could therefore be suggested to be linked to the energy budget
parameters. As CEAwas previously shown to be predictive for pop-
ulation level effects (De Coen and Janssen, 2003), we suggest that
these genes could become molecular biomarkers with ecological
relevance. However, their causal relationship still remains to be
demonstrated. Beside these fragments, also a set ofgene transcripts
inversely related to the CEA parameter was identified, more specif-
ically of genes related to the cuticula turnover. For crustaceans, a
regularmoulting behaviouris not only crucial for an adequate grow-
ing process, but also for further reproductive success. Several types
of compounds have been shown to possess the ability to adversely
affect this moulting process (Zou and Fingerman, 1997; Rodriguez
et al, 2007; De Schamphelaere et al, 2008). At the mRNA level,
an impairment of gene fragments involved in exoskeleton mainte-

nance due to toxicant exposure was described (Poynton et al, 2006;
Soetaert et al, 2007b; De Schamphelaere et al, 2008).

4.2. Binary mixture experiments

Investigating the potential interaction of nickel with two other
metals (cadmium and lead) by means of a microarray platform
enables the evaluation of these mixture toxicity responses on
multiple endpoints/mechanisms of toxicity simultaneously. Since
the gene expression fingerprints of the binary mixtures could
provide insight into the nature of interaction of the single com-
pounds two hypotheses were formulated. Firstly, in the case of
similarly acting compounds (A and B) which produce similar gene
transcription profiles (A=B), one would expect an equitoxic mix-
ture (C=ViA +ViB) with an equal amount of TUs to result in an
identical gene transcription profile (A =B=C). However, when devi-
ations in the mixture gene transcription fingerprints are detected
(A=B % C), this could indicate that molecularinteractions between
similarly acting compounds are occurring. Secondly, in the case of
dissimilarly acting compounds (A and D), both compounds produce
a compound-specific fingerprint (A » D). In this case, we expect
an equitoxic mixture (E=WA +V.D) to result in an intermediate
molecular response profile being equal to the sum of a partial pro-
file A and a partial profile D (A =D # E=ViA+ VD). Again, when
unexpected deviations to the mixture expression pattern occur
(A~ D E+ WA+VWD) it can be stated that interaction between
dissimilar acting compounds has taken place.

Totestthis hypothesis, multivariate analyses were performed on
all eight treatments (the 0.09 and 0.18 TU treatments of the single
metals and the two mixtures). The three-component PCA (Fig. 5)
enabled to classify treatments according to their (dis)similarities in
mRNA expression profiles of genes. Overall, the largest proportion
of variance (39%) was accounted for by the separation of the mix-
ture and single metal profiles. Cadmium (both high and low doses)
could be separated from the other metals by the second PC. Nickel
and Lead were clearly most similar, regardless of the concentra-
tion. The main conclusion that could be drawn from this analysis
was that the mRNA expression patterns of the tested binary metal
mixtures were not the simple sum of their individual compounds’
fingerprint, suggesting interaction among compounds. Additional
molecular mechanisms were clearly affected when comparing the
binary metal responses to the single compound fingerprints atequi-
toxic levels.

When comparing the differentially expressed mRNA fragments
between all equitoxic treatments (Fig. 6), a set of compound-
specific genes (uniquely altered due to, e.g. nickel, lead, cadmium
treatment) could be detected for all metals. However, also a con-
siderable overlap between treatments was present and among
equitoxic treatments seven common (repressed) gene fragments
were identified. Concordant to another microarray mixture study
(Finne et al.,, 2007) a higher number of affected genes could be
noted in the mixtures compared to the fingerprints ofthe individual
compounds.

These higher numbers of genes affected in the mixtures again
suggests the involvement of additional molecular mechanisms.
Getting insights into the additionally altered pathways in the mix-
tures was accomplished by K-means clustering of the equitoxic
responses (Fig. 7). The transcriptional responses which tell us the
most about the mixture behaviour are the ones which behave
dissimilarly in the mixture compared to the single compound
treatments. Clusters with additionally altered (either induced or
repressed) processes after mixture exposure compared to single
component exposure could be identified for both binary mixtures.
Also in both cases, aclusterindicative of clear interaction behaviour
could be determined. The latter cluster was shown to be dominated
by mRNA fragments coding for the 'structural constituents of the
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cuticula’. It could be suggested that both metals in the mixtures are
able to disruptthe normal moulting pattern by interference through
different pathways. Cadmium has been shown to induce the gene
coding forjuvenile hormone esterase QHE) (GenBank accession no.
DW724473) (Soetaert et al, 2007b) in D. magna. This suggests an
increased breakdown ofjuvenile hormone, a key regulator of the
moulting process in daphnids. In the same experiment, mRNA frag-
ments corresponding to cuticula proteins appeared to be slightly
down-regulated by this metal. Other studies suggest impairment
of the ecdysone secretion due to cadmium exposure as a possi-
ble mechanism of disrupting the moulting process in crustaceans
(Bodar et al, 1988a,b; Moreno et al, 2003). Nickel on the other
hand, caused aclearincrease in cuticula mRNA levels, but the effects
on the gene coding for juvenile hormone esterase are less clear
(Table 2) since no differential mMRNA expression was noted after
microarray analysis, but quantitative RT-PCR showed significant
up-regulation. The mixture which contained both metals is rep-
resented by an even more severely decreased mRNA expression of
gene fragments coding for cuticula proteins compared to the cad-
mium treatment. Also here an increase in mRNA ofthe gene coding
for juvenile hormone esterase could be noted. This indicates that
although thisJHE most probably influences the moulting process,
other mechanisms also play an important role.

This GO driven analysis also demonstrated that for both mix-
tures catabolic processes (at the molecular level) are clearly
additionally induced. The up-regulation of mMRNAs - among others
- of genes coding for a mannanase precursor, chymotrypsin-like
serine proteinases, cellulases, carboxypeptidase, amylase clearly
denote this. Metal-induced effects on the digestive system ofdaph-
nids have previously been shown both at the enzymatic (De Coen
and Janssen, 1997) and at the mRNA level (Soetaert et al, 2007b;
Poynton et al, 2008). However, these studies also indicate that
depending on the concentration and duration of exposure the
effects on the digestive enzymes due to metal exposure appear to
differ. Reduced ingestion and feeding rates as aresult oftoxic stress
(both metals as organic compounds) have been described previ-
ously (Bodar et al., 1988a,b; Villarroel et al, 2003; Zeman et al,
2008). In Bodar et al. (1988a,b) it was suggested that the decrease
in assimilation efficiency is mainly due to the decreased filtering
and food collection rather than malfunctioning of the digestive
system. In this study we suggestthatthe up-regulation ofthe diges-
tive metabolism related mRNA fragments could be the result of a
reduced food uptake leading to an enhanced activation of digestive
mechanisms.

The usefulness ofidentifying the different types ofgene expres-
sion responses (using a GO driven analysis) for evaluation of gene
transcription patterns of single compounds and mixtures is hereby
illustrated. At the molecular level the metal mixtures clearly show
additional mechanisms affected compared to the single compound
responses. Whether these molecular effects show any relevance at
a higher level of biological organization has to be further inves-
tigated. However, as molecular responses on important processes
related to digestion and moulting illustrate: it is crucial that these
additional effects are also studied at higher levels.

5. Conclusion

The usefulness of the custom cDNA D. magna microarray in
detecting new pathways of nickel toxicity was demonstrated with
the current study. A set of genes co- and inversely varying with the
energy budgets were identified. This is indicative ofthe strength of
integrating responses on multiple levels of biological organization
for the selection of genes as potential biomarkers. Regarding the
mixture toxicity, the hypothesis that gene transcription patterns of
equitoxic binary mixtures would be the results of additive molecu-

lar combinations ofboth individual compounds was not proven in
the present study. D. magna gene transcription patterns of binary
metal mixtures are not the simple sum of their individual com-
pounds’ fingerprint. Moreover, when comparing equitoxic binary
mixture fingerprints to single compound fingerprints, additional
molecular mechanisms were clearly switched on. Multivariate and
clustering techniques proved to be indispensable for the anal-
ysis of the microarray profiles. They helped in illustrating the
(dis)similarity between treatments and the identification of addi-
tionally affected pathways after mixture treatment. To conclude,
although analysing molecular mixture responses is clearly complex,
the benefits of using a multi-endpoint technique such as microar-
rays for mixture toxicity evaluation are demonstrated with these
findings.
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