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Abstract

Background: Polycyclic aromatic hydrocarbons are common pollutants in soil, have negative
effects on soil ecosystems, and are potentially carcinogenic. The Springtail (Collembola) Folsomia
candida is often used as an indicator species for soil toxicity. Here we report a toxicogenomic study
that translates the ecological effects of the polycyclic aromatic hydrocarbon phenanthrene in soil
to the early transcriptomic responses in Folsomia candida.

Results: Microarrays were used to examine two different exposure concentrations of
phenanthrene, namely the EC,, (24.95 mg kg"! soil) and ECy, (45.80 mg kg'! soil) on reproduction
of this springtail, which evoked 405 and 251 differentially expressed transcripts, respectively. Fifty
transcripts were differential in response to either concentration. Many transcripts encoding
xenobiotic detoxification and biotransformation enzymes (phases |, I, and Ill) were upregulated in
response to either concentration. Furthermore, indications of general and oxidative stress were
found in response to phenanthrene. Chitin metabolism appeared to be disrupted particularly at the
low concentration, and protein translation appeared suppressed at the high concentration of
phenanthrene; most likely in order to reallocate energy budgets for the detoxification process.
Finally, an immune response was evoked especially in response to the high effect concentration,
which was also described in a previous transcriptomic study using the same effect concentration
(ECsq) of cadmium.

Conclusion: Our study provides new insights in the molecular mode of action of the important
polluting class of polycyclic aromatic hydrocarbons in soil animals. Furthermore, we present a fast,
sensitive, and specific soil toxicity test which enhances traditional tests and may help to improve
current environmental risk assessments and monitoring of potentially polluted sites.
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Background

Polycyclic aromatic hydrocarbons (PAHs) are a common
source of pollution in soil, mostly caused by anthropo-
genic means. PAHs can be derived from incomplete com-
bustion or fossil fuel processing, and the highest
concentrations in the environment are found in urban
areas [1]. Several PAHs are known carcinogens [2,3],
which makes this class of pollutants not only hazardous
to the environment, but also to human health. Within
many, if not all, organisms, detoxification of xenobiotics
like PAHs can be divided in three phases. In phase I toxic
compounds are modified resulting in more reactive
metabolites. The best known enzymes involved in phase I
are the cytochrome P450s [4]. In the second phase the
reactive metabolites are conjugated with chemical groups
like glutathione or glucuronic acid [3,5]. These conjuga-
tion reactions are performed by enzymes known as trans-
ferases. In phase III specialized transporters recognize the
conjugates, and expel them out of the cell [6].

Springtails (Collembola) are soil-dwelling arthropods,
and are therefore most suitable for soil toxicity testing.
They have a detritivorous role in the soil ecosystem, i.e.,
they contribute to decomposition and recycling of nutri-
ents within soil. Springtails are most abundant in soil and
are often reported to be the most sensitive to pollution
[7], and particularly to PAHs [8]. The Springtail Folsomia
candida is often used in standardized ecotoxicity testing of
soil [7], e.g., the International Organization for Standard-
ization (ISO) test 11267 [9]. In these standardized tests
the effect on reproduction is examined after exposure to
contaminated soil for 28 days. New molecular techniques
like genomics (e.g., microarrays) have been proposed to
enhance environmental toxicity tests [10]. Genomics
could help make existing standardized tests: faster, more
specific, and more sensitive [11]. F. candida's transcrip-
tome is partially sequenced and available in Collembase
[12,13], which makes this animal suitable for soil toxicog-
enomic studies. A previous toxicogenomic study with F.
candida in cadmium contaminated soil revealed that gene
expression profiles indicate toxicity already within 2 days
[14]. Another toxicogenomic study in crustaceans further
demonstrated that chronic consequences of environmen-
tal stress on populations could be predicted from early
changes in gene expression [15].

In the present study we evaluated the transcriptomic
response of F. candida in PAH contaminated soil. We used
the compound phenanthrene as a model for PAHs, and
spiked field soil (LUFA 2.2) with two different concentra-
tions. The concentrations used in this study had different
effects on reproduction, after 28 days. We used phenan-
threne concentrations of 24.95 and 45.80 mg kg! soil,
which represents the EC;, (10% reduction) and ECs,
(50% reduction) on reproduction, respectively [16].
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Although, such high concentrations of single PAH com-
pounds have not been reported in the environment, the
sum of 15 PAHs (including phenanthrene) was reported
to be higher than these concentrations in several Euro-
pean cities [1]. Our aim was to elucidate the early molec-
ular response to-, and the toxic mechanism of PAHs in F.
candida with the use of transcriptomic analysis. The poten-
tial of this technique to improve terrestrial and springtail
ecotoxicology is also evaluated. Furthermore, we exam-
ined whether the different concentration effects on repro-
duction could be explained by the transcriptomic
response. To our knowledge this is the first transcriptomic
study of phenanthrene toxicity in non-mammalian
animals.

Results and Discussion

Many uncontrolled factors can cause variability in results
derived from soil toxicity tests with Folsomia candida [17],
which may affect reproducibility. To verify that the phen-
anthrene concentrations in soil, taken from the literature
[16], had a significant and reproducible effect on the
reproduction of F. candida in our experiment, we per-
formed a 28 days exposure toxicity test. Nominal phenan-
threne concentrations of 24.95 (EC,,) and 45.80 (ECs,)
mg kgl soil, and also a solvent (acetone) control were
tested. Clean LUFA 2.2 soil was used as reference
(untreated control). The solvent control did not show a
significant effect on reproduction compared to clean ref-
erence LUFA 2.2 soil, but phenanthrene concentrations of
24.95 and 45.80 mg kg! soil did have significant effects
(Figure 1). Reproduction was reduced with 27% and 45%,
respectively, compared to the reference soil. Actual phen-
anthrene concentrations in soil were measured using high
performance liquid chromatography at the start and the
end (28 days) of the experiment. The concentrations of
phenanthrene in soil after 28 days were approximately
60% of the initial concentrations, which is expected for
non-persistent organic compounds like phenanthrene.

To identify transcripts that responded to the phenan-
threne exposure, we used gene expression microarray
analysis. Microarrays were constructed containing 5,069
different 60 nt long DNA probes, printed in triplicate. The
probe sequences were taken from an earlier array design,
described in a previous study [14]; each probe represents
a different gene cluster from Collembase [12,13]. Adult
animals were exposed for 2 days to clean LUFA 2.2 soil
(reference), and soil spiked with nominal phenanthrene
concentrations of 24.95 and 45.80 mg kg soil. No sol-
vent control was used in the gene expression experiment,
because it did not show a significant effect on reproduc-
tion. However, it cannot be excluded that acetone had a
minor effect on gene expression. RNA was extracted from
all animals from each experimental jar, constituting one
biological replicate sample. We applied a so called
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Effect of phenanthrene on reproduction. The average (n = 5) number of Folsomia candida juveniles per jar after 28 days

exposure to reference, and solvent (acetone) control soil, and soil containing 24.95 mg kg-!, and 45.80 mg kg-! phenanthrene.
The acetone treatment did not significantly affect (t-test) reproduction compared to the reference soil, but both phenanthrene
concentrations did significantly effect reproduction indicated by asterisks: **P < 0.01; ***P < 0.001. Error bars indicate standard

errors.

replicated reference design [18]; every treated sample was
hybridized to a unique reference (untreated) sample. This
resulted in 8 reference, 4 EC,, treated, and 4 ECs, treated
samples. To assess significant differential transcripts, lin-
ear models and empirical Bayes statistics were used [19].
Derived p-values were corrected for multiple testing using
Benjamini-Hochberg's (BH) method [20].

We identified 405 and 251 differentially expressed tran-
scripts (BH corrected p < 0.05), following exposure to
phenanthrene concentrations of 24.95 and 45.80 mg kg
soil, respectively. Remarkably, only 50 transcripts were
differentially expressed at both concentrations (Addi-
tional file 1: Figure S1). Many transcripts of F. candida
could not be annotated and have therefore an unknown
function. Future sequencing efforts, however, are on their
way and hopefully more transcripts can be annotated in
the near future.

Exposure to low effect concentration of phenanthrene

Of the 405 transcripts that were significantly differential
in response to the low effect concentration of phenan-
threne (24.95 mg kg! soil), 260 transcripts were upregu-
lated and 145 transcripts were downregulated compared
to the reference. All differentially expressed transcripts
that responded to the low concentration of phenanthrene
are available in Additional file 2: Table S1. Their putative
function is based on sequence homology (e.g., BLAST,

interPro). Seven transcripts encoding cytochrome P450s
were upregulated. Cytochrome P450 enzymes are most
commonly involved in monooxygenase reactions [4]. In
addition to this, we also identified other monooxygenases
being up- and downregulated in response to the low con-
centration of phenanthrene. The upregulated cytochrome
P450s and other monooxygenases are most likely
involved in phase I of the biotransformation and detoxifi-
cation of phenanthrene. Furthermore, we found upregula-
tion of aldehyde oxidases, carboxylesterases, and short-
chain dehydrogenases, which are probably also involved
in phase I reactions with phenanthrene [5,21,22]. Many
transferase enzymes are involved in phase II of the
biotransformation of xenobiotics. In this phase the reac-
tive metabolites created in phase I are being conjugated
with polar groups like glutathione or sugar groups [5]. We
identified 7 transcripts encoding glutathione S-trans-
ferases upregulated in response to the low concentration
of phenanthrene, and one was downregulated. Also many
transcripts encoding proteins that contain a UDP-glu-
curonosyl/UDP-glucosyltransferase domain were upregu-
lated. Stroomberg et al. showed that the phase II
biotransformation of the PAH pyrene in F. candida pro-
duced the metabolite pyrene-1-glucoside, but not pyrene-
1-glucuronide [23]. Therefore we assume that these
induced transcripts actually encode UDP-glucosyltrans-
ferases, and not UDP-glucuronosyltransferases. Mem-
brane transporters which are involved in phase III were
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also significantly upregulated; we identified 3 ABC-trans-
porters.

The low concentration of phenanthrene induced 2 tran-
scripts encoding heat shock proteins (HSPs) and one
chaperonin which are likely part of the general stress
response. Many transcripts encoding ribosomal proteins
and a few translation initiation factors were also upregu-
lated, which indicates increased protein translation. The
translation of all the biotransformation enzymes might be
a reason for this increase. Interestingly, many transcripts
encoding chitin binding proteins and chitinases were also
upregulated. These gene products, together with the
upregulation of a transcript with homology to the molting
fluid carboxypeptidase A [24], could be involved in the
molting process or the formation of the peritrophic enve-
lope. This peritrophic envelope is excreted by the gut epi-
thelial cells in most arthropods, and is a thin membrane
which has protective functions against abrasive food par-
ticles, invading pathogens, plant toxins, and oxidative
damage [25]. Phase I metabolites of PAHs can often gen-
erate reactive oxygen species (ROS) and can cause oxida-
tive damage. In humans, the microbiota in the colon was
able to bioactivate PAHs [26], and we therefore suggest
that ingested phenanthrene is being transformed to ROS
forming metabolites by the microbiota in F. candida's gut.
The peritrophic envelope could then function as an anti-
oxidant to protect the epithelial gut cells from ROS. How-
ever, further research is needed to confirm ROS
production by the microbiota in F. candida's gut. Endog-
enous transformation of PAHs by cytochrome P450s also
generates ROS, and we found transcripts encoding super-
oxide dismutase (copper/zinc binding) and catalase both
upregulated in response to the low concentration of
phenanthrene.

Other transcripts that are worth mentioning are vitello-
genin and genes containing a vitelline membrane outer
layer protein I (VOMI) domain. These transcripts, all
upregulated, are involved in egg production. This suggests
that phenanthrene is disrupting the reproduction process
in F. candida in a direct manner. Also many transcripts
encoding proteins containing a zinc finger domain were
significantly affected (up- or downregulated). Zinc finger
domains are often involved in DNA binding, like for
example in transcription factors [27]. Most of these tran-
scripts were downregulated, which suggests that many,
perhaps less essential, processes were switched off in order
to focus on more essential transcripts that cope with
phenanthrene detoxification. Furthermore, transcripts
involved in post-transcriptional modifications of RNA, or
post-translational modifications of proteins were also
affected. Post-translational modification is possibly an
indication of altered signal transduction. For example,
genes from the RAS family were downregulated. It is how-
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ever difficult to predict exactly which processes (e.g., cell
proliferation or apoptosis) are influenced by these signal
transduction pathways, but it could suggest carcinogenic
potential of phenanthrene in higher animals.

Exposure to high effect concentration of phenanthrene
Compared to the reference, 251 transcripts were signifi-
cantly differentially expressed in response to the high
effect concentration of phenanthrene (45.80 mg kg soil),
122 transcripts were upregulated and 129 transcripts were
downregulated. This is clearly less than in the low concen-
tration exposure. A difference with the low concentration
exposure is that we here observed relatively more genes
downregulated than upregulated. All differentially
expressed transcripts that responded to the high concen-
tration of phenanthrene are available in Additional file 3:
Table S2. We can again identify transcripts involved in all
three biotransformation and detoxification phases. For
phase [, we observed upregulation of 4 cytochrome P450s
and one NADPH cytochrome P450 reductase, and many
other differentially expressed monooxygenases (up- and
downregulated). Furthermore, we observed upregulated
carboxylesterases, and short-chain dehydrogenases, which
are likely also involved in phase I reactions. Transcripts
encoding glutathione S-transferases and UDP-glucurono-
syl/UDP-glucosyltransferase domain containing proteins
were also upregulated, which are probably involved in
phase Il reactions. Six transcripts encoding ABC-transport-
ers were also upregulated; they could be involved in phase
I11. This is twice the amount of transporters compared to
the low concentration of phenanthrene exposure.

The HSP genes that were upregulated by the low concen-
tration of phenanthrene were also upregulated by the high
concentration of phenanthrene, which is indicative for
general stress. Also here one chaperonin was induced, but
interestingly, it was not the same transcript that was
induced in response to the low concentration. Further-
more, one transcript containing a DnaJ (HSP40) domain
was downregulated in response to the high concentration.
A few transcripts encoding ribosomal proteins were all
downregulated, which indicate a suppression of protein
translation, although a translation initiation factor and a
tRNA synthetase were both upregulated. The suppression
of these ribosomal proteins is a clear difference between
the low and high concentration phenanthrene exposure,
because the low concentration induced several other
ribosomal proteins. The synthesis of proteins is an energy
costly process, and is therefore often suppressed in stress-
ful situations like in detoxification of xenobiotics, in order
to reallocate energy budgets [28]. Furthermore, we identi-
fied upregulated transcripts involved in the synthesis of
the antibiotic compound penicillin, and downregulated
C-type lectins. This suggests that the high concentration of
phenanthrene is evoking an immune response, and thus
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increases susceptibility to pathogens. We observed upreg-
ulation of a superoxide dismutase (copper/zinc binding),
indicating oxidative stress. This gene was, however, not
the same superoxide dismutase that was upregulated in
response to the low concentration of phenanthrene. Nev-
ertheless, other transcripts, like glutaredoxins and thiore-
doxins, that play a role in oxidative stress, were
downregulated. More transcripts that were affected in
response to the high effect concentration of phenanthrene
noteworthy to mention were involved in: transcription
and chromatin remodeling, DNA replication, post-tran-
scriptional and post-translational processes, and signal
transduction.

Comparison between low and high exposures

Only 50 transcripts were differentially expressed in
response to both exposure concentrations. We used hier-
archical clustering to group the similarly expressed tran-
scripts (Figure 2). The transcripts can roughly be divided
into three separate groups. The first group contains tran-
scripts that were highly upregulated in response to both
phenanthrene concentrations (most upper [purple] group
in Figure 2). This group contains cytochrome P450s and
unknown genes (with no significant homology). The sec-
ond group created by hierarchical clustering contains tran-
scripts that were moderately upregulated in response to
both phenanthrene concentrations (lower [orange] group
in Figure 2). In this group we indentified transcripts
encoding e.g., heat shock proteins, glutathione S-trans-
ferases, and ABC-transporters. The third group (middle
[green] group in Figure 2) contains transcripts which were
all downregulated in response to the high concentration
of phenanthrene. In response to the low concentration,
some transcripts were also downregulated in this group,
but most transcripts, including C-type lectins, were
slightly upregulated.

Of the 50 transcripts, we wanted to identify which
responded different between the two phenanthrene con-
centrations. The transcripts that differ significantly could
help to explain the different effects on reproduction after
28 days exposure. These transcripts that responded differ-
ently between the two concentrations were identified
using a t-test, and 16 were found to respond significantly
different (p-value < 0.05) between the two concentrations
(see Table 1). Many of the genes have an unknown or
unclear function. Interestingly, the expression of genes
encoding proteins with possible detoxifying and biotrans-
formational functions, (carboxylesterase, monooxygen-
ase, short-chain dehydrogenase, and cytochrome P450),
all increased with increasing phenanthrene concentration.
This implies that these genes responded in a concentra-
tion dependent manner, and are likely good quantitative
biomarkers for the relevant phenanthrene concentrations
in soil. Two C-type lectins, which are assumed to play a
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role in the invertebrate immune system [29], are upregu-
lated in response to the low, but downregulated in
response to the high concentration of phenanthrene. This
suggests again, like already mentioned above, that the
high concentration of phenanthrene had a negative
impact on the immune system. This seems to be likely,
because more genes involved in the production of antibi-
otics responded to the high concentration. An impaired
immune response was observed in an earlier toxicoge-
nomic study with F. candida exposed to cadmium [14].
This implies that the immune response is correlated with
suppression of reproduction, no matter the mode-of-
action of the toxicant. Interestingly, a recent toxicoge-
nomic study with earthworms, wherein Eisenia fetida was
exposed to soil containing 2,4,6-trinitrotoluene [30], also
showed an impaired immune response.

Many transcripts were differentially expressed only in
response to one phenanthrene concentration, but shared
similar putative functions. For instance, we found ABC-
transporters that were only significantly upregulated in
response to the low concentration, but not to the high
concentration of phenanthrene, and vice versa. Other
examples are the already above mentioned superoxide
dismutases, and chaperonins. Interestingly, the transcripts
involved in all three phases of the detoxifying and
biotransformation of xenobiotics were upregulated in
response to both phenanthrene concentrations. However,
only a few were differentially expressed in response to
both concentrations, and then only a few of them were
regulated in a concentration responsive manner. This
demonstrates the complexity of the transcriptional regula-
tion of these biotransformation enzymes. The transcripts
involved in chitin metabolism were mostly upregulated in
response to the low concentration of phenanthrene. An
explanation might be that the high phenanthrene concen-
tration could kill or inhibit the ROS forming microorgan-
isms in the gut. Therefore, the synthesis of a peritrophic
envelope would be less necessary.

The larger number of differentially expressed genes in
response to the low concentration of phenanthrene, com-
pared with the high concentration, was likely caused by
the reallocation and distribution of the animal's energy
budget. A higher concentration of phenanthrene in the
organism would switch priorities to the production of
biotransformation enzymes, and would leave less energy
left for regulation of other less essential cellular processes
and e.g., reproduction. Especially the genes encoding the
biotransformation enzymes that responded in a concen-
tration dependent manner indicate the importance of this
process in order to cope with phenanthrene toxicity.
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ference. The transcripts are named by their gene cluster in Collembase, followed by their predicted function.
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Table I: Transcripts with a significant difference in gene expression between two phenanthrene exposures

Gene cluster2 Putative function Fold change (24.95 mg/kg)® Fold change (45.80 mg/kg)¢ p-valued
Fcc01852 Carboxylesterase 1.41 2.84 0.0008
Fcc01695 unknown 13.65 3591 0.0013
Fcc00817 unknown 2.24 -1.52 0.0014
FccOI311 Protein of unknown function DM9 1.44 -2.36 0.0014
Fcc02802 C-type lectin 1.59 -1.64 0.0018
Fcc00160 unknown 1.80 -1.80 0.0038
Fcc05495 brain protein i3 1.33 -1.38 0.0048
Fcc04528 unknown 1.55 -1.44 0.0103
Fcc01289 monooxygenase 1.46 341 0.0107
Fcc00723 unknown 1.64 -1.63 0.0144
Fcc01912 unknown 1.70 -2.54 0.0194
Fcc00508 C-type lectin 1.56 -1.46 0.0218
Fcc01358 unknown -1.63 1.50 0.0221
Fcc04951 unknown 1.39 -1.56 0.0226
Fcc02784 Short-chain dehydrogenase 1.67 3.54 0.0288
FccOl651 Cytochrome P450 12.12 19.72 0.0298

aGene cluster as can be found in Collembase, bfold change in response to 24.95 mg/kg phenanthrene in soil compared to reference soil, <fold change
in response to 45.80 mg/kg phenanthrene in soil compared to reference soil, 9p-value derived with t-test (n = 4).

Comparison with the cadmium induced transcriptome

Compared to our previous transcriptomic study [14],
(data available under GEO [31] accession number
GSE11122), wherein F. candida was also exposed for two
days to cadmium polluted soil (also ECs,0n reproduction
after 28 days), the number of genes that responded are by
far less. After 2 days of exposure to cadmium (ECs,) pol-
luted soil, a total of 964 differentially expressed tran-
scripts were identified compared to 251 for phenanthrene
(ECs,) polluted soil. One hundred and twelve transcripts
are significantly differentially expressed in response to
both compounds, which is almost half of the phenan-
threne responsive transcripts. Although the experimental
conditions were similar in both exposure experiments, we
have to be cautious comparing these two datasets, because
the two microarray designs were technically slightly differ-
ent. In the present study a custom Agilent microarray with
an 8 x 15 k format was used and in the previous (cad-
mium) study we used a custom Agilent microarray with a
2 x 11 k format. Consequently, the spots on the two dif-
ferent microarrays varied in diameter. Furthermore, the
microarray in this study contained 5,069 different probes
printed in triplicate and the microarray in the previous
study contained 5,131 different probes printed in dupli-
cate. However, Shi et al. (2006) showed high consistency
across different microarray platforms [32], supporting
data comparison between different platforms to some
extent. Thus, if we compare the results of the present
phenanthrene exposure study with the results of our pre-
vious cadmium exposure study, we can see that many
transcripts respond in the same manner and other tran-
scripts respond differently. The transcripts that respond
similar to both compounds with similar effect concentra-
tions are potential biomarkers for level (degree) of soil

toxicity, and transcripts that respond differently are poten-
tial compound specific biomarkers. In accordance with
our results, this was also shown in previous toxicoge-
nomic studies in e.g., yeast [33], where a general environ-
mental stress response can be distinguished from a
treatment specific stress response. In Additional file 4: Fig-
ure S2 a heat map is shown of hierarchical clustering of
the expression of all significant transcripts in response to
both compounds. Transcripts encoding monooxygenase
(Fcc01289) or short-chain dehydrogenase (Fcc02784)
were upregulated in response to both compounds. These
transcripts were significantly lower expressed in response
to the low concentration of phenanthrene. It seems that
their transcription is more regulated by the toxic effect
concentration, but independent of which xenobiotic com-
pound is used. Such biomarkers would be very useful for
fast toxicity screening of potentially polluted sites. Further
research is, however, needed to validate the usefulness of
these transcripts as biomarkers.

Quantitative RT PCR (qPCR) validation

To validate our microarray platform we selected 6 genes
with different functions and performed quantitative RT
PCR (qPCR). We used the same RNA samples (treated and
untreated) that were used in the high effect concentration
phenanthrene exposure microarray experiment. YWHAZ
was used as reference gene for normalization, because it
was shown to be one of the most stable endogenous genes
in F. candida (de Boer et al., in press [34]). First, the log,
transformed fold change was calculated for the same pairs
of RNA samples (treated vs. untreated) that were hybrid-
ized on the microarrays. Then, the average log, fold
change was calculated for each transcript and a significant
correlation of 0.943 (Spearman's Rho, p < 0.01) was
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found between the qPCR and microarray platforms (Fig-
ure 3). We can observe that the log, transformed fold
change values are reduced in the microarray data com-
pared to the qPCR (Figure 4). This is often observed
between microarray and qPCR data and is probably due to
loess normalization [35].

Conclusion

This first transcriptomic study on phenanthrene toxicity
in an invertebrate showed some remarkable results. First,
the number of significantly affected genes decreased with
increasing effect concentration. Second, the low effect
concentration showed more up- than downregulated
genes relative to the high effect concentration. Third, sig-
nificant genes shared by both treatments showed a clear
signature of biotransformation of phenanthrene. This
demonstrates that F. candida has comparative responses to
other organisms and is therefore a representative model
organism for soil toxicogenomics. We have shown a
potentially fast method to evaluate soil toxicity on the
molecular level, in an ecologically relevant species, and
validated our results with a different technique. Further-
more, the method is sensitive and discriminative between
different toxic compounds. In this study insight was
gained not only about the early toxic mode of action of
PAH in soil on Collembola, but the method may also fur-
ther be used to gain insight on other polluting (new) com-
pounds, which will be beneficial for environmental risk
assessment studies. Besides that, this method promises
potential to be used for fast screening and monitoring of
potentially polluted sites. In this way a fast pre-selection
can be made in order to identify the most severe polluted
sites, which then should receive the highest priority for
further ecotoxicity testing and remediation. Together with
similar new toxicogenomic methods in other soil-dwell-
ing animals like earthworms [30,36-38], this approach
may potentially change the current field of terrestrial
ecotoxicology.

Methods

Phenanthrene exposure experiments

The collembolan Folsomia candida ('Berlin strain'; VU Uni-
versity Amsterdam) was used for the exposure experi-
ments. Cultures were first age synchronized before
exposure to soil, following standardized methods [9]. In
short, 20 adult animals were incubated on plastic rings;
containing plaster of Paris mixed with charcoal, to lay eggs
and were removed after 2 days. The incubation conditions
were 20°C with a 12 hour light/dark cycle. It took approx-
imately 10 days before the eggs hatched. All exposure
experiments were done using a standardized natural soil
(LUFA 2.2, Spreyer, Germany). Soil was spiked with two
different phenanthrene (98% purity, Sigma-Aldrich) con-
centrations (24.95 and 45.80 mg kg! soil). Phenanthrene
was added to the soil in an acetone (Riedel-de Haén) solu-
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tion. Equal volumes of acetone were used for spiking, and
it was applied to 10% of the soil. The phenanthrene/ace-
tone solutions covered the soil completely, and were left
together with the soil for 24 hours in a closed glass con-
tainer to incubate. Then the glass containers were opened
for 24 hours in order to let the acetone evaporate, and the
rest of the soil (90%) was added before moisturizing. The
moisture levels of the soil were ~22% (w/w), which is
50% of the water holding capacity. The prepared soil was
kept at 4°C, and was used for exposure experiments
within a week. Controls (non-spiked reference soil and
solvent treated soil) were also included, and all exposure
experiments were done at 20° C with a 12 hour light/dark

cycle.

To verify that the phenanthrene concentrations of 24.95
and 45.80 mg kg soil had a significant effect on repro-
duction, ten synchronized juveniles (10 d old) were
exposed to ~30 grams of non-spiked (reference), solvent
(acetone) control, or phenanthrene spiked soil in 100 mL
glass jars, using 5 replicates (jars) for each treatment. The
jars were opened for aeration twice a week, when needed
the moisture levels were adjusted using demineralized
water. Once a week they were fed with baker's yeast (Dr.
Oetker), following as much as possible the standardized
guide lines [9]. After 28 d exposure the jars were filled
with 100 mL tap water and emptied in a glass beaker,
through which the animals were extracted from the soil by
means of floatation. The floating animals were photo-
graphed, and juveniles were counted using cellP software
(Olympus).

To examine gene expression in F. candida exposed to
phenanthrene spiked soil, first again age synchronized
cultures were obtained. Thirty animals (23 d old) were
exposed per jar containing ~30 grams of non-spiked or
phenanthrene (24.95 and 45.80 mg kg!) spiked soil for 2
days, but now using 4 replicates per phenanthrene treat-
ment and 8 replicates for the non-spiked soil exposure
treatment. Animals were extracted from soil by means of
floatation with 100 mL tap water, and then scooped from
the water surface using a small spoon and put first on plas-
tic rings containing plaster of Paris mixed with charcoal to
remove surplus water. The animals were then taken from
the rings and were put in microcentrifuge tubes in which
they were snap frozen in liquid nitrogen. The whole har-
vesting procedure from scooping to freezing took approx-
imately 5 minutes per sample.

Measurement of phenanthrene in soil samples

Actual phenanthrene concentrations in soil were deter-
mined at the beginning and end of the 28 days exposure
experiment. For this purpose approximately 1 g of moist
soil was mixed with equal amount of anhydrous sodium
sulfate and Soxhlet extracted for 5 h using hexane. The
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Figure 3

Correlation between gene expressions measured in Folsomia candida using microarray analysis and qPCR. The
average log, fold change values were used, and each point represents a differentially expressed gene. A significant correlation of

0.943 (Spearman's Rho, p < 0.01) was found.

samples were then transferred to acetonitrile using a gen-
tle flow of nitrogen. Samples were measured using a high
performance liquid chromatography (HPLC) system con-
sisting of a Vydac RP 18 201TP column with a Vydac 201
GD RP-18 guard column (Alltech), a Jasco FP-1520 fluo-
rescence detector (Jasco), and a Gynkotek UVD320s ultra-
violet diode-array detector (Gynkotek).

RNA preparation, amplification, labeling and
hybridization

Each biological replicate sample consisted of total RNA
extracted from 30 animals exposed in the same jar to
either non-spiked (reference) or phenanthrene spiked
soil. Total RNA was extracted from the samples using the
SV Total RNA Isolation system (Promega), which
included a DNase treatment. 500 ng input of total RNA
was used for amplification and labeling with the Agilent
Low-Input Fluorescent Linear Amplification Kit (Agilent

Technologies), according to the manufacturer's guidelines
with a slight modification where the transcription (labe-
ling) reactions were done in half the volume. Labeled and
amplified cRNA was purified using RNeasy (Qiagen), and
the Agilent Gene Expression Hybridization Kit (Agilent
Technologies) was used for hybridization, which was
done at 65°C for 17 h rotating at 10 rpm in an incubator.
For hybridization a so called replicated reference design
was used, wherein the 4 low phenanthrene concentration
(24.95 mg kg!) exposed samples and the 4 high phenan-
threne concentration (45.80 mg kg1) exposed samples
were mixed with 8 unique non-spiked reference samples.
For each phenanthrene concentration or reference, half of
the samples were labeled with the fluorescent dye Cy3 and
the other half with Cy5. The total microarray experiment
resulted in 8 hybridizations of 16 unique samples. After
hybridization, the arrays were washed using Gene Expres-
sion Wash Buffer Kit (Agilent Technologies), and scanned
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Figure 4

Comparison between gene expression derived from microarray analysis and qPCR. In the histogram the average
log, fold change is shown for 6 different genes, in response to the high effect concentration of phenanthrene (45.80 mg kg
soil). The genes used are from left to right: Fcc00508 (C-type lectin), Fcc00734 (UDP-glucosyltransferase), Fcc02784 (short-
chain dehydrogenase), Fcc03650 (cytochrome P450), Fcc05793 (heat shock protein), and Fcc05973 (glutathione S-transferase).

Error bars indicate standard errors.

with the default settings on an Agilent DNA microarray
scanner (Agilent Technologies).

For this experiment Custom Gene Expression Microarrays,
8 x 15 k format (Agilent Technologies) were used. This
microarray contained 5,069 different experimental probes
spotted randomly in triplicate, representing 5,069 differ-
ent gene clusters from Collembase [12,13]. The 60 nt long
probes sequences were taken from a previous version of
the microarray [14], and also contained manufacturer's
control probes. All 8 microarrays used in this study were
printed on the same glass slide. The design of this micro-
array (platform) is available from Gene Expression Omni-
bus [31] under accession number GPL7150.

Microarray data analysis

Spot intensities were measured with Feature Extraction
(9.1.3.1) Software (Agilent Technologies). Preprocessing,
normalization, and differential gene expression assess-
ment were all done in the limma [19] (2.14.5) package
from the R (2.7.1) software environment [39]. This con-
sisted of Edward's background correction [40], global
loess normalization [41], and statistical analysis using lin-
ear models and empirical Bayes methods with subsequent
multiple testing correction using Benjamini-Hochberg's
method [20] (adjusted p < 0.05 was considered signifi-
cant). Quality control was done by making MA-plots and
box plots of each array; for each array the Expected LogRa-
tio vs Observed LogRatio of the Agilent spike-in control

probes were determined and they all showed an R"2 >
0.9. The assessment of differential expression of genes
resulted in a mean log, expression ratio (treated/
untreated) and a p-value for each probe on the array. For
hierarchical clustering mean normalized log, expression
ratios were used from each array, and was done in TIGR
MEV version 3.1 [42], using Euclidean distance and aver-
age linkage. The raw and processed microarray data are
available from the Gene Expression Omnibus [31] under
accession number GSE14207. Annotation of the tran-
scripts was performed using the BLAST [43] algorithm (e-
value < 1e-05). The sequence description in Additional
file 2: Table S1 and Additional file 3: Table S2 are derived
with Blasto2GO [44].

Quantitative RT PCR

Primer sets were designed for 6 target genes (Fcc00508,
Fcc00734, Fcc02784, Fcc03650, Fcc05793, Fcc05973) and
one endogenous control gene YWHAZ (Fcc02512) with
the software package Primer Express version 1.5 (Applied
Biosystems) to have an annealing temperature of 60°C,
and to amplify an amplicon of 80-120 base pairs (bp)
with 45-55% GC content. PCR efficiency was determined
by obtaining standard curves in triplicate for all primer
sets with 4-fold dilutions of a standard batch cDNA.
Primer sequences and PCR efficiency values are available
in Additional file 5: Table S3. The RNA samples from the
microarray experiment of the high phenanthrene (45.80
mg kgl) concentration exposure were used for
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quantitative RT PCR (qPCR). Four biological replicates for
both phenanthrene treated and reference were analyzed
by qPCR. Approximately 1 pg input of total RNA per sam-
ple was used for reverse transcription using M-MLV
reverse transcriptase (Promega) according to the manufac-
turer's protocol. The derived cDNA was diluted 1:5 and 2
pL was used in 20 pL PCR reaction volumes containing
forward and reverse primers and Power SYBR Green PCR
Master Mix (Applied Biosystems). qPCR reactions were
performed in triplicate for each sample, on a DNA engine
Opticon (M] Research) using universal cycling conditions
(10 min at 95°C; 15 s at 95°C, 1 min 60°C, 40 cycles). A
mean normalized expression value (MNE) was calculated
from the obtained Ct values with the Q-Gene module [45]
using Fcc02512 (YWHAZ) as a reference gene for normal-
ization of input cDNA.

Statistical analysis

To verify that the phenanthrene concentrations used in
this experiment had a significant effect on reproduction, a
two tailed t-test (two-sample with unequal variance) was
used in Microsoft Excel. The 50 genes that were differen-
tially expressed in response to both phenanthrene con-
centrations were evaluated to identify those that
significantly differed between the two concentrations. The
log, transformed normalized expression values, from each
microarray, were also analyzed in a two tailed t-test (two-
sample with unequal variance) in Microsoft Excel. To cal-
culate a correlation between the microarray and qPCR
platforms the Spearman's Rho correlation in SPSS (14.0
SPSS, Inc.) was performed on the mean log, transformed
normalized expression values.

Abbreviations

ABC-transporter: ATP-binding cassette transporter; BH:
Benjamini-Hochberg; BLAST: basic local alignment search
tool; bp: base pairs; cDNA: complementary DNA; DNA:
deoxyribonucleic acid; EC,: the effect concentration that
inhibits reproduction by 10%; ECs: the effect concentra-
tion that inhibits reproduction by 50%; HPLC: high per-
formance liquid chromatography; HSP: heat shock
protein; ISO: International Organization for Standardiza-
tion; loess: locally weighted scatterplot smoothing; LUFA:
Landwirtschaftliche Untersuchungs- und Forschungsan-
stalt; MNE: mean normalized expression value; NADPH:
nicotinamide adenosine dinucleotide  phosphate
(reduced form); nt: nucleotide; PAH: polycyclic aromatic
hydrocarbon; qPCR: quantitative RT PCR; RNA: ribonu-
cleic acid; ROS: reactive oxygen species; RT PCR: reverse
transcription polymerase chain reaction; tRNA: transfer
RNA; UDP: uridine diphosphate; VOMI: vitelline mem-
brane outer layer protein I; VU: Vrije Universiteit.
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Additional material

Additional File 1

Figure S1: Venn diagram of significantly differentially expressed tran-
scripts in response to phenanthrene. In this diagram the amount of dif-
ferential genes is shown for each phenanthrene concentration within the
circles. The number in the right-bottom is the amount of non-significantly
expressed genes.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-236-S1.doc]

Additional File 2

Table S1: All significantly differentially expressed transcripts in
response to low concentration (24.95 mg kg'!) phenanthrene in soil.
This table contains all significantly differentially expressed transcripts and
their log, transformed fold change values.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-236-S2.xls]

Additional File 3

Table S2: All significantly differentially expressed transcripts in
response to high concentration (45.80 mg kg!) phenanthrene in soil.
This table contains all significantly differentially expressed transcripts and
their log, transformed fold change values.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2164-10-236-S3 xls]

Additional File 4

Figure S2: Heatmap for transcripts differentially expressed in response
to the high concentration of phenanthrene (45.80 mg kg!) and cad-
mium (57.9 mg kg'!) in soil. Both concentrations represent the ECs,on
reproduction after 28 days. Data of 4 microarrays were used for each
xenobiotic exposure. Hierarchical clustering of log, fold change values
(treatment/reference) using Euclidean distance matrix, and average link-
age. Red indicates upregulation and green downregulation compared to
the reference control, black indicates no difference. The transcripts are
named by their gene cluster in Collembase, followed by their putative
function.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-236-S4.doc]

Additional File 5

Table S3: Oligos used in the qPCR analysis. All sequences of the primers
used in this study are shown, including PCR efficiency values.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2164-10-236-S5.doc]
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