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Abstract

Field-selected tolerance to heavy metals has been reported for Orchesella cincta
(Arthropoda: Collembola) populations occurring at metal-contaminated mining sites.
This tolerance correlated with heritable increase in metal excretion efficiency, less
pronounced cadmium (Cd)-induced growth reduction and overexpression of the
metallothionein gene. We applied transcriptomics to determine differential gene
expression caused by this abiotic stress in reference and Cd-tolerant populations. Many
cDNAs responded to Cd exposure in the reference population. Significantly fewer clones
were Cd responsive in tolerant animals. Analysis of variance revealed transcripts that
interact between Cd exposure and population. Hierarchical cluster analysis of these
clones identified two major groups. The first one contained cDNAs that were up-
regulated by Cd in the reference culture but non-responsive or down-regulated in
tolerant animals. This cluster was also characterized by elevated constitutive expression
in the tolerant population. Gene ontology analysis revealed that these cDNAs were
involved in structural integrity of the cuticle, anti-microbial defence, calcium channel-
blocking, sulphur assimilation and chromatin remodelling. The second group consisted
of cDNAs down-regulated in reference animals but not responding or slightly up-
regulated in tolerant animals. Their functions involved carbohydrate metabolic pro-
cesses, Ca**-dependent stress signalling, redox state, proteolysis and digestion. The
reference population showed a strong signature of stress-induced genome-wide pertur-
bation of gene expression, whereas the tolerant animals maintained normal gene
expression upon Cd exposure. We confirmed the micro-evolutionary processes occurring
in soil arthropod populations and suggest a major contribution of gene regulation to the
evolution of a stress-adapted phenotype.
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tion (Waddington 1939; Jacob & Monod 1961). With the

Introduction . o
development of new genetic tools to study transcription

Before direct evidence was available, biologists already
argued that gene expression is a major driver of evolu-
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regulation, it is now possible to test whether regulatory
mutations contribute to heritable changes in morphol-
ogy, physiology and behaviour (Wray 2007). Recent
studies indeed show that selection for altered transcrip-
tional regulation can be a powerful mechanism for
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micro-evolution (Schulte et al. 2000; Daborn et al. 2002;
Gompel ef al. 2005; Rockman et al. 2005; Shapiro et al.
2006; Whitehead & Crawford 2006). Adaptive transcrip-
tional responses have also been implicated in the evolu-
tion of tolerance to natural (Knight et al. 2006) and
anthropogenic (Fisher & Oleksiak 2007) stressors in the
environment. Earlier, we presented data suggesting that
evolution of metal tolerance in the soil-living inverte-
brate Orchesella cincta (Arthropoda: Collembola, spring-
tails) involves altered transcriptional regulation. A
tolerant population of springtails showed increased
expression of the metal detoxifying gene metallothion-
ein (mt) compared with a reference population (Steren-
borg 2003; Timmermans et al. 2005; Roelofs et al. 2007).
Moreover, in a reference population, cadmium (Cd)-
induced mt overexpression contained a significant heri-
table component (Roelofs et al. 2006), suggesting that
selection can act on elevated mt function in springtails
at sites where Cd levels are a potential threat to their
fitness (Timmermans et al. 2005; Janssens ef al. 2007,
2008). The increase in transcriptional activation of mt
may account for enhanced excretion efficiency that was
observed in a tolerant population (Posthuma et al.
1993). However, it cannot explain other aspects of the
metal-tolerant phenotype, such as earlier reproduction
and the less outspoken growth reduction upon Cd
exposure that was reported by Posthuma et al. (1993).

Differential gene expression patterns due to adapta-
tion to heavy metals are poorly understood. Orchesella
cincta is a soil-dwelling arthropod that has both sensi-
tive as well as metal-tolerant populations and is thus an
appropriate model to address the effect of heavy metals
on the stress response system as well as identifying
genes that are possibly involved in metal tolerance.
However, being a non-genomic model organism, DNA
sequence information is lacking for O. cincta. In such a
case, it is efficient to construct cDNA libraries enriched
for genes that potentially respond to the exposure
under investigation, such as suppression subtractive
hybridization (SSH; Diatchenko ef al. 1996). For
instance, Gracey et al. (2001) used SSH in combination
with microarray analysis to investigate tissue-specific
and temporal changes in gene expression levels in the
non-genomic model organism Gillichthys mirabilis (long-
jaw mudsucker) exhibiting tolerance to hypoxia. This
study illustrates that it is possible to reconstruct a con-
siderable fraction of the expressed genome even in
organisms for which little genomic information existed
before.

Recently, we (Roelofs et al. 2007) employed the SSH
method to screen for genes that are differentially
expressed in O. cincta upon Cd exposure. We used
quantitative PCR to compare transcription profiles of
the reference culture with those of Cd-tolerant animals

originating from two locations near an abandoned
lead/zinc mine near Plombieres (Belgium). More insight
was obtained into: (i) the mechanism of toxicity by
identification of additional responsive genes and (ii) the
adaptive mechanisms of Cd tolerance. The most
intriguing result was the general lack of a stress
response in the two tolerant cultures. Most of the
assayed genes, differential between populations,
showed no significant up-regulation upon Cd exposure
in the two Plombiéres populations. In fact, three genes
showed significant down-regulation. We suggested a
mechanism of adaptation through constitutive detoxifi-
cation of Cd preventing the increase in free metal ion
concentrations which would harm cellular homeostasis
and integrity. It may involve constitutively high levels
of mt mRNA present in tolerant animals, providing suf-
ficient protein to effectively chelate any free Cd (Steren-
borg 2003; Timmermans et al. 2005). Five additional
genes showed a similar pattern (low constitutive
expression in reference populations and high constitu-
tive expression in tolerant populations). Two of these
genes, being a MAPK phosphatase and a protein tyro-
sine kinase homologue, were suggested to be involved
in modulating metal transcription factor MTF-1 (which
is the major transcription factor regulating mt transcrip-
tion, Saydam et al. 2001, 2002), or some of its co-factors
(Jiang et al. 2004), although the precise mechanism is
far from clear. It was suggested that selection on
constitutive regulation of stress response genes was
important to develop metal tolerance (Stiirzenbaum
et al. 2001) in a polluted ecosystem. This mechanism
was also proposed in plants living on metal-contami-
nated soils and seems therefore of broad relevance
(Roelofs et al. 2008). To study the relevance of tran-
scriptional regulation in stress tolerance, we applied
transcriptomics to determine differential gene expres-
sion caused by an important environmental stressor
(Cd) in a reference and Cd-tolerant population. Our
results suggest that the Cd-induced stress response is
dramatically diminished in tolerant animals. It suggests
a major contribution of gene regulation to the evolution
of a stress-adapted phenotype.

Materials and methods

Origin and exposure of animals

Orchesella cincta (Collembola) from the laboratory popu-
lation at the Department of Animal Ecology, Vrije Uni-
versiteit Amsterdam, were taken as the reference group.
This population originated from a pine forest from the
reference area (Roggebotzand, the Netherlands, latitude
52°3417”N, longitude 5°47’56”E) that contains on aver-
age < 0.5 pg Cd/gram litter and humus (Van Straalen
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et al. 1987; Janssens et al. 2007). Tolerant animals were
collected from randomly selected litter samples at two
areas of the abandoned but still heavily polluted lead/
zinc mining site of Plombieres (Belgium, latitude
50°4403”N, longitude 5°58’02”E): the locations contain
an average Cd concentration between 10 and 52 pg/g
soil (Van Straalen et al. 1987; Lock et al. 2003; Steren-
borg 2003). To diminish putative environmental effects
from the field, the animals were reared in a climate
room (20 °C, 75% humidity, L:D 12 h:12 h) in PVC jars
on a moist plaster of Paris layer feeding on algae pres-
ent on twigs for at least three generations before experi-
mental treatment.

Animals were exposed to Cd (nominal concentration
of 112.4 pg Cd x g~' dry algae) for 2 days, directly after
moulting, via the food according to Roelofs et al. (2006).
This exposure concentration is two times the no observed
effect concentration (NOEC) for reproduction in chroni-
cally exposed animals (Van Straalen et al. 1989). The
above mentioned Cd concentration in short-term expo-
sure experiments results in internal body concentrations
that are comparable with internal body concentrations
measured in animals collected from the Plombieres sites
(Sterenborg 2003). Total RNA was extracted from eight
pools of 12 animals per treatment using SV Total RNA
Isolation system (Promega) and quantified on a Nano-
drop ND-1000 Spectrophotometer (Nanodrop Technolo-
gies). Total RNA was visualized on a 1.5% agarose gel
with ethidiumbromide to verify its integrity.

Microarrays, labelling and scanning

We amplified cDNAs from our previously obtained Cd-
exposed SSH library (Roelofs et al. 2007) together with
clones derived from a cDNA library of gut tissues from
Cd-exposed animals (T.K.S. Janssens, P. Kille, S. Stiirzen-
baum and D. Roelofs, unpublished) with amine-linked
primers. Amine-tagged cDNAs were spotted onto
Codelink-activated slides (GE Healthcare). Each cDNA
was printed twice on one array and two arrays were
printed on one slide, so that each cDNA was four times
technically replicated on a slide. Pins of the printer re-
sampled the cDNAs before printing the replicate array,
so that each slide contained two separately printed
arrays. The eight biological replicates per treatment
were hybridized to 16 different arrays.

A direct comparison was applied of all treatments
and populations in a closed loop experimental design
(Fig. 1). About 20 pg of total RNA was labelled by the
incorporation of  5-(3-aminoallyl)-dUTP  (Ambion)
during c¢cDNA synthesis with superscript II reverse
transcriptase (Invitrogen) and an oligo(d)Tys probe. Sub-
sequently, amine-labelled cDNA was treated with Fluor-
olink Cy-3 or Cy-5 monofunctional dyes (Amersham).

© 2009 Blackwell Publishing Ltd
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Fig. 1 Experimental design. C: Labculture (reference popula-
tion) and P: Plombiéres culture (cadmium tolerant). Y: 112.4 ug
Cd x g”! dry food, N: clean food. Each arrow depicts an array
hybridization. Arrow base: Cy-3, arrow point: Cy-5.

After removal of unincorporated fluorescent dyes, with
a PCR clean-up column (Qiagen), labelled cDNA was
eluted in nuclease free water and stored at —80°C until
hybridization.

Hybridization of labelled c¢cDNAs was performed
according to Bergman ef al. (2005) with a modified
hybridization buffer (0.14 g/mL dextrane sulphate, 75%
formamide, 3XSSC, 60 pg t-RNA and 24 ug human cot-
1 DNA; Amersham) at 37 °C in a HybArray 12 (Perkin-
Elmer) for 14 h. Wash steps were also performed in the
HybArray 12 and included one step with 50% formam-
ide/2XSSC, one step with phosphate buffer followed by
three steps with SSC (0.2X, 0.1X and 0.01X).

Labelled cDNAs bound to microarray slides were
quantified with a DNA microarray scanner (Agilent).
Images were analysed using Bluefuse microarray analy-
sis software (version 3.2; BlueGnome) in order to calcu-
late background corrected log, gene expression ratios of
Cy3/Cyb5 signals. From the 1920 cDNAs, 262 were omit-
ted from further analysis because of aberrant spot
morphology.
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Statistics and bioinformatics

%log-transformed Cy3/Cy5 ratios were analysed using
R/Linear Models for Microarray Data (LIMMA; Wetten-
hall & Smyth 2004). First, data were smoothed by apply-
ing the global lowess correction method. Subsequently,
cDNAs were obtained that were significantly affected by
Cd exposure (P < 0.05). Significance values were
adjusted for multiple testing using the Benjamini Hoch-
berg algorithm (Benjamini & Hochberg 1995). aNova
analysis was performed using the Microarray Analysis
of Variance package in the R environment (R/MAANOVA;
Wu & Churchill 2006). First, a lowess correction was
conducted as described above to normalize for dye
effect. A mixed-model aNova was fitted to the data
(average intensities from the four replicated probes for
each cDNA) and F-ratio test statistics were calculated for
the two main effects and the interaction term with no
differential expression as null hypothesis. The model is
described by the following formula: yy=p + P; +
C]' + (P x C),] + Dk + Al + Eijkls where Yijk is the signal
from the sample derived from the ith population treated
with the jth Cd treatment labelled with the kth dye and
hybridized to the randomly assigned Ith array. The
parameter p is the overall mean, P; is the population
effect (tolerant or sensitive), C; is the Cd treatment effect
(yes or no) and (P x C); is the population x Cd treatment
interaction, D; the dye effect (Cy3 or Cy5), A; is the
random effect of the array to which the sample has been
assigned to and gy is the stochastic error. Significance
testing was performed using one-step FWER-adjusted
empirical P-values based on 1000 permutations of the
data. The MaaNova input data-, design- and script files
are available as Supporting Information files (Appendix
S1: MaanovascriptCadOC.txt, MaanovainputCadOC.txt,
MaanovaDesignCadOC.txt). The resulting tabulated
P-values were adjusted for a false discovery rate of 0.1%.

Significantly differentially expressed cDNAs were
hierarchically clustered using complete linkage within
the Pearson uncentred distance method and visualized
by TIGR Multi Experiment Viewer software (Saeed et al.
2003). The significant clones were sequenced and analy-
sed using the Partigene (Parkinson et al. 2004) Perl
scripts. In summary, the different sequences were assem-
bled into groups of unique gene fragments (unigenes).
Subsequently, the sequences within each cluster were
assembled using Phrap (Gordon 2008). The obtained con-
tig-sequences were then subjected to a BLAST (McGinnis
& Madden 2004) search (BLASTX) against the non-
redundant database (GenBank Release 163). In addition,
all gene clusters were assigned Gene ontology (GO)
terms using the Annot8r Perl script that used BLAST
searches against the UniProt database (Schmid & Blaxter
2008). All EST sequences are submitted to GenBank

(accession numbers) and are additionally available on
Collembase (Timmermans et al. 2007; http://www.
collembase.org). The function getGOGraph of the r pack-
age GOSmv (Frohlich et al. 2007) was applied to generate
a Gene ontology hierarchy for several clusters.

The microarray data, as well as EST accession num-
bers, discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus (Edgar et al. 2002)
and are accessible through GEO Series accession
number GSE14076 (http://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE14076).

Results

Cadmium-dependent transcriptional response in each
population

We first assessed the effect of Cd in each population
separately. Figure 2 shows the results for each popula-
tion, graphically represented by a volcano plot (Jin et al.
2001). Gene expression ratios from the reference culture
reflect a severe transcriptional response to Cd: 1091
cDNA clones showed a significant (adjusted P < 0.05)
response to the exposure (Fig. 2a). The SSH procedure
enriches for up-regulated clones upon treatment.
Indeed, approximately two-thirds of the significant
cDNAs were up-regulated in reference population and
the range of up-regulation was broad, reaching a maxi-
mum of 270-fold up-regulation of clone Oc_SSHCd_
07A04 (Table S1). The remaining down-regulated genes
showed a more narrow range with 19-fold down-regu-
lation of clone Oc_SSHCd_12F8 (Table S1) as the most
down-regulated clone. A total of 306 clones showed
significant regulation higher than a —'’log P > 10.

A smaller fraction of cDNAs (791) was significantly
affected by Cd exposure in the tolerant population from
Plombiéres (Fig. 2b). Moreover, the responses were less
significant in tolerant animals when compared with ref-
erence animals: only 63 clones showed a response with
significance of —'’log P > 10. Finally, the amplitude of
regulation was much less in tolerant animals, ranging
from sixfold down-regulation (Oc_SSHCd 19A3,
Table S1) up to 28-fold up-regulation (Oc_SSHCd_19E7,
Table S1). Reference animals obviously showed a much
more profound regulatory change upon Cd exposure,
both in maximum fold change, as well as in significance
of the transcriptional response, while tolerant animals
from Plombieres were less affected by Cd.

Direct comparison between Cd-sensitive and -tolerant
populations

We hybridized not only Cd-exposed with non-exposed
animals for each population but also directly compared

© 2009 Blackwell Publishing Ltd
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Fig. 2 Volcano plot of cadmium exposure. (A) Differential
gene expression of cadmium-exposed reference culture. (B) Dif-
ferential gene expression of cadmium-exposed tolerant culture
from Plombieres. X-axis: “log gene expression ratios (cad-
mium-exposed vs. non-exposed animals), Y-axis: level of sig-
nificance (-'’log P) of differential expression. Coloured dots
represent relevant genes showing an interaction between Cd
treatment and population: Diapausin Occ00249 (red), Hsp40
Occ00117 (green), phosphoinositide-specific phospholipase C
Occ00495 (yellow), Trypsin Occ00335 (blue).

non-exposed tolerant animals with non-exposed refer-
ence animals and Cd-exposed tolerant animals with Cd-
exposed reference animals in a loop design (Fig. 1).
Thus, we are capable of not only determining which
genes are affected by Cd exposure or genetic back-
ground (population) but also identifying genes that
respond differently to Cd exposure depending on the
genetic origin of the animals (interaction between Cd
and population). ANOvA analysis was performed on the
four technically replicated spots of each cDNA as well
as the collapsed mean value for each cDNA. Both anal-
yses yielded equal numbers of significant cDNAs (data
not shown). A significant dye effect was observed in
two clones (Oc SSHCd 12A04 and Oc SSHCd 05A08,
Table S1), which were omitted from further analysis.
When P-values were adjusted for false discovery rate of
0.1%, 224 clones were significantly affected by Cd, 221

© 2009 Blackwell Publishing Ltd

clones were significantly affected by population and 606
clones showed a significant interaction between Cd and
population (Table S2).

Gene expression affected by Cd treatment or population

The Cd-responding clones clustered in two groups:
down-regulated by Cd and up-regulated by Cd (Fig. 3).
The 224 significant clones assembled in 90 unique genes
(unigenes); about two-thirds of the clones were down-
regulated and the remaining clones were up-regulated
due to Cd exposure. We retrieved BLAST hits for only
19 unigenes and Gene ontology analysis revealed that
14 biological processes were affected by Cd. One uni-
gene, involved in phospholipid and fatty acid biosyn-
thesis (Occ00139 and Occ00165), was down-regulated
upon Cd exposure. Moreover, the stress biomarker ace-
tylcholine esterase (Occ00397) was down-regulated
upon Cd exposure. Innexin (Occ00332), belonging to a
gene family involved in gap junction formation between
cells, was up-regulated. A melted orthologue, with a
pleckstrin domain (Occ00070), and a metallothionein
(Occ00973) were up-regulated as well.

The 221 clones that showed a population-specific
effect were assembled in 121 unigenes, of which 37
showed homology to sequences in the public databas-
es (Fig. 3, Supporting Information file 2). Gene
ontology analysis revealed 28 biological processes, of
which six comprised general gene expression pro-
cesses like RNA splicing, translation and protein fold-
ing. Furthermore, one unigene (Occ00572) contains a
transmembrane gene of which the product is residen-
tial of lysosomes and is implicated in phagocytosis.
Additionally, we identified a unigene that is involved
in actin binding and the formation of stress fibres
(profilin, Occ00239). Figure 3b shows that all these
clones revealed a lower expression in the animals
from the tolerant population compared with reference
animals except one clone (unigene Occ00966, contain-
ing an o-amylase), which exhibited constitutively ele-
vated levels in the tolerant population.

Interaction between Cd treatment and population

From the 606 interacting clones, 231 were up-regu-
lated by Cd in the reference population and down-
regulated or unaffected in the tolerant population,
whereas the basal expression was generally higher in
tolerant animals than in reference (Fig. S1). These 231
cDNAs assemble into 138 wunigenes, of which 34
showed homology to known gene sequences in public
databases. The most important genes within specific
functional classes are summarized in Fig. 4 (cluster
A). Eight unigenes showed high homology to cuticle
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Occ00521 P13621 ATP synthase subunit O, mitochondrial
Occ00979 XP_001376982 [THUMP domain containing 1
Occ00031 XP_392072 splicesome protein
Occ00894 NP_001006144 histidyl-tRNA synthetase
Occ00541 QoY115 UNC93-like protein
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Fig. 3 Clusters of GO-annotated clones that show significant cadmium or population effect (0.1% FDR corrected) arranged according
to functional group. (A) Cadmium effect; (B) population effect. Red: up-regulation, green down-regulation. Labels are cluster IDs (see
Table S3). Each lane represents the mean ratios of four biological replicates of hybridizations. CY:CN, ratio cadmium-treated labora-
tory culture (CY) versus untreated laboratory culture (CN). Ratio PY:PN, cadmium-treated tolerant Plombieres culture (PY) versus
untreated tolerant Plombieres culture (PN). PN:CN, ratio untreated tolerant Plombieres culture versus untreated laboratory culture.
PY:CY, ratio cadmium-treated tolerant Plombiéres culture versus cadmium-treated laboratory culture.

protein and GO analysis assigned these to the biologi-
cal process ‘structural constituent of the cuticle’. In
addition, an endochitinase (Occ00140) was identified,
suggesting that exoskeleton maintenance is severely

affected by Cd. Two wunigenes were identified as
putative diapausin (Occ00233 and Occ00249) and
one unigene was highly homologous to the chitin-
binding peritrophin (Occ00173). Both diapausin and

© 2009 Blackwell Publishing Ltd
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perithrophin are involved in anti-microbial defence in
the midgut (Kouno ef al. 2007). Furthermore, the
genes coding for heat shock protein 40 (Occ0011,
involved in protein refolding) and sulphotransferase
(Occ00895, involved in sulphate assimilation) were
induced by Cd in the reference population. Moreover,
both unigenes Occ00310 (homologous to the transcrip-
tional regulator protein HCNGP) and Occ00327 (His-
tone acetyltransferase p300) are involved in chromatin
remodelling by histone acetylation. HCNGP acts as a
repressor by attracting histone deacetylase, while p300
is a transcriptional activator via its intrinsic histone
acetylase activity. They are both up-regulated by Cd
in the reference population.

The remaining 375 clones (Fig. S1) that show a
population-specific response to Cd are characterized
as down-regulated in the reference population upon
Cd exposure and exhibit generally lower constitutive
expression in tolerant animals (Fig. 4, cluster B). They
assembled into 241 unigenes, of which 99 showed sig-
nificant BLAST hits to known gene sequences. Gene
ontology analysis revealed that diverse biological pro-
cesses are down-regulated in reference animals but
are less responsive in tolerant animals upon Cd expo-
sure. Overall, general metabolic and translation pro-
cesses seem to be affected; at least 16 unigenes were
identified to be involved in energy metabolism and
seven in translation (Fig. 4, Cluster B). Furthermore, a
signature of digestive inhibition due to Cd toxicity
was identified in reference animals: seven unigenes
showed homology to proteases. Again these genes
were unaffected by Cd in tolerant animals, when
compared with reference populations. Several chitin-
binding proteins and another peritrophin (Occ00075)
anti-microbial peptide were less down-regulated by
Cd in tolerant animals compared with the reference
population (Table S3).

Surprisingly, genes involved in a possible stress-acti-
vated protein kinase signalling pathway (SAPK,
Fig. 5), involving phosphatidylinositol and calcium
signalling (e.g. phosphatidylinositol transfer protein
lipid-binding domain Occ00267, phosphoinositide-spe-
cific phospholipase C Occ00495, cAMP-dependent pro-
tein kinase Occ00705, protein kinase C mu Occ00149
and protein tyrosine phosphatase Occ00205) were
down-regulated in reference animals but were non-
responsive or slightly up-regulated in tolerant animals.
Moreover, some more specific targets were transcrip-
tionally affected in similar ways (for instance, gluta-
thione-S-transferase, Occ00622). Finally, the O. cincta
metallothionein cluster was identified in this group of
interacting genes. As shown in Fig. 4, metallothionein
is up-regulated both in reference and tolerance
animals upon Cd exposure. This is in accordance with

© 2009 Blackwell Publishing Ltd

previous studies, so that its position in the group of
down-regulated clones in the microarray analysis may
be an artefact of the hierarchical clustering method.
However, in contrast to previous quantitative RT-PCR
data, basal expression levels of mt seem to be lower
in tolerant animals when compared with reference
animals.

Discussion

The presented microarray data show that regulatory
change of gene expression is an important factor associ-
ated with adaptation to heavy metals in natural O.
cincta populations occurring at metal-contaminated
sites. It is tempting to suggest that genes responding to
Cd in a population-dependent context may have been
molecular targets by which field-selected metal toler-
ance evolved. However, not all expression differences
are necessarily a direct result of Cd exposure and so
not all of them can be considered primary targets of
micro-evolution. Still, this study shows that several
stress responsive genes are less inducible in tolerant
animals but exhibit high basal expression levels. This
suggests that the Cd detoxification mechanism is consti-
tutively overexpressed in tolerant animals, implying
that cellular homeostasis is not disturbed upon expo-
sure to Cd. In addition, genes important in food uptake
are down-regulated in reference animals due to envi-
ronmental Cd, while these genes are hardly affected in
tolerant animals. This may explain the observation by
Posthuma et al. (1992) that Cd causes less adverse
effects on the growth of tolerant animals. Finally, the
stress-activated kinase pathway seems to be adapted in
such a way that tolerant animals are capable of
modulating the above-mentioned processes in order to
withstand chronic Cd exposure.

Our study shows that SSH (Diatchenko ef al. 1996) is
an effective way to enrich for genes that are signifi-
cantly up-regulated by Cd exposure. About half of the
isolated clones were significantly affected by either Cd,
population or showed a significant interaction between
population and Cd. One drawback of the enrichment
procedure is the redundancy introduced on the micro-
array. Indeed, only 590 unigenes were retrieved from
the 1051 sequenced cDNAs and for instance cluster
Occ00070 was represented by 22 identical cDNAs on
our array (http://www.collembase.org). However,
redundancy also indicates the importance of a particu-
lar gene/cluster in the Cd response (Shaw et al. 2007).
We, finally, note that the SSH enrichment in general
misses genes that are differentially expressed less than
threefold (Ji et al. 2002), which implies that potentially
important genes responding more subtle but signifi-
cantly to Cd will be overlooked.
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& 8 & 3
O & & &
/ Cuticle/chitin 0cc00173 AAP33177 peritrophin 1
Gcc00126 PB0683 larval cuticle protein ASA
0cc00592 XP_974125 cuticular protein 80, RR-1 family
Occ00119 XP_067897 cuticular protein 62Bc
Occ00794 XP_313887 cuticular protein 11 from low complexity family
0cc00277 XP_001809825 | similar to cuticular protein 62Bc
Occ00234 XP_967897 cuticular protein 62Bc
Occ00322 ABZ04124 putative cuticle protein CP7
ClUSter A < 0cc00815 EEB15865 . icle structural in SgAbd
Occ00140 XP_001599037 | endochitinase
Chromatin _ Occ00310 | XP_001519888 | transcriptional regulator protein HONGP ]
remodeling Occ00327 | XP_001946424 | Histone acetyltransferase p300 |
Stress response Occ00895 | XP_001949676 | sulfotransferase
Diapausins Occ00233 | ABU96713 diapausin
Occ00117 | XP_001845463 | DNA-J/hsp40
\ ‘ Occ00249 | BABB8222 Diapausin

XP_001655020 isocitrate dehydrogenase

EAL25854 Cytochrome b-561
'YP_001798485 cytochrome c oxidase subunit 111

AAI35034 Glutamate-5-kinase

BAF36819 pxPhosphoserine phosphatase

EDO48249 glucanase

AAR10038 F-type H+transporting ATPase subunit

XP_001844069 malate dehydrogenase

XP_001662477 |-asparaginase i

XP_001517992 dihydrodipicolinate synthase

XP_967647 beta-galactosidase

NP_652035 lethal

EAT47764 methylmalor

XP_975666 beta-glucosidase

XP_975608 lysosomal glucocerebrosidase

Metabolism Occ01046
Occ00755
Occ00416
Occ00518
Occ00443
Occ00089
Occ00810
Occ00369
Occ01052
Occ00644
Occ00672
Occ00793
Occ00654
0Occ00298
Occ00319
Occ00510

XP_001808055 acylphosphatase

Redox state Occ00445 | XP_001662131 aldehyde oxidase
0cc00091 EEB14672 aldose reductase
0cc00503 EAL29644 Aldo/keto reductase
Occ00937 XP_786300 cytochrome P450
Occ00969 XP_001507796 | _ thioredoxin reductase
0cc00957 XP_066541 Cytochrome P450
Cluster B Signal 0cc00705 EEB12665 GAMP-dependent protein kinase catalytic subunit
transduction 0cc00267 EAL29593 phosphatidylinositol transfer protein lipid binding domain
0Occ00205 EDK97870 Protein tyrosine phosphatase
0cc00495 AAF53153 inositide-specifi ipase C
0cc00149 XP_001815003 similar to protein kinase ¢, mu
Translation 0cc00179 EEB15322 60S ribosomal protein L13
0cc00256 | ABX75455 60S ribosomal protein 127
Occ00351 | CAJ17164 ribosomal protein Sde
Occ00721 EEB16441 eukaryotic translation initiation factor 3
0cc00949 XP_973003 395 ribosomal protein L13
0cc00329 NP_001037586 | eukaryotic translation initiation factor 3 subunit 4
0cc00789 EEB17149 elongation factor 1-delta
Proteolysis Occ00747 NP_001072639 prolylcarboxypeptidase
digestion 0cc00042 | AAF52291 dipeptidyl peptidase IV
Occ00238 | AAL39279 GH14272p
Occ00335 | AAOC12215 trypsin
Occ00513 | TRYAS_LUCCU | trypsin alpha-3
Occ00287 | AAX98287 hepatopancreas trypsin
Occ00881 | XP_971405 carboxypeptidase A
Stress respons _ 0cc00204 | AAD10193 [ metallothionein |
Occ0062: | R84 | glutathione S-transferase |

Fig. 4 Clusters of GO-annotated clones that show significant interaction between cadmium exposure and population (0.1% FDR cor-
rected) arranged according to functional group. Red: up-regulation; green: down-regulation; labels are cluster IDs (Table S3). Cluster
A: up-regulation by cadmium in reference culture and non-responsive or down-regulated in tolerant animals. Cluster B: down-regu-

lation by cadmium in reference culture. Sample description as in Fig.

Comparison of microarray data with previous qRT-
PCR results

In a previous quantitative RT-PCR study, we deter-
mined the Cd response of a reference culture and toler-
ant animals from Plombieres for 26 different unigenes

3.

under identical exposure conditions (Roelofs et al. 2007).
These genes were also present on the microarray
described in this experiment; however, the animals
assessed were from cultures differing about 1 year
(about two to three generations). For a substantial
number of clones, the direction of differential gene

© 2009 Blackwell Publishing Ltd
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Activation of JNK activity

Occ00705

Biological process
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llular signallin

MAPKKK cascade
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Activation of MAPK
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Cellular process

proliferation
Occ00495 Occ00149
Occ00149

0Occ00205

Occ00495
Occ00149

Fig. 5 GO hierarchical graph (getGOGraph in R package GOSmM) of biological process with clusters identified in the stress-activated
protein kinase pathway (grey circles). BLAST annotation of identified clusters: Occ00149, protein kinase C mu; Occ00205, protein
tyrosine phosphatase; Occ00495 phosphoinositide-specific phospholipase C; Occ00705, cAMP-dependent protein kinase catalytic sub-
unit. Expression profile of the identified cluster numbers are shown in Fig. 4 in functional cluster ‘signal transduction’ (cluster B).
Open circles indicate related biological processes that have not been identified in the current study.

expression was similar between the two quantification
techniques, which resulted in a significant (P < 0.01)
Pearson correlation coefficient of 0.6. Still, eight of the 26
clones showed opposite directions of gene regulation.
Roelofs et al. (2007) reported seven clones that showed
a significant interaction between Cd and population.
We confirmed the significance of gene regulation for six
of these clones. The clone (Oc SSHCd 02E09, cluster
Occ00058) homologous to an MAPK phosphatase (sling-
shot), however, showed an opposite response when
compared with the quantitative RT-PCR data of Roelofs
et al. (2007). According to these data, this gene was
up-regulated in Cd-exposed reference animals, while it
was down-regulated in Cd-exposed reference animals

© 2009 Blackwell Publishing Ltd

according to the microarray data. Another inconsistency
was observed when constitutive levels of metallothion-
ein (mt) gene expression levels were compared between
reference and tolerant animals. Quantitative RT-PCR
analysis from previous studies (Timmermans et al. 2005;
Roelofs et al. 2007) has revealed a highly significant
elevated constitutive expression of this gene in non-
exposed tolerant Plombieres animals when compared
with non-exposed reference animals. The array data
showed very slight but significant lower constitutive mt
RNA abundance in unexposed tolerant samples when
compared with reference samples. Explaining the above-
described inconsistencies between the two platforms
remains highly speculative. Transcriptional regulation
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may have been changed during subsequent generations
of culturing in the laboratory. Alternatively, the incon-
sistencies may be caused by a technical artefact, for
instance, as a result of lowess correction of the raw
microarray data.

A transcriptome-based model for heavy metal tolerance

Very recently, genome-wide transcriptional responses to
Cd have been studied in Daphnia (Poynton et al. 2007;
Shaw et al. 2007; Soetaert et al. 2007) and comparison of
these studies with our findings show some striking sim-
ilarities of predicted protein classes regulated by Cd
exposure. First, metallothionein induction has been
reported in Daphnia magna as well. Second, Poynton
et al. (2007) reported significant down-regulation of
genes coding for proteases and other digestive enzymes
(glucanases). The O. cincta reference culture showed a
similar response, in addition to down-regulated genes
involved in energy metabolism and translation. How-
ever, the genes involved in these processes were hardly
affected in the tolerant population. The absence of an
inhibitory effect on digestive enzymes and the transla-
tional machinery could explain the smaller growth
reduction upon Cd exposure observed in tolerant popu-
lations (Posthuma et al. 1992). Furthermore, the study
of Shaw et al. (2007) showed that genes involved in
cuticle formation were up-regulated by Cd, just as in
the case of O. cincta reference culture. Remarkably, the
tolerant population did not show induction of these
genes upon Cd exposure, but instead a high basal tran-
scriptional level was observed. Other cuticular proteins
were overexpressed during Cd exposure in the tolerant
population (Table S3). These observations support the
hypothesis of a complex moulting cycle-regulated Cd
excretion mechanism (Joosse & Buker 1979), in which
midgut epithelium morphogenesis takes place (Bauer
et al. 2001). This may also be related to the induction of
an innexin (gap junction component) by Cd, by which
epithelial cells are capable of communicating by the dif-
fusion of small molecules (such as calcium). Induction
of innexin expression may be necessary to compensate
for the reduction in gap junction intercellular communi-
cation exerted by Cd (Fukumoto et al. 2001).

Cadmium uptake

The induction of innate anti-microbial defence mecha-
nisms, such as diapausin and peritrophin, in the refer-
ence population (and the elevated constitutive
expression in tolerant animals) are possibly due to
damage of the cell membrane. Oxidative stress causes
peroxidation of phospholipids (Valko et al. 2005) and
this could make the midgut epithelium vulnerable to

infections by micro-organisms. Alternatively to the
N-type voltage gate blocking anti-fungal mechanism,
diapausin structural studies of the leaf beetle Gastrophysa
atrocyanea (the same accession as one of the BLAST hits
in this study) revealed a calcium channel-blocking func-
tion (Kouno et al. 2007). Because the primary uptake
route of Cd is through calcium channels (Fukuda &
Kawa 1977; Craig et al. 1999), the induction of diapau-
sins could represent a primary defence mechanism upon
Cd exposure by blocking the animal’s own channels.
These diapausins exhibit a constitutive elevated expres-
sion in the tolerant population from Plombieres, for
which, due to the impaired calcium uptake, a calcium
homeostasis related trade-off could exist. Moreover,
diapausin is down-regulated upon Cd exposure in the
tolerant animals, which suggests a need for calcium in
the tolerance mechanism, such as replenishment of the
calcium stores in the smooth endoplasmic reticulum.
The induction of a sulphotransferase in the reference
population, which is involved in the assimilation of sul-
phates, may be interpreted by the need for the synthesis
of cysteine-containing molecules, such as metallothione-
ins and glutathione or even phytochelatin. The induction
of sulphotransferases has been observed before in
Cd-exposed plants (Nussbaum et al. 1988) and copper-
exposed Daphnia magna (Poynton et al. 2007).

The stress-activated protein kinase pathway

The steady state or subtle induction by Cd in tolerant
animals of genes, of which the protein products are
involved in a putative SAPK cascade, may point to an
adaptive micro-evolutionary process or may be merited
by an increased first-line defence at the calcium chan-
nels. We identified five genes (of which four are repre-
sented in Fig. 5) potentially involved in a stress
signalling pathway. In general, two endpoints, cell sur-
vival and cell death, are possible. Therefore, there are
two separate pathways with the final effectors ERK
and SAPK/JNK (Kuwabara et al. 2008). The pathway
revealed is putatively involved in the apoptosis of the
midgut epithelium in preparation of moulting and
midgut regeneration. Although in vertebrates Cd stress
signalling involves SAPK and down stream targets such
as c-fos/c-jun and MTEF-1 (Tibbles & Woodgett 1999;
Saydam et al. 2002; Matsuoka et al. 2004), the exact
mechanism and the mode of post-translational modifi-
cations remain elusive in O. cincta.

Metabolism and growth

The induction, in both reference and tolerant animals,
of a melted orthologue with a pleckstrin domain, sug-
gests a link between trace metal metabolism and the

© 2009 Blackwell Publishing Ltd
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conserved target of rapamycin (TOR) signalling path-
way, which determines plastic organismal growth based
on nutritional status and environmental cues. In yeast,
Drosophila and mammalian cells, it is known to regulate
about 5% of the genes (Reiling & Sabatini 2006). The
product of melted in D. melanogaster enhances, together
with other interacting proteins, the activation of TOR, a
signalling pathway that influences metabolism and
growth. The TOR pathway involves post-translational
control of protein 4E-BP (elongation factor 4E-binding
protein). TOR is inactivated by oxidative stress signal-
ling from the sensor Tsc1/2 complex and this influences
the metabolism and growth (insulin/PI3K pathway; Re-
iling & Sabatini 2006). The Tsc1/2 complex is recruited
to the cell membrane region by melted, because the lat-
ter binds inositol phopholipids. By the inactivation of
TOR, 4E-BP stays active and arrest growth and biosyn-
thesis. Therefore, 4E-BP is known as a metabolic brake
under environmentally adverse conditions (Teleman
et al. 2005a,b). We suggest that induction of the melted
orthologue by Cd in both reference and tolerant animals
ensures a baseline activation of the TOR pathway, and
hence lipid biosynthesis, in order to compensate the
inactivation of TOR by oxidative stress (Reiling & Saba-
tini 2006) The interplay between stress pathways and
the TOR pathway balances the gene expression between
growth and stress-related genes, but the mechanisms
which are responsible for this are still elusive (Lopez-
Maury et al. 2008).

Anyhow, because of the large effect of Cd on lipid
biosynthesis and the hypothesized TOR/insulin/PI3K
pathway, and because of the population-specific expres-
sion upon Cd exposure of members from the putative
SAPK signalling pathway, it seems that these mecha-
nisms are intertwined and dependent on the status of the
phospholipid bilayer, which is a site of action for ROS
during conditions deviating from redox homeostasis.
Moreover, proteins of the PI3K family play a pivotal role
in between the two presumed pathways (Wymann &
Pirola 1998) and also more downstream the insulin and
SAPK pathways are known to interact in their response
to adverse environmental stimuli (Wolf et al. 2008).

In conclusion, we have observed significant changes
in transcription upon Cd exposure. Many transcrip-
tional responses show a highly significant interaction
between Cd exposure and source of the population, i.e.
reference or tolerant. The tolerant Plombieres popula-
tion is much less affected by Cd exposure. Genes
involved in stress response, exoskeleton maintenance,
anti-microbial defence, calcium channel blockers and
transcriptional regulation via histone acetylation- and
deacetylation show a high basal expression and are less
inducible in tolerant animals when compared with
the reference culture. By contrast, genes involved in

© 2009 Blackwell Publishing Ltd

digestion, stress signalling and energy metabolism are
less down- or up-regulated upon Cd exposure and
show a lower basal expression in tolerant animals when
compared with the reference culture. Our observations
confirm the micro-evolutionary processes occurring in
soil arthropod populations at historically heavy metal-
contaminated sites (Timmermans et al. 2005; Janssens
et al. 2007, 2008).
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We are interested in the molecular mechanisms underlying
stress responses in populations of soil invertebrates. We study
the link between genetic elements accounting for these eco-
physiological responses and their impact on evolution. We
mainly focus on polymorphisms in gene regulatory elements
that contribute to phenotypes adapted to abiotic stress factors.
From these studies we try to develop genetic markers that
maybe useful for risk assessment of soil pollution.
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