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Abstract
Metallothioneins are proteins that play an essential role in metal homeostasis and detoxification in
nearly all organisms studied to date. Yet discrepancies between outcomes of chronic and acute
exposure experiments hamper the understanding of the regulatory mechanisms of their isoforms
following metal exposure. Here, we investigated transcriptional differences among four identified
homologs (mt1–mt4) in Daphnia pulex exposed across time to copper and cadmium relative to a
control. Transcriptional upregulation of mt1 and mt3 was detected on day four following exposure
to cadmium, whereas that of mt2 and mt4 was detected on day two and day eight following
exposure to copper. These results confirm temporal and metal-specific differences in the
transcriptional induction of genes encoding metallothionein homologs upon metal exposure which
should be considered in ecotoxicological monitoring programs of metal-contaminated water
bodies. Indeed, the mRNA expression patterns observed here illustrate the complex regulatory
system associated with metallothioneins, as these patterns are not only dependent on the metal, but
also on exposure time and the homolog studied. Further phylogenetic analysis and analysis of
regulatory elements in upstream promoter regions revealed a high degree of similarity between
metallothionein genes of Daphnia pulex and Daphnia magna, a species belonging to the same
genus. These findings, combined with a limited amount of available expression data for D. magna
metallothionein genes, tentatively suggest a potential generalization of the metallothionein
response system between these Daphnia species.
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1. Introduction
Metallothioneins are metal binding proteins that play a pivotal role in metal homeostasis and
detoxification (Amiard, 2006). Since their initial discovery, they have been extensively
studied in a variety of organisms ranging from microbes to plants and animals (Roesijadi,
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1992). Organisms often possess multiple genes encoding metallothionein homologs with
distinct properties, such as varying affinities for different metals, and in many cases different
functions (Amiard, 2006; Dallinger et al., 1997; Roesijadi, 1992).

Despite the plethora of available studies, the mechanisms by which metallothionein
homologs differ in their regulation remain unclear (Amiard, 2006; Mao et al., 2012). Recent
studies have reported differences in expression modulated by heavy metal concentrations
and in the exposure period required to induce metallothionein transcription (Amiard, 2006;
Roesijadi, 1992; Mao et al., 2012). Two studies differ in their reported responses of the
metallothionein homolog 1 (mt1) in Daphnia pulex. Shaw et al. (2007) observed significant
induction of RNA levels of the gene encoding mt1when exposing D. pulex for 48 hours to
20 μg Cd L−1, whereas Asselman et al. (2012) observed no elevated levels of mRNA
expression for any metallothionein homolog genes when exposing D. pulex for 16 days to
0.5 μg Cd L−1. These experimental results may differ because of a difference in metal
concentration, a difference in the elapsed time under stress, or both. Based on studies in
other organisms at the protein level (Barka et al., 2001; Bodar et al., 1998; Del Ramo et al.,
1995; Martinez et al., 1996), metallothioneins are likely early responders to metal stress.
However, too few studies have investigated the time course of expression of the varying
homologs in organisms when exposed to metals.

Jenny et al. (2006) observed increasing mRNA levels after 16 and 26 hours exposure to
cadmium, copper and zinc in the oyster C. virginica. Soazig and Marc (2003). In the mussel
M. edulis, phasic responses of mRNA levels were observed upon exposure to zinc and
cadmium for a period of 80 hours. Both studies illustrate the temporal variability of these
mRNA expression levels, which may be essential in understanding the mechanisms of
metallothionein regulation and their potential use as environmental biomarker (Viarengo,
1999; Valls et al., 2001). However, both studies focus on relatively short exposures of hours,
whereas exposures in the environment are more often longer in duration (i.e., chronic).
Höckner et al. (2009) investigated the response of a single cadmium mt in two closely
related pulmonate species, H. pomatia and C. aspersus. They observed time- and species-
dependent regulation of this cadmium mt after exposure to cadmium for 0, 1, 3, 5, and 8
days. Yet, without access to a whole genome sequence it is impossible to know if the
primers developed in these three studies were homolog specific. Hence, the mechanisms of
differential regulation of metallothionein within a genome remain unknown for aquatic
invertebrates. Here, we studied the differential regulation of the genes encoding four
metallothionein homologs in D. pulex upon exposure to cadmium and copper. We
specifically investigated the hypothesis that exposure duration in addition to exposure
concentration can influence metallothionein gene mRNA expression.

In D. pulex, a standard test organism in ecotoxicology and model organism (Ebert, 2011),
four homologs of metallothioneins have been identified (Asselman et al., 2012). These
homologs have shown distinct responses upon exposure to a variety of environmental
stressors, including cadmium and copper (Asselman et al., 2012; Shaw et al., 2007).
Studying these homologs at different time points of exposure and environmental stressors
can yield a broader understanding of the different roles of each homolog and the overall
mechanism regulating their responses.

In the current study, D. pulex were exposed to copper and cadmium over a time-course of
sixteen days. During this period, we sampled animals to analyze metallothionein gene
transcription at different time points (2, 4, 8 and 16 days) for each of the four individual
homologs. We focus on mRNA expression as an indicator of the response to metals. Indeed,
metallothioneins are inducible proteins, the synthesis of which is primarily stimulated and
regulated at the transcriptional level (Squibb and Cousin, 1977; Andersen and Weser, 1979;
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Roelofs et al., 2007). Furthermore, the usefulness of mRNA levels as potential biomarkers
for metals has already been demonstrated in mussels and fish (Soazig and Marc, 2003; Tom,
1999).

We further related the mRNA expression patterns of all homologs with their upstream
regulatory sequences to infer a better mechanistic understanding of the observed expression
patterns. Ultimately, we compared these regulatory sequences to those of metallothionein
genes in the closely related species Daphnia magna to identify potential similarities. Such
similarities or differences may give an indication as to what extent results can be generalized
within the Daphnia genus, since these two species are extensively used in regulatory risk
assessment. Hence, we aimed to contribute to a better understanding of the presence,
function and metal responsiveness of the different metallothionein genes in Daphnia.

2. Material and Methods
2.1 Collection and culturing of the animals

The isolate under study originated from the same isoclonal laboratory culture as the Daphnia
pulex isolate used for genome sequencing (Colbourne et al., 2011). Cultures were
maintained at a density of 15 adults per liter in no N no P COMBO reconstituted culture
water (Shaw et al., 2007) in aerated polyethylene aquaria under constant photoperiod (16:8
light:dark) and temperature (20 ± 1°C). Reconstituted culture water was renewed three times
a week. Animals were fed daily with the green algae, Ankistrodesmus falcatus, at a
concentration of 1.5 mg C L−1. Neonates (<24h) of the second through seventh brood were
used for exposures as well as for setting up a next generation of the maintenance cultures.

2.2 Experimental Design
Neonates were exposed for a period of sixteen days to a cadmium (0.5 μg Cd L−1), copper (5
μg Cu L−1), or control treatment in which no cadmium or copper was added to the media.
Concentrations were chosen based on life table and gene expression experiments from
Asselman et al. (2012). Stock solutions were made with CdCl2·H2O and CuCl2·H2O
(analytical grade, VWR International, Haasrode, Belgium). Each treatment consisted of
three replicates, represented by a 4L polyethylene aquarium containing 400 neonates at the
beginning of the experiment. Animals were fed daily with A. falcatus (1.5 mg C L−1) under
a constant photoperiod (16:8 light:dark) and constant temperature (20 ± 1°C). Every two
days, animals were transferred to new reconstituted culture water medium. During the
experiment, stocking density (15 adults per liter) was kept constant to avoid crowding
effects. After 2, 4, 8 and 16 days animals were randomly sampled from each aquarium for
mRNA extraction. The number of animals sampled was 120, 100, 60 and 40 on day 2, 4, 8
and 16, respectively. This sampling scheme ensured enough material for further mRNA
extractions (approximately 20–30 mg of Daphnia). Samples for copper and cadmium
analysis and for pH measurements were taken at regular intervals. In addition, survival and
reproduction were monitored every two days.

2.3 Analysis of population endpoints
Survival and reproduction at every change out were analyzed for effects on these population
endpoints. Significant effects on survival and reproduction compared to control at each
change out were tested using a t-statistic, after verification of assumptions of normality and
homoscedasticity. The effect on reproduction was determined by first calculating the
number of neonates per female to exclude effects on survival. Therefore, the age specific
reproduction per female was calculated for each biological replicate (i.e. each aquarium).
Effects on survival were also determined by using the age specific survival rate.
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2.4 mRNA Expression Analysis of Genes
RNA extraction was performed on fresh tissue with the Qiashredder and RNeasy columns
(Qiagen, Venlo, Netherlands) following manufacturer’s protocol including the addition of a
DNAse treatment (Qiagen, Venlo, Netherlands). RNA Quality and quantity were assessed
with a nanodrop spectrophotometer (quality standards were based on the following
absorbance ratios: 260/230>2.1 and/or 260/280>1.9). RNA integrity was verified through
gel electrophoresis. Afterwards, RNA was aliquoted and stored at −80°C until reverse
transcription to cDNA. RNA was reverse transcribed to cDNA with the MessageAmpTM II
mRNA Amplification kit (reverse transcription SECTION C only), supplied by Life
Technologies (Life Technologies, Carlsbad, CA, USA). cDNA Quantity was assessed with
an Oligreen ssDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). Samples were subsequently
stored at −20°C in nuclease free water until qPCR analysis at a concentration of 2000 ng/μL.
Primers for quantitative real-time PCR were developed by Asselman et al. (2012) and
purchased from IDT Technologies (IDT Technologies, Coralville, IA, USA) for all four
homologs. Although mt1 homolog is duplicated in this daphnia isolate, mt1A and mt1B, it is
not possible to distinguish between them with PCR as they differ by only one base. Design
and analysis of the quantitative real-time PCR experiment followed Asselman et al. (2012).
Briefly, in addition to accurate quantification of template concentrations with an oligreen
assay, a reference gene (glyceraldehyde-3-phosphate dehydrogenase) was used to normalize
the output data. In particular, for all samples, accurate concentration measurements of cDNA
with oligreen were used to confirm that the reference gene was not responsive to the metal
stress. This approach has been validated by Lundby et al. (2005) to determine stability and
validity of a single reference gene. Primers for the reference gene were developed by
Spanier et al. (2010).

qPCR was performed on the Mx3000P qPCR system (Stratagene, Santa Clara, CA, USA).
Each 96 well plate included a standard curve per gene, a melting curve per sample, positive
controls, no primer and no template controls. Each treatment was represented by three
biological replicates and two technical replicates per biological replicate (i.e. each biological
replicate is a sample of a different aquarium). SYBR Green Super mix (Quanta Biosciences,
Gaithersburg, MD, USA) was used to set up the reactions and rescaled to 25 μL total
reaction volume according manufacturer’s protocol. SYBR Green Super mix, primers and
H2O were assembled in a mastermix prior to dispensing the appropriate volume to each well
with an automated repeater pipette. At the end, 1 μL of cDNA was added in each well and
plates were vortexed to homogenize the solution. Amplification consisted of 40 cycles (30s
at 95°C, 30s at 60°C, 35s at 72°C), and was preceded by 3 minutes at 95°C.

Quality analysis was performed by analyzing melting curves of all samples and verifying
results from positive, no primer and no template controls. Raw fluorescence data were
extracted and imported into the software environment R. Data were analyzed according to
Asselman et al. (2012), using the qPCR package developed by Ritz and Spiess (2008) and
normalizing expression values according to Vandesompele et al. (2002). Significant
differences between normalized expression ratios were analyzed statistically with a t-
statistic, if assumptions for normality and homoscedasticity were fulfilled. Otherwise,
kruskal-wallis test was used as a non-parametric alternative.

2.5 Comparison of D. pulex metallothioneins with those of the closely related species D.
magna

Based on protein sequences of D. pulex metallothioneins (Asselman et al., 2012) and two D.
magna metallothioneins identified by Poynton et al. (2007), we identified three D. magna
metallothioneins in the D. magna genome version 2.4 (unreleased based on a 22x coverage
http://server7.wfleabase.org/genome/Daphnia_magna/, Daphnia Genome Consortium:
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https://wiki.cgb.indiana.edu/display/DGC/Initiatives). We used NCBI protein-protein
BLAST with standard settings (Altschul et al., 1990). To further confirm the identity of
these metallothioneins, we compared their sequences homology with known
metallothioneins in other organisms. Sequences for the latter were accessed through NCBI
Genbank (Benson et al., 2011) based on Asselman et al. (2012) and Poynton et al. (2007).
Phylogenetic analysis and analysis of regulatory elements in Daphnia magna promoter
regions were conducted according to Asselman et al. (2012). In particular, MAFT software
(Katoh, 2013) was used to construct a multiple alignment of these protein sequences. A
subsequent neighbor-joining tree was constructed using MEGA (Tamura et al., 2011).
Finally, results of promoter analysis were compared with results for D. pulex promoter
regions of metallothionein genes obtained by Asselman et al. (2012). D. magna sequences
were deposited in Genbank: Mta (KF561474), Mtb (KF561476), MtC (KF561475).

3. Results
3.1 Analysis of Population Endpoints

In both copper and cadmium experiments, pH did not vary significantly from control
treatments (pH= 7.4 with a standard deviation of 0.1 units). Measured cadmium
concentrations were 0.45 ± 0.03 μg Cd L−1 in cadmium treatments and below the detection
limit of 0.06 μg Cd L−1 in controls. The measured copper concentrations were 0.88 ± 0.06
μg Cu L−1 in control treatments and 6.25± 0.62 μg Cu L−1 in copper exposures. Different
effects on mortality were observed for copper and cadmium exposed organisms. No
significant effects on mortality were observed for organisms exposed to copper at any given
time point, whereas after 14 and 16 days survival was significantly lower for cadmium
exposed organisms compared to their corresponding control treatment (p14=0.04, p16=0.04).
(Fig. 1)

For both cadmium and copper exposed organisms, significant effects on reproduction were
observed. In the cadmium treatment, these effects were significant on the first day on which
reproduction was observed (day 12) until the end of the experiment (pday12=0.03,
pday14=0.04, pday16=0.04). In the copper treatment, significant effects were observed on the
last two time points measured, i.e. day 14 and day 16(pday14=0.04, pday16=0.02) (Fig. 1).

3.2 mRNA expression analysis
Effect of cadmium on metallothionein transcription was homolog- and time-dependent. Both
mt1 and mt3 gene transcription were significantly induced in cadmium exposed animals
after four days of exposure (pmt1<0.01, pmt3<0.01) (Fig. 2). This induction was not
permanent as after eight and sixteen days of cadmium exposure metallothionein gene
transcription of both homologs was not significantly different from control treatment. Mt2
transcription was not responsive to cadmium exposure at any exposure time, whereas mt4
transcription was induced in cadmium-exposed organisms after eight days of exposure
(pmt4<0.01) (Fig. 2). Like those of mt1 and mt3, the mRNA expression of mt4 also returned
to that of the control treatment after sixteen days of exposure (Fig 2).

In contrast, the copper treatment induced both mt2 and mt4 transcription after two days
(pmt2=0.02, pmt4=0.02) and eight days (pmt2=0.01, pmt4=0.01) of exposure, but not after four
and sixteen days of exposure (Fig. 3). In addition, mt1 and mt3 mRNA levels were repressed
under copper exposure after eight and sixteen days, respectively (pmt1=0.03, pmt3<0.01)
(Fig. 3).
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3.3 Comparison of D. pulex metallothioneins with those of the closely related species D.
magna

In addition to the two metallothioneins identified by Poynton et al. (2007), we identified a
third metallothionein in D. magna (Dma) (Fig. 4). Predicted amino acid sequences of mtA,
mtB and mtC gene product contained, respectively, 21, 18 and 18 cysteine residues, which
are characteristic for metallothioneins (Fig. 4). These residues were arranged in
characteristic motifs (Cys-xaa-yaa-Cys, Cys-x-Cys, and Cys-Cys) typing them as class I
metallothioneins (Fowler et al., 1987). Interestingly, Dma mt c contains an unusual histidine
residue at position 44(Fig. 4). Histidine residues have been observed in numerous species
including the nematode C. elegans (Bofill et al., 2009) and the snail H. pomatia (Berger et
al., 1997). The histidine residue has been suggested to play role in metal binding and
coordination (Bofill et al., 2009; Capdevila and Atrian, 2011) In addition, amino acid
identity scores were high between D. pulex (Dpu) and D. magna metallothioneins (i.e. 91%
between Dpu mt1A, Dpu mt1B and Dma mtB; 92% between Dpu mt3 and Dma mtA; 78%
between Dpu mt2 and Dma mtC). Phylogenetic analysis revealed strong monophyletic
grouping for Daphnia metallothioneins (Fig. 5) indicating them to be quite divergent from
other metallothioneins.

Analysis of upstream promoter regions of D. magna was compared with the analysis of D.
pulex promoter regions in Asselman et al. (2012) (Fig 6). For the homologs Dpu mt1A, Dpu
mt1B and Dma mtB, most distinct difference was the absence of metal regulatory elements
in Dma mtB (Table 1). Dpu Mt2 and Dma mtC promoter regions were very similar, both
containing a metal regulatory element with the same sequence (Table 2), heat shock factors
as well as initiators and 20-hydroxyecdysone responsive elements (Table 1). The same
conclusions could be drawn for Dpu mt3 and Dma mtA although mt3’s promoter region did
contain three times more heat shock factors than Dpu mtA (Table 1, Table 2).

4. Discussion
4.1 Expression patterns of cadmium exposure

Molecular analysis of the mRNA concentrations of different metallothionein genes extracted
at different exposure times confirmed our hypothesis of time dependent induction. Similar to
Asselman et al. (2012), we observed no induction of any metallothionein gene after sixteen
days of exposure to cadmium. Instead we observed a transient induction of metallothionein
gene transcription after four and eight days of exposure (Fig 2). Transient induction of
metallothionein genes upon exposure to cadmium has also been observed by Höckner et al.
(2009) in Helix pomatia. These authors attributed the transient induction to the presence of a
distal MRE overlapping with binding sites for other transcription factors. They also
suggested that the latter may act as attenuators or negative regulators of metallothionein
induction. However, in D. pulex only Mt3 contains a distal MRE in its promoter region (Fig.
6). Yet, this MRE and also all other MREs in other Mts did not overlap with other
transcription factors (Fig. 6). Interestingly, the induction of mt4 differed from the induction
of mt1 and mt3 and was only observed after eight days of exposure. Although mt4 encodes a
copper metallothionein closely related to that encoded by mt2, it does have-just like mt1 and
mt3- a metal responsive element (MRE) within less than 300 basepairs upstream of its
starting codon (Asselman et al., 2012), which may explain its induction by cadmium. In
contrast, the MRE in the promoter region of mt2 is located relatively far from the
transcription start-site (1000 bp upstream). These results show that the choices of both
exposure period and homolog are crucial for studying effects on mRNA expression. As a
result, the absence of induction at the end of the exposure period in some studies such as
Asselman et al. (2012) does not necessarily mean that there has been no induction at all over
the entire time course of the exposure. This finding may explain some of the apparent
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discrepancies between different studies as discussed in Amiard et al. (2006). Our results
show that more temporal data on all homologs are needed to adequately incorporate
metallothionein mRNA levels into biomonitoring.

Two potential mechanisms may explain the induction of metallothionein genes after four
days of metal exposure and the absence of this induction at later time points during the
exposure. First, metallothioneins reduce metal toxicity by binding the metal ion and making
it non bioreactive (Amiard et al., 2006). As a result, sufficient metallothionein proteins can
reduce and potentially eventually eliminate exposure. Second, the absence of induction after
longer exposure periods may also be related to the loss of cadmium through continued
ecdysis which results in a decreased cadmium burden and potentially decreased
metallothionein production (Riddell et al., 2009). Future studies are needed to test this
hypothesis for D. pulex by measuring cadmium body burdens and metallothionein protein
levels at different time points during the exposure in parallel with transcription levels.

4.2 Expression patterns of copper exposure
In copper exposed organisms, we also observed an early induction. However, as opposed to
cadmium, both mt2 and mt4 were transcriptionally induced. Interestingly, this expression
pattern demonstrated an oscillating trend defined by induction after two and eight days of
exposure and levels not significantly different from control after four and sixteen days of
exposure (Fig. 3). Interestingly, both metallothionein genes contain exactly one MRE with
the exact same sequence (Table 1), although this MRE is not located at the same distance
upstream from the start codon in the two metallothionein genes.

Potential dynamics of metal bound proteins may explain the observed patterns and correlate
with proposed mechanisms of reversible induction of metallothionein mRNA expression
through metal-responsive transcription factor 1 (Saydam et al., 2002). However, day eight is
also related to the onset of maturity and reproduction. In addition, copper metallothioneins
have been related to the molting metabolism in blue crabs (Engel and Brouwer, 1987).
Hence, the observed pattern may be an interaction between the function of metallothioneins
in metal detoxification metabolism and in the molting metabolism.

In contrast to the induction of mt2 and mt4 as a response to copper, mt1 and mt3 expression
levels were repressed after eight and sixteen days of exposure respectively. Downregulation
of metallothioneins in response to metals has already been observed in other species (Woo et
al., 2006). Asselman et al. (2012) proposed a potential inhibition-induction mechanism,
similarly to that already known for heatshock proteins, where homologs that are more able
to cope with the specific stressor are induced and others are repressed (Franzellitti and
Fabbri, 2005). Here, both mt1 and mt3 are responsive to cadmium, whereas mt2 and mt4 are
primarily induced by copper. Hence, the proposed induction-inhibition mechanism may
explain the differential expression pattern following copper exposure across the different
homologs (i.e. induction of mt2 and mt4, repression of mt1 and mt3).

Overall, the differences between the four metallothioneins in mRNA expression patterns
across both copper and cadmium exposure reveal a complex regulation of these
metallothioneins. Although these metallothioneins are transcriptionally regulated, the
differences in their promoter regions cannot fully account for the differences in their
expression patterns. Indeed, these metallothioneins differ in the number of MREs (Table 1),
the location of these MREs (Fig. 6) and the exact sequence of the MREs (Table 2). Yet, not
a single factor (location, number or sequence) can explain all the observed differences in
expression patterns. Most likely, the answer lies in complex interaction between the three
factors. In addition, protein structure encoded in the genetic sequence of the
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metallothioneins most likely plays a role in the relative affinity of one metal compared to the
other.

4.3 Comparison of D. pulex metallothioneins with those of the closely related species D.
magna

Phylogenetic analysis and comparison of regulatory elements in the upstream promoter
region of metallothionein genes in D. pulex and D. magna revealed a high degree eof
similarity. Although no fourth metallothionein was identified in D. magna, it does not imply
the absence of the fourth metallothionein in D. magna, as the reference genome assembly is
not yet complete (Daphnia Genome consortium). The observed similarity in predicted
protein sequence and regulatory elements needs to be supplemented with similarities in
expression patterns prior to generalization. At present, we did not find any studies of
metallothionein gene expression in D. magna after chronic exposures and could only
compare expression following acute exposures. In addition, Dma mtC has not been
identified before and thus, no comparison with expression studies in literature could be
made. We did find expression results for acute exposures at varying concentrations for Dma
mtA and Dma mtB (Poynton et al., 2008). These results showed a differential regulation of
mtB in D. magna, homologous with mt1A and mt1B in D. pulex, after exposure to cadmium
and copper at both low and high concentrations (Poynton et al., 2008). Dma mtA,
homologous with mt3 in D. pulex, was differentially regulated after exposure to low
concentrations of cadmium and after exposure to high concentrations of cadmium and
copper (Poynton et al., 2008).

Overall, we observed two clusters of metallothioneins in response to copper and cadmium
over time. First, Dpu mt1 and Dpu mt3, homologous with mtB and mtA in D. magna, are
induced to cadmium stress after four days of exposure and repressed after eight and sixteen
days respectively to copper. Second, Dpu mt2, homologous with mtC in D. magna and mt4
are induced in an oscilating pattern after two and eight days of exposure to copper. These
clusters also overlap with their phylogeny and more importantly with the regulatory
elements in their promoter regions, underlining the relevance of combining expression data
with genomic data.

However, we have in our study only used the isolates of D. magna and D. pulex that were
sequenced. Mt gene and promoter sequences may be polymorphic across a range of isolates
or populations of these two Daphnia species. As a consequence, care should be taken when
extrapolating the reported sequences and expression results obtained here to other isolates.
As publically available sequence data grows, these consensus sequences can be improved
based upon data for multiple isolates for both species.

5. Conclusion
We observed an early transcriptional induction of metallothionein genes in Daphnia exposed
to either cadmium or copper at sublethal concentrations. The expression patterns indicated a
complex time-variable regulation of metallothioneins to different metals that is homolog-
dependent. We identified two groups of metallothioneins. The first cluster consisted of mt1
and mt3, homologous to D. magna mtB and mtA, and responsive to cadmium stress. The
second cluster consisted of mt2, homologous to mtC in D. magna, and mt4, which are
responsive primarily to copper stress. This variability in metallothioneins response to
stressors over time underlines the critical need of considering the exposure period and
choice of homolog in experiments and biomonitoring programs when interpreting mRNA
tissue levels.
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Highlights

• Transcription patterns of 4 metallothionein isoforms in Daphnia pulex.

• Under cadmium and copper stress these patterns are time-dependent.

• Under cadmium and copper stress these patterns are homolog-dependent.

• The results stress the complex regulation of metallothioneins.
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Figure 1.
Population characteristics throughout cadmium (Cd) and copper (Cu) experiments are
represented after various days (D) of exposure. Ctr denotes control treatments. Left bar
charts represent mean % of surviving animals at the given time point. Right bar charts
represent mean reproduction per female at the given time point. Error bars represent
standard deviations. Stars denote statistically significant differences from control treatments
at a significance level of p=0.05.
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Figure 2.
Relative mRNA expression ratios for all four metallothionein homolog genes after 2(D2),
4(D4), 8(D8) and 16(D16) days of exposure to cadmium (Cd) or control (Ctr) treatments
after normalization with both oligreen and GAPDH reference gene. Stars denote statistically
significant differences from control treatments at a significance level of p=0.05. Error bars
represent standard deviations.
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Figure 3.
Relative mRNA expression ratios for all four metallothionein homolog genes after 2(D2),
4(D4), 8(D8) and 16(D16) days of exposure to copper (Cu) or control (Ctr) treatments after
normalization with both oligreen and GAPDH reference gene. Stars denote statistically
significant differences from control treatments at a significance level of p=0.05. Error bars
represent standard deviations.
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Figure 4.
Daphnia magna gene models for mtA, mtB and mtC. These sequence data were produced by
The Center for Genomics and Bioinformatics at Indiana University and distributed via
wFleaBase in collaboration with the Daphnia Genomics Consortium http://
daphnia.cgb.indiana.edu
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Figure 5.
Phylogenetic neighbor-joining (Saitou and Nei, 1987) tree based on multiple alignments of
all predicted sequences of 5 different homologs of metallothionein in Daphnia pulex, 3
homologs in Daphnia magna and 27 metallothionein sequences of 18 different species
(based on Asselman et al., 2012 and Poynton et al., 2007).). NCBI or wfleabase accession
numbers are listed next to each sequence. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) is shown next to the
branches (Felsenstein, 1985). The evolutionary distances were computed using the Poisson
correction method (Zuckerkandl and Pauling, 1965) and are in the units of the number of
amino acid substitutions per site. The tree is drawn to scale, with branch lengths in the same
units as those of the evolutionary distances used to infer the phylogenetic tree. Colored dots
represent different phylogenetic groups: malacostraca (blue), bony fish (orange), mammals
(yellow), insects (purple), molluscs (green), Daphnias (red), nematodes (grey).
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Figure 6.
Representation of metallothionein (mt) genes in Daphnia pulex (adapted from Asselman et
al., 2012) and Daphnia magna. For each gene 3000 bp upstream promoter region with
identified regulatory elements (Table 1) is represented. Exons are represented by rectangular
blocks, white blocks for non coding exon sequences and blue blocks for coding exon
sequences, all connected by triangles representing intron sequences.
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