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Abstract 
Since the ‘omics revolution’, the assessment of toxic chemical mixtures has 
incorporated an approach where phenotypic endpoints are connected to a mechanistic 
understanding of toxicity. In this study we determined the effect of binary mixtures of 
cadmium and phenanthrene on the reproduction of Folsomia candida  and 
investigated the cellular mechanisms underlying this response. Mixture toxicity 
modeling showed an antagonistic deviation from concentration addition for 
reproduction effects of the mixtures. Subsequent transcriptional response analysis was 
done using five mixtures at the modeled 50% effect level for reproduction. The 
expression profiles of 86 high throughput RT-qPCR assays were studied by means of 
partial least squares regression (PLSR) analysis. The first and second principal 
components (PCs) were correlated with global responses to cadmium and 
phenanthrene, while correlations with the mixture treatments were found in the higher 
PCs. Specifically associated with the mixture treatments were a biotransformation 
phase II gene, four mitochondrial related genes, and a gene involved in the 
biosynthesis of antioxidant selenoproteins. Membrane integrity related gene 
inductions were correlated with the single phenanthrene treatment, but not with the 
mixtures. Immune and inflammatory response assays did not correlate with any of the 
mixtures. These results suggest moderated oxidative stress, a higher mitochondrial 
maintenance and less compromised membrane function in the mixture exposed 
samples compared to the separate cadmium or phenanthrene exposures. The 
antagonism found for inhibition of reproduction may partially originate from these 
differences. Mechanistic studies on mixture toxicity can ultimately aid risk assessment 
by defining relevant toxicity pathways in organisms exposed to the real-world mixture 
exposures present in the field.  
 

Optima Grafische Communicatie -  [5485] Muriel de Boer BW 2 NEW NEW NEW NEW.pdf - October 12, 2012 - Page: 73



4. Transcriptional responses indicate attenuated oxidative stress to mixture  74 
 

 

4.1 Introduction 
 
Mixture toxicity is one of the areas in ecotoxicology that has greatly benefited from 
innovations in the field of molecular sciences.  Early toxicological studies were 
mostly concerned with the effects of individual chemical exposures, developing a 
framework of toxicology as a “single-chemical science” (Monosson 2005). Within 
this framework, assessments of mixture toxicity remained centered around the 
individual compounds present in the mixture, despite appeals for an organismal, 
mechanistically focused, approach (Escher and Hermens 2002; Løkke 2010). Recent 
technical developments in mRNA transcriptional profiling have boosted this 
mechanistic focus in toxicology by presenting enhanced insights in genetic pathways 
that are affected by different toxicants. As a result, chemical mixtures are assessed as 
a “whole mixture approach,” in which complex (environmental) mixtures are 
considered as one toxic agent, integrating individual effects of the constituent 
components (Ragas et al. 2010). The main cellular effects induced by the mixture are 
used to classify the contamination by relating these effects to the knowledge on single 
compounds, on different levels and outcomes. Currently, standards for human health 
(Bhattacharya et al. 2011) and ecological risk assessment (Ankley et al. 2010) are also 
being adapted to this alternative approach to aptly include environmental chemical 
mixtures in regulatory standards (Ragas et al. 2010). 
To mechanistically understand how chemicals interact and produce combinatory 
effects, first analyses are required that measure the effect of each individual 
compounds (Ragas et al. 2010). Established ecotoxicological dose–response and 
mixture toxicity models approached mixture toxicity from the perspective of the 
components present in the mix and on endpoints of ecological relevance, such as 
growth, survival or reproduction of the organism under investigation. even in 
controlled experiments using simple binary mixtures, this type of studies have 
reported a variety of toxicity interactions between the same or similar compounds. For 
instance, the toxicity interaction found in metal-PAH mixtures varied between 
synergism, antagonism and concentration addition, depending on the specific metals 
and PAHs involved (Gust 2005; Shen et al. 2006; Fleeger et al. 2007; Zhang et al. 
2011). Such contrasting results illustrate that a focus on chemical classification in this 
case is inadequate to describe mixture toxicity effects. Thus, there is a need to better 
understand the relationship between the ecotoxicological effects of chemical 
interactions and the underlying cellular mechanisms. 
Studies investigating stress responses and interactions from the cellular perspective, 
such as medical research on aging, have reported extensive cross talk between 
different stress response pathways (Pizzo and Pozzan 2007; Giorgi et al. 2009; Rath 
and Haller 2011). This cross talk could explain synergistic as well as antagonistic 
effects caused by multiple, simultaneously acting, chemical stresses (Gems and 
Partridge 2008). For instance, administration of certain xenobiotics at nontoxic levels 
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induces the cellular process of biotransformation. This in turn provides an effective 
protection against molecular damage-induced pathologies, including carcinogenesis 
and radiation-induced damage (Talalay et al. 2003, Gems and Partridge 2008). 
Classifying cellular responses of individual chemicals can provide a framework by 
which the interactions in chemical mixtures could be understood and, with growing 
insights, perhaps also predicted. This may ultimately be helpful in developing visions 
for decision-makers about the nature of the dose–responses of environmental 
mixtures, across the entire dose–response continuum (Calabrese 2008). 
The main objective of this study is to assess the effects of binary mixtures of cadmium 
and phenanthrene using transcriptional profiles of a designated panel of molecular 
bioindicators. By interpreting the observed mixture interactions, we try to gain 
understanding of the cellular mechanisms of action caused by the chemicals in 
combination with each other. Our hypothesis is here that we will find interactions that 
are in agreement with the above mentioned related literature from the medical 
sciences. We use the soil-living springtail Folsomia candida as a toxicological and 
molecular model species. 
In an earlier study (Chapter two) we evaluated the transcriptional effects to cadmium 
and phenanthrene in F. candida using a high throughput nano-liter RT-qPCR 
platform. Our focus here is to identify mixture interactions between these chemicals 
using a partial factorial design. We measure inhibition of reproduction after 28 days 
following a standard toxicity test (ISO 1999). Five exposures at the 50% effect level 
(three binary mixtures and the single compounds) were chosen to perform 
transcriptional qPCR profiling. Transcriptional effects after short-term (4 days) 
exposure to the five mixtures were quantified similarly to the study described in 
Chapter two, and decomposed by multivariate partial least squares regression (PLSR). 
The analysis suggested that oxidative stress levels were attenuated by the mixture, 
possibly due to the induction of biotransformation enzymes that provide cross-toxicant 
protection. 
 
 

4.2 Materials and Methods 
 

Animals and exposures  
Folsomia candida (Collembola, Isotomidae, Berlin strain, cultured in our laboratory 
for many years) was reared in plastic containers with a water-saturated bottom of 
plaster of Paris containing 10% charcoal. Animals were kept at 20°C in a 12:12 light-
dark photoperiod with dried baker's yeast (Dr. Oetker) as food. All animals used in the 
experiments originated from a single F. candida culture strain. Since F. candida 
reproduces parthenogenetically, all individuals have identical genotypes.  
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Following the ISO standard 11267 for assessing inhibition of reproduction of             
F. candida by soil pollutants (ISO 1999) ten juvenile (10-12 day old) animals were 
exposed in 100 ml test jars to 30 g wet weight (w.w.) spiked LUFA 2.2 soils. After 28 
days of exposure the number of juveniles were determined by extracting the animals 
by flotation, taking digital photographs and using Cell^D software (Olympus, 
Zoeterwoude, Netherlands) for automated counting. 
Lufa 2.2 reference soil (characteristics: soil pH5.5, total organic carbon content 2.1%, 
water-holding capacity 46.5%; LUFA-Speyer, Speyer, Germany) was spiked also 
following the procedure of the ISO protocol. For the cadmium spiking, a solution of 
hydrated CdCl2 (purity 99%; J.T. Baker, The Netherlands) was used, while 
phenanthrene (purity 96%; Sigma-Aldrich Chemie, Germany) was dissolved in 
acetone (Riedel-de Haën, Seelze, Germany). Mixture soils were first spiked with 
phenanthrene and then with cadmium. To obtain the required concentrations, acetone 
dilutions were prepared from the phenanthrene stock and mixed into the soil which 
initially was completely submerged. The control and cadmium soils were submerged 
in pure acetone. Under the fume hood, the acetone was evaporated overnight. The next 
day the soils were moistened to 50% of the water holding capacity using water in the 
control and phenanthrene soils, and water in addition of the required amount of 
cadmium dilution in the mixture and single cadmium spikings. The soils were 
thoroughly mixed, transferred to the test containers and left overnight to stabilize 
before test animals were introduced. 
Twenty treatments were tested for the effects on reproduction: eleven different ratios 
of the binary mixture of cadmium and phenanthrene, together with four concentrations 
of each single compound and an acetone solvent control. Nominal concentrations of 
cadmium and phenanthrene ranged between 0 and 80 mg/kg dry soil (Table 1).  
For the subsequent transcriptional response study, nominal concentrations of the 
toxicants were based on the 50% effect levels derived from the estimated 50%-isobole 
for effects on 28d reproduction, see Figure 1. The treatments consisted of 1) single 
cadmium (C), 2) single phenanthrene (P),  3) an equal concentration mixture (EQ), 
which is near iso-toxic for these compounds, 4) an antagonistic mixture with the 
maximum concentration of cadmium on the 50% effect level in combination with a 
low concentration of phenanthrene (CM), and 5) an antagonistic mixture with the 
maximum concentration of phenanthrene in combination with a low concentration of 
cadmium (PM) as well as an acetone solvent control (0AC). See Table 2 for the 
nominal concentrations of each treatment. The animals were exposed for 4 days. 
The short term treatments intended for molecular analysis were replicated four times 
per test soil. Each biological replicate consisted of an exposure jar with ten 
intermediate-sized adult F. candida of approximately one month of age, on top of a 
compressed layer of ca 10 g (w.w.) of freshly prepared test soil. After four days, the 
animals were snap-frozen in liquid nitrogen for RNA isolation. Concurrently, a 28-day 
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toxicity test as described above was run to confirm the predicted 50%-28d effect 
levels of the tested chemicals and mixtures. 
 
Table 1.  Number of juveniles of Folsomia candida after 28 days of exposure to 20 
chemical treatments with different concentration ratios of cadmium and phenanthrene and an 
acetone solvent control, in Lufa 2.2 soil. 
 
Concentration 
phenanthrene  
(mg/kg d.s.) 

Concentration cadmium (mg/kg dry soil)  
[0] [10] [20] [40] [80] 

mean SD n mean SD n mean SD n mean SD n mean SD n 

[0] 587 46 4 628 121 4 453 115 4 323 25 4 185 121 4 

[10] 474 129 4 610 166 4 525 110 4 404 83 4 200 58 4 

[20] 316 137 4 591 151 4 427 67 4 363 54 4      

[40] 242 0 1 496 83 4 357 151 4 295 68 4      

[80] 164 34 4 167 36 4                   
 
Table 2.  Nominal concentrations of cadmium and ([Cd]) phenanthrene ([Phe]; 
mg/kg) used for each 50% effect treatment in the molecular analysis of toxicity interactions 
after four days of exposure of Folsomia candida in Lufa 2.2 soil. Also given are the number 
of juveniles produced in a 28-day toxicity test that was run simultaneously (n = 4). 
 
Treatment Description [Cd] [Phe] Avg # juv. (± SD) 

 
0AC (acetone) control 0 0 637 (±235) 
C EC50 cadmium, single compound 36 0 271 (±227) 

CM high cadmium, low phenanthrene, 50% effect 59 13 230 (±73) 

EQ cadmium equal to phenanthrene, 50% effect 38 38 338 (±176) 
PM high phenanthrene, low cadmium, 50% effect 12 55 102 (±72) 

P EC50 phenanthrene single compound 0 39 300 (±134) 

RNA isolation, reverse transcription and qPCR 
Total RNA was isolated from the snap-frozen pools of ten individuals per replicate, 
using the SV Total RNA isolation system (Promega) according to the manufacturer's 
instructions. Genomic DNA was removed via a DNAse treatment supplied with the 
kit. RNA integrity was confirmed on a 1% agarose gel and total RNA quantities were 
assessed with a nanodrop ND-1000 spectrophotometer (Nanodrop Technologies) and 
ranged between 15 and 110 ng μl-1. The 260/280 and 260/230 ratios indicated low 
protein- and (organic) salt contamination. DNA contamination was verified by PCR 
with Taq-polymerase (MRC Holland, The Netherlands) on total RNA. Absence of 
amplicons confirmed the absence of traces genomic DNA. 
cDNA was synthesized using the reverse-transcriptase system of Promega with the M-
MLV reverse transcriptase enzyme and an oligo-dT primer according to 
manufacturer’s instructions. RNA input amounts were equalized to approximately 0.3 
μg per reaction. All reverse transcriptions were performed in a single run in a single 
96-wells plate. cDNAs were diluted four times prior to qPCR. 
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The Biomark high throughput qPCR platform, in combination with the 48.48 
Dynamic Array chips (Fluidigm), was used to run our set of 88 qPCR assays; 86 genes 
of interest and two validated reference genes (Chapter three). cDNAs of interest were 
originally isolated from cadmium and phenanthrene enriched libraries using 
suppressive subtractive hybridization (Chapter two). 
 

Data analysis 
The raw qPCR output was preprocessed in Genex Light v4.3.5 (MultiD Analyses 
AB). The four technical qPCR replications were inspected and averaged. Average Ct-
values were normalized for differences in input using the geometric mean of the 
expression levels of the two reference genes (SDHA and YWHAZ, Chapter three) and 
log2 transformed. 
Multivariate analyses were performed using The Unscrambler multivariate analysis 
software (CAMO ASA 2011). Prior to analysis autoscaling and maximum 
normalization transformation steps were performed, in order to eliminate influences of 
differences in amplitudes and basal expression levels between the assays. Five missing 
values in the dataset were imputated by using principal component analysis (PCA) as 
an estimation method, which was the software’s standard setting. 
Partial least squares regression (PLSR) was applied to examine expression profiles in 
relation to the treatments (Wold et al. 2001). PLSR treatment loadings for each 
principal component (PC) were then used in an ANOVA to test the PC’s 
discrimination value among the different treatments. 
Another ANOVA was run on the reproduction data of the 28-day toxicity test run with 
the treatments designed for the gene expression study. During this analysis the control 
data were divided by 2 in order to match the theoretical values of the 50% effect level. 
ANOVA analyses were performed in Prism v5.01 (GraphPad Software, San Diego, 
USA, www.graphpad.com). 
The results of the 28-day reproduction test of the mixture toxicity experiment were 
analyzed using the MixTox model, developed by Jonker et al. (2005). The Mixtox 
model has a deviation function for synergistic/antagonistic effects that tests for better 
fit compared to the simple concentration addition. Parameter a indicates deviations 
from addition, where a > 0 stands for antagonism and a < 0 for synergism. Matlab 6.5 
(MathWorks 2011) was used to plot the isobolic representation of the model 
outcomes. 
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Figure 1. Overview of tested concentrations (mg/kg dry soil) cadmium  [Cd] and 
phenanthrene [Phe; dots, as well as the isobolic representation of Jonkers MixTox model 
(2005,) fitted to the number of juvenile Folsomia candida (Table 1) in a standard 28-dau 
toxicity test.. The red isobole represents 50% effect. Lines above refer to 60%, 70%, etc. 
effect, and lines below to 40%, 30% etc. effect. Under the simple concentration-addition 
model, straight lines are expected between the corresponding values on the axis. The convex 
shapes of the isoboles indicate an antagonistic effect. 
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4.3 Results 
 

Toxicity effects of mixtures of cadmium and phenanthrene 
To test for mixture toxicity interactions, we used the MixTox model developed by 
Jonker et al. (2005). Initially, the reproduction data (Table 1) were empirically fitted 
to the reference model on the basis of the best fit with concentration addition as the 
reference model. In the next step, deviations from concentration addition were tested. 
The model’s deviation function for synergistic/antagonistic effects resulted in a 
significantly better fit (SS = 74955.02; a  = 4.25; χ2 = 14.52766, p = 0.000138) than 
concentration addition (SS = 154976.10). No dose level-dependent or dose ratio-
dependent deviations were found. Given the significantly positive a-value, the data 
clearly show an antagonistic interaction between cadmium and phenanthrene (see also 
Figure 1), suggesting that the mixtures were less toxic than could be expected on the 
basis of the concentrations of the individual compounds. 
Treatments for molecular analysis were based on the 50% isobole for reproduction, 
predicted by the model. Table 2 summarizes the concentrations and details of the 
chosen treatments. Effect levels on reproduction were validated by simultaneously 
running a 28-day toxicity test. The average number of juveniles (± SD) in the four 
control replicates was 637 (± 235). In order to match the treatment groups, the control 
data were divided by 2 and an ANOVA was applied. No significant differences were 
found between the groups (p = 0.16) indicating that all concentrations indeed caused 
50% effect (Table 2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (next page)  Heatmap view of all assays’ average normalized relative 
expression values for each of the 50% effect level treatments of Folsomia candida to 
cadmium and phenanthrene (for details and treatment IDs see table 2).  Darker color 
intensities represent increased expression values. 
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Table 3. Overview of qPCR assays, gene names and observed responses 
 
Assay ID Gene Response*  Highest 2nd Higest 

r pc r pc 
16S 16S ribosomal RNA gene cad -0.87 1 0.16 7 
ABC(MD)T ABC-type multidrug transporter  -0.29 7 0.26 2 

ABC/MOAT-D ABC (MOAT-D) transporter phe, cad 0.51 2 -0.39 1 

ABCC1 ABC transporter ABCC1 phe, cad 0.61 2 -0.42 1 
ACVS alpha-aminoadipyl-cysteinyl-valine 

synthetase 
cad -0.85 1 -0.21 6 

ADHA alcohol dehydrogenase (acceptor) CM 0.35 4 0.20 5 

AGAP012195-
PA 

similar to AGAP012195-PA down by phe -0.49 2 0.29 1 

AIG1 similar to androgen-induced 1 down by cad 0.47 1 0.29 5 

ATP6 ATP synthase F0 subunit 6 CM 0.76 4 0.35 6 

BCS1 BCS1 cad -0.63 1 0.33 6 

CFL similar to cofilin/actin-depolymerizing 
factor homolog 

cad 0.75 1 -0.28 2 

CG10178 similar to CG10178-PA cad 0.64 1 -0.38 2 

COL4 goodpasture antigen-binding protein down by phe -0.33 2 0.27 5 

CONS PROT similar to conserved hypothetical 
protein N. vitripennis 

cad 0.63 1 -0.36 2 

COX2 cytochrome c oxidase subunit II 
(Folsomia candida) 

CM 0.83 4 0.35 6 

CPH cephalosporin hydroxylase cad 0.69 1 -0.25 2 

CTCFL zinc finger protein cad -0.55 1 0.28 5 

CTSLL cathepsin L-like protease cad -0.48 1 0.27 7 

CV2/BMPER crossveinless 2; bmper protein down by phe, 
up by cad, CM 

-0.44 2 0.39 4 

CYP6/9 CYP9/6 phe 0.86 2 0.31 1 

CYP6AX CYP6AX1+CYP6N3v2 phe 0.85 2 0.31 1 

CYP6AY CYP6AY1  phe 0.97 2 0.09 4 

CYP6N3 CYP6N3v2 phe 0.85 2 0.32 1 

CYP6N4 CYP6N4v1 phe 0.96 2 0.18 1 

CYP9/6 CYP9/6 phe 0.86 2 0.30 1 

CYP9A1 CYP9A1v2 phe 0.97 2 0.06 4 

CYP2P3 CYP2P3 (fish) P, phe 0.54 5 0.34 2 

CYTB_1 cytochrome b CM, cad 0.70 4 -0.35 1 

CYTB_2 cytochrome b P, C 0.46 5 -0.37 4 

DAP1 similar to Death-associated protein 1  0.24 6 -0.24 7 

DDX18 putative DEAD (Asp-Glu-Ala-Asp) box 
polypeptide 18 

cad 0.65 1 0.09 5 

DNAJ/HSP40 similar to dnajc2 protein cad 0.67 1 -0.29 2 

DNK putative deoxynucleoside kinase cad 0.51 1 0.29 5 

DPTD dipericinD  cad -0.76 1 -0.23 6 

FUT alpha(1.3)fucosyltransferase cad 0.26 4 -0.20 2 

GD21012 GD21012 cad 0.66 1 -0.29 2 

GLRA1 glycine receptor. alpha 1 cad -0.91 1 -0.23 2 
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Assay ID Gene Response 1st  2nd  

GST glutathione S-transferase down by phe -0.61 2 0.39 6 

GSTO omega class glutathione S-transferase CM, cad 0.40 4 -0.39 1 

HAD_1 haloacid dehalogenase-like hydrolase cad -0.87 1 -0.27 6 

HAD_2 haloacid dehalogenase like hydrolase cad -0.87 1 -0.28 6 

HISTH4 similar to germinal histone H4 gene all except PM 0.40 1 0.31 5 

HSP70 heat shock protein HSP70g phe,  cad 0.54 2 -0.53 1 

HSP70/68 HSP70; HSP68 phe,  cad 0.56 2 -0.50 1 

IARS2 mitochondrial isoleucine tRNA 
synthetase; IARS2 protein 

cad 0.51 1 -0.33 2 

INX2 innexin 2 down in PM 0.64 5 0.13 4 

IPNS_1 isopenicillin N synthetase cad -0.88 1 0.16 7 

IPNS_2 isopenicillin N synthetase cad -0.87 1 0.16 7 

IRG6 inflamm. resp. prot. 6; viperin  cad -0.56 1 0.29 6 

LAMA lamininA cad -0.84 1 -0.20 2 

LAMB2 laminin beta 2 cad,  P -0.73 1 0.35 7 

LIP lipase cad -0.79 1 0.13 2 

LMBRD2 LMBR1 domain containing 2 cad, down by 
phe 

0.40 1 -0.40 2 

MLS malate synthase   0.50 6 -0.42 2 

MOXD1_1 monooxygenase. DBH-like 1 cad -0.85 1 -0.20 2 

MOXD1_2 moxd1 protein cad -0.76 1 0.32 6 

MT2 copper-inducible metallothionein MT-2 cad -0.52 1 -0.34 7 

ND3 NADH dehydrogenase subunit 3 CM,  cad 0.74 4 -0.40 1 

ND5 NADH dehydrogenase subunit 5 CM,  cad 0.84 4 -0.39 1 

NO HITS_1 no significant hit cad -0.58 1 -0.48 4 

NO HITS_2 no significant hit cad -0.85 1 0.28 6 

NO HITS_3 no significant hit cad 0.73 1 -0.24 2 

NO HITS_4 no significant hit cad -0.79 1 0.17 2 

NO HITS_5 no significant hit CM,  cad 0.59 4 -0.47 1 

NO HITS_6 no significant hit CM,  cad 0.40 4 0.32 1 

NO HITS_7 no significant hit phe,  cad -0.47 2 0.38 1 

NO HITS_8 no significant hit C 0.34 6 -0.31 1 

NO HITS_9 no significant hit cad -0.71 1 -0.21 2 

NO HITS_10 no significant hit EQ, CM 0.38 5 0.37 4 

P2XR purinergic receptor P2X cad,  phe -0.47 1 0.39 2 

PEPD similar to peptidase D down by phe -0.56 2 0.39 4 

PSAT phosphoserine aminotransferase PM,  EQ -0.64 1 0.39 5 

RAF riboflavin aldehyde-forming enzyme EQ,  CM -0.75 1 -0.28 2 

RDH11 similar to retinol dehydrogenase 11 down by EQ 0.62 1 0.21 5 

RPL30 60S ribosomal protein L30 phe 0.56 2 -0.39 1 

SC24R sterol C24 reductase phe, C 0.48 2 -0.37 4 

SCRIB scribbled cad 0.50 1 -0.38 2 

SDHA succinate dehydrog. compl. subunit A reference  N/A  N/A  

SDR9 short-chain dehydrogenase/ 
reductase 9 

down by cad 
and phe 

0.63 1 -0.30 2 
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Assay ID Gene Response 1st  2nd  

SEPHS selenophosphate synthetase  -0.63 5 -0.31 1 

SID1 immunoglobulin-like.  
sid-1-like protein2 

EQ, cad 0.61 5 -0.53 1 

TMS1D similar to membrane protein  
tms1d isoform 1 

down by phe, 
CM 

-0.43 2 0.32 4 

TNC troponin C CM 0.49 4 -0.34 2 

UNKNOWN_1 unknown function cad -0.73 1 0.27 6 

UNKNOWN_2 unknown function cad, phe -0.37 1 0.37 2 

WAP whey acidic protein cad -0.91 1 -0.15 2 

XPO7 similar to exportin 7  0.64 1 -0.34 2 

YWHAZ tyrosine 3-monooxygenase reference  N/A  N/A  

 
*induction unless stated otherwise. Responses were derived from  r-values from the highest 
and second highest PC. r-values between -0.3 and 0.3 are disregarded. cad = global 
cadmium response; phe = global phenanthrene. response; for other abbrev. see Table 2  

Relating gene expression profiles to treatments using 
multivariate PLS regression  
Figure 2 shows a heatmap of the normalized relative expression values for 86 qPCR 
assays in each treatment. To identify the assays that account for most of the variation 
in gene expression among treatments we used multivariate partial least squares 
regression (PLSR). In short, PLSR is a modeling method that is used to determine the 
relationship between a multivariate data set and a univariate phenotype, in case of 
many and highly collinear variables (for an explanation see Wold et al. 2001). The 
PLSR model showed a steady increase in explained variance up to eleven principal 
components (PCs), with a cumulative explained variance of 85%, of which 32% was 
explained by the first two PCs. A full cross validation (Martens and Martens 2000) 
was done to assess the robustness of the model and, with this, the risk for over-
analyzing. Of the variance explained by the first two PCs 21% was confirmed by cross 
validation, the other PCs were not supported. However, despite the low predictive 
value of the higher PCs, assays correlating with these PCs were interesting to 
investigate because of their potential relation with the antagonistic effects of the 
toxicants. 
To determine which treatments were distinguished in each PC, an ANOVA followed 
by Tukey’s multiple comparisons post hoc testing was carried out with treatment as 
independent parameters and the PC scores as dependent variables. Six of the eleven 
PCs showed significant treatment-specific differences (ANOVA and Tukey’s post hoc 
test p < 0.05; Figure 3): PC1 discriminated between the cadmium treatments C, CM 
and EQ, versus the other treatments. Similarly PC2 discriminated between the 
phenanthrene treatments P, PM and EQ, versus the other treatments. PC4 
distinguished between the cadmium treatment with (CM) and without (C) addition of 
a low concentration of phenanthrene, while PC6 separated CM (anti-correlated) from 
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the treatments C and P (correlated). PC5 showed a significant difference between 
treatment EQ and P, and PC7 differed significantly between treatments P and PM. The 
other five PCs (PC3, 8, 9, 10 and 11) did not show significant differences among 
treatments. Therefore, for further analyses we restricted ourselves to the six PCs with 
treatment-specific effects shown in Figure 3. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Average treatment loadings (±SD) for each relevant principal component as 
calculated by partial least squares regression. Significant differences (ANOVA and Tukey’s 
post hoc test, p < 0.05) are indicated by different letters above the bars OAC=  aceton 
control; C= single cadmium; CM= high cadmium-low phenanthrene; EQ= equal 
concentration mixture; PM= high phenanthrene-low cadmium; P= single phenanthrene. 
 
For each of the relevant PCs, PLSR estimated correlation coefficients (r) for the single 
gene assays (Figure 4). Table 3 gives an overview for each assay: The assay ID, 
followed by the gene name, the response, and the two highest correlation coefficients 
and matching PCs. Sequences can be accessed via Collembase (Timmermans et al. 
2007). Fcc IDs and a brief description of the genes’ functions derived from general 
literature research, as well as qPCR primer sequences can be found in Additional file 
1 and 2. 
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Figure 4.  Heatmap view of  all assays’ correlation coefficients (r) for each principal 
component calculated by partial least squares regression, using the normalized relative gene 
expression values from Folsomia candida exposed to mixtures of cadmium and phenanthrene. 
Green =  negative r; red = positive r. 
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Global response to cadmium 
The first PC, describing the largest variation in the dataset, showed high correlations 
with genes that showed increased expression levels after exposure to any of the main 
cadmium containing treatments. Note that genes with large negative PC1 loadings are 
indicative of the presence of cadmium (Figure 3). Expression of glycine receptor 
alpha 1 (GLRA1) was correlated with PC1 with r -0.91. Glycine receptors are glycine-
gated chloride channels in the plasma membrane that can inhibit increases in 
intracellular calcium, including alterations caused by mitochondrial stress and stress 
of the endoplasmic reticulum (ER; Zhong et al. 2003). Direct binding of cadmium can 
inhibit these receptors (Wang et al. 2006). 
Two PC1 negatively correlated groups of genes were immune response assays (WAP, 
IPNS, ACVS, DPTD, PSAT, IRG6 and SID1) and genes related to biotransformational 
conjugation (MOXD1-1&2, MT2, GSTO). Metallothionein (MT2; r -0.52) is a well-
known metal binding protein. The omega class glutathione-S-transferases (GSTO; r -
0.39) are cytosolic enzymes and have, unlike other glutathione S-transferases, a 
cysteine residue in their active site, by which they may catalyze a range of transferase 
and reduction reactions that are not catalyzed by members of the other classes (Board 
2011). They may also be capable of catalyzing metal-ion chelating reactions, in 
contrast with the other GSTs. This is supported by the GST assay being correlated 
weakly (r  -0.12) with PC1. 
PC7 set apart the single phenanthrene treatment (P) from the treatment of 
phenanthrene in combination with low concentration cadmium (PM) and yielded some 
information on the cadmium response. The purinergic receptor P2X (P2XR; r -0.37) 
and metallothionein (MT2; r -0.34) correlated with PM in PC7. These markers showed 
a concentration-dependent response to cadmium and were probably sensitive enough 
to respond to the 12 mg/kg cadmium that was added in the PM treatment. 
 

Global response to phenanthrene  
The second principal component was positively correlated with the presence of 
phenanthrene (Figure 3). Principal component 2 was predominantly linked to 
expression of genes related to the different phases of the biotransformation pathway. 
Oxidation of highly lipophilic organic compounds to more water-soluble metabolites,  
called phase I biotransformation, is aided by cytochrome P450 enzymes (CYP). 
Expression of CYPs from gene sub families 6 and 9 were correlated with PC2 with 
correlation coefficients up to 0.97. These enzymes are known to be induced by many 
xenobiotic compounds (Korsloot et al. 2004), including phenanthrene and other 
PAHs. The expression profile of glutathione S-transferase (GST) correlated negatively 
with PC2 (r -0.61) and was thus reversely correlated with phenanthrene (Figure 4). 
Omega glutathione-S-transferase, GSTO was correlated with PC1 as described above, 
but hardly with PC2 (r -0.1). Therefore the classical phase II biotransformation – 
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conjugation of metabolites formed during phase I with glutathione – remains 
unresolved by our transcriptional data. Correlations with PC2 of ABC transporters, 
involved in cellular transport of conjugation products and related to phase III 
biotransformation, were found (ABCC1; r 0.61 and ABC/MOAT-D; r  0.51). 
 

Mixture treatments response 
Responses to the combined exposures were represented in PC4 to PC7. Although 
these PCs were not supported by cross validation, some striking aspects of the 
expression patterns could be identified. 
Correlations between gene expressions in the CM treatment (cadmium with a low 
concentration of phenanthrene) versus the single cadmium treatment (C), were found 
for a group of mitochondrial related genes (ND3&5, COX2, ATP6, CYTB_1) with r-
values ranging between 0.70 and 0.84. Expression of Troponin-C (TNC) showed its 
highest correlation with CM on PC4 (r 0.49). Troponin-C is an intracellular receptor 
protein for calcium, and is involved in muscle contraction in sacromeres. Cadmium 
ions can substitute for Ca2+ in the calcium binding domains of TNC (Drakenberg et al. 
1987).  It may be argued that the correlation of TNC with PC4 is dose-related to 
cadmium rather than an interaction effect of cadmium in combination with 
phenanthrene. Also GSTO (r 0.40; see also PC1) and two genes without annotations 
(NO HITS_5 and 6; r 0.59 & 0.40 respectively) had their highest correlation with PC4. 
The majority of genes in the mixture toxicity assays were correlated with the cadmium 
response of PC1, however to a lesser extent than with the CM treatment correlations 
of PC4.  
Correlation with the equitoxic (EQ) mixture treatment as opposed to the single 
phenanthrene treatment, was found for the expression of selenophosphate synthetase 
(SEPHS), with an r-value of -0.63 for PC5. Selenophosphate synthetase incorporates 
selenocysteine into selenoproteins, such as glutathione peroxidases and thioredoxin 
reductases, which are all involved in the defence against oxidative damage. On the 
opposite end of PC5, anti-correlated with the EQ treatment or correlated with single 
phenanthrene were INX2 (r 0.64), SID1 (r 0.61) and CYP2P3 (r 0.54). 
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4.4 Discussion 
 

Mechanisms of mixture toxicity related to inhibition of 
reproduction  
To better understand interactions from cadmium and phenanthrene in simultaneous 
exposures, we performed a standard test for inhibition of reproduction of F. candida. 
Test results were associated with expression of 86 gene markers that were explicitly 
selected to indicate exposure to cadmium and phenanthrene and included the set 
described in Chapter two. The use of quantitative high-throughput nanoliter RT-PCR 
using the Fluidigm platform allowed us to quantify expression for each of the genes in 
a number of different chemical exposures. Our findings show antagonistic effects on 
reproduction, which were  most evident in the lower dose range of either chemical. 
Transcriptional profiles resulted in three major groups of differentially expressed 
genes: those responding to cadmium, those responding to phenanthrene, and genes 
that were induced in the combined treatments. This last group, unfortunately, 
contained the smallest number of genes. This accentuates that, also on the molecular 
level, characterizing combined  toxicity effects is not straightforward. 
Comparing studies of metal-PAH interactions on the ecotoxicological level has been 
difficult because of the large variations in experimental set-up and compound-specific 
modes of toxicity. Conclusions on interaction effects cannot be generalized (reviewed 
by Gust 2005) and metals may facilitate either synergistic or antagonistic toxic effects 
depending on the type of reactions they affect during PAH metabolism (Gust 2005).  
Appointed application of ‘omics’ tools such as high throughput transcriptomics (eg. 
Dondero et al. 2011) and metabolomics (eg. Jones et al. 2012) is increasingly proving 
their worth for  mixture toxicity assessment. 
In our study, we compared a response on reproduction after four weeks of exposure 
with short-term transcriptional responses. Transcriptional changes observed after 4 
days of exposure may differ significantly from long-term cellular responses, because 
gene expression responses may be transient, and also toxicodynamic and toxicokinetic 
aspects remain unresolved. This way of testing however, is not uncommon. In a 
review, Altenburger et al. (2012) point this out as one of the current limitations of 
toxicogenomic assessment of mixtures. Besides this, the authors recommend the 
design of hypothesis-driven studies, which could be done by using graded exposure 
situations and regression-based analysis. Our approach of using PLS regression 
analysis of expression profiling of five mixture treatments at the modeled 50% effect 
level for reproduction, is doing exactly that. Differences between the mixtures could 
be identified and important gene assays for mixture responses were deduced. 
Dynamics of these molecular responses over time  will be the focus of a next study 
(Chapter 5 of this thesis). 
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Effects on cytochrome P450 biotransformation, chelation 
and transport 
The two dominant transcriptional responses found in our data were related to the 
global responses to cadmium and phenanthrene. Profiles suggested that after four days 
of exposure induction of biotransformation was present in response to cadmium as 
well as to phenanthrene. For cadmium this was in an induction of phase II genes and 
for phenanthrene phase I and phase III related genes. The phenanthrene response 
showed dose-dependent induction of (phase I) CYP genes. This is congruent with 
earlier findings for some of these assays (Chapter two), which demonstrated up-
regulation of CYP family 6 or 9 by phenanthrene but not cadmium. CYP6 and CYP9 
have a common evolutionary ancestor and are well-characterized xenobiotic 
biotransformation enzymes in insects (Feyereisen 2006).  The induction of these 
enzymes and of phase III ABC transporters is a fast response (unpublished data) and 
could have occurred since the first hours of exposure in our test.  
The most noticeable in the cadmium response is the chelation step involving omega-
GST and metallothionein. The absence of induction of the genes encoding for ABC 
transporters upon cadmium exposure is remarkable, but consistent with our earlier 
results (Chapter two). 
 

Mitochondrial maintenance higher in mixtures 
Mixture effects were reflected in the higher PCs of the PLS regression analysis. These 
higher PCs were only correlated with a small number of assays, which is why 
interpretation of the results remains tentative. Still some patterns could be detected. 
Remarkable was a group of mitochondrion-related genes correlating with the CM 
treatment of PC4. All of these had much lower correlations with the other PCs, 
including PC1. While cadmium-induced disruption of the electron transport chain will 
increase ROS levels and induce the unfolded protein response and oxidative stress 
response (Kitamura and Hiramatsu 2010), it seems that in this case the main response 
is mitochondrial repair and/or proliferation, maybe caused by high energy demands of 
the detoxification process.  
 

Membrane integrity less compromised in mixtures  
Signs of membrane disruption occurred in correlation with the single phenanthrene 
treatment as opposed to the mixture treatment. Several membrane integrity-related 
genes were found on PC5, negatively correlated with the EQ mixture treatment and 
positively correlated with the single phenanthrene treatment: the gene encoding 
innexin, which is a structural component of gap junctions, SID1, a transmembrane 
protein of the lysosomal membrane and CYP2P, a cytochrome P450 enzyme that 
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metabolizes arachidonic acid (AA; Oleksiak et al. 2003). AA is released from 
membranes when lipid packing density and membrane integrity are compromised 
(Kultz 2005). In Lumbricus rubellus AA was increased after exposure to a high dose 
mixture of nickel and chlorpyrifos, but not in the low dose mixture and the single 
nickel treatments (Baylay et al. 2012). The complex mechanisms of AA mobilization 
during oxidative stress were reviewed by Balboa and Balsinde (2006). It may be 
argued that here these membrane-related gene expressions occur as a result of 
phenanthrene, and it appears that they are moderated in the equitoxic mixture 
treatment in combination with cadmium. 
 

Mild and intermediate levels of oxidative stress 
An active detoxification system of biotransformation is an endogenous source of 
oxidative stress, since it produces reactive metabolites and free radicals (reactive 
oxygen species; ROS; see for details Li 2011). These mechanisms of cellular 
cytoprotection and restoration however, are generally typified by mild levels of 
oxidative stress (tier 1) and have even been linked to hormetic effects observed  in 
organismal and population endpoints (Zhang et al. 2008, Mattson 2008). The 
induction of immune and inflammation-related genes that were seen in the response to 
cadmium is typical for intermediate levels (tier 2) of oxidative stress.  Severe stress 
levels, characterized by apoptosis (tier 3; Zhang et al. 2008) were not observed and we 
assume that such severe stress levels (tier 3) have not occurred during the short term 
exposures. 
A general indication that supports the antagonistic effects of the mixtures on 
reproduction is the fact that none of the tier 2 stress level indicators, the immune and 
inflammation-related gene expressions, show correlations to the mixture treatments in 
the higher PCs. Also the induction of assays related to the maintenance of 
mitochondrial structures were correlated with the mixture treatments rather than the 
with single cadmium treatment. In addition, the arachidonic acid metabolizer CYP2P 
was correlated with the single phenanthrene treatment but to a lesser extent with the 
mixtures. This suggests that the cellular state in the mixture exposures was less 
stressed than in the single compound treatments, supporting the hypothesis that 
oxidative stress levels were lower in the mixtures than expected on the basis of the 
single cadmium and phenanthrene responses. Our findings on induced 
biotransformation genes are in agreement with mechanistic studies on 
chemoprotection by Talalay et al. (2003) and Gems and Partridge (2008). 
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4.5 Future directions 
 
Acquiring an apt set of molecular indicators is the main challenge in designing an 
effective method for mechanistic ecotoxicological studies or risk assessment related 
testing of soils. When cost drops further, RNAseq has the potential to pick up key 
nodes of stress response pathways that have not yet been identified in ecotoxicological 
model species. As mechanistic hypothesis testing will refine, quantitative data sets 
will be needed. High throughput application of quantitative PCR techniques serves to 
be reliable in obtaining such datasets and combining it with the throughput needed for 
mechanistic interpretation.  
In contrast to the recently proposed initiative for mapping the human ‘toxome’ 
(Hartung and McBride 2011), an ‘ecotoxome’ initiative could serve as the counterpart 
for ecotoxicology and environmental risk assessment, by defining the parallel 
database for environmentally relevant toxicity pathways in organisms other than 
human. A complete compilation of all ‘pathways of toxicity’ (Hartung and McBride 
2011) would lead to powerful extrapolations from threshold doses for activation or 
toxicity pathways to relevant environmental and ecological endpoints (Ankley et al. 
2010) and eventually risk assessment, and it would also allow for identification of 
non-toxicity conditions (Hartung and McBride 2011). 
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Additional file 1. Gene names and cellular function  of qPCR assays used in this study 
on the mixture toxicity of cadmium and phenanthrene to F.  candida. 
 
Assay ID Gene Description 
16S 16S ribosomal RNA gene One of the two major rRNA molecules in bacterial 

ribosomes (Lodish et al. 2004). 
ABC(MD)T 
ABC/MOAT-D 
ABCC1 

ABC-type multidrug 
transporter 
ABC (MOAT-D) transporter 
ABC transporter ABCC1 

ATP-binding cassette (ABC) transporter transport 
various molecules across extra-and intra-cellular 
membranes. Multi-specific organic anion 
transporter D may act as an inducible transporter 
in the biliary and intestinal excretion of organic 
anions. Acts as an alternative route for the export 
of bile acids and glucuronides from cholestatic 
hepatocytes. ABCC1 is involved in multi-drug 
resistance. It mediates export of organic anions 
and drugs from the cytoplasm. Mediates ATP-
dependent transport of glutathione and 
glutathione conjugates, leukotriene C4, estradiol-
17-beta-o-glucuronide, methotrexate, antiviral 
drugs and other xenobiotics. Confers resistance to 
anticancer drugs. Hydrolyzes ATP with low 
efficiency (Uniprot). 

ACVS alpha-aminoadipyl-
cysteinyl-valine synthetase 

Enzyme involved in penicillin G  antibiotic 
biosynthesis (Queener 1990). 

ADHA alcohol dehydrogenase 
(acceptor) 

Enzyme that catalyzes the convertion from 
alcohols into aldehydes: An alcohol + NAD+ = an 
aldehyde or ketone + NADH (Uniprot). 

AGAP012195-PA similar to AGAP012195-PA Function unknown. 
AIG1 similar to androgen-induced 

1 
Androgen induced 1 is a protein that is also 
conserved in drosophila, it can co-localize with 
Pirh2, a negative regulator of the p53 tumor 
suppressor gene. AIG1 showed downregulation of 
p53 expression, and upregulation of NFAT and AP1 
signaling factors (Wu et al 2011). 

ATP6 ATP synthase F0 subunit 6 Mitochondrial membrane ATP synthase,  F-type  
(Uniprot). 

BCS1 BCS1 Chaperone necessary for the assembly of 
mitochondrial respiratory chain complex III. 
Involved in maintenance of mitochondrial tubular 
networks, respiratory chain assembly and 
formation of the LETM1 complex (Uniprot). 

CFL similar to cofilin/actin-
depolymerizing factor 
homolog 

Involved in the regulation of actin-filament 
dynamics, stimulates nucleotide exchange on 
monomeric actin and influences the turnover of 
the small amount of cytosolic actin microfilaments 
(Uniprot). 

CG10178 similar to CG10178-PA May mediate the intracellular trafficking of 
ceramide in a non-vesicular manner (Uniprot). 

COL4 goodpasture antigen-
binding protein 

Immunity/defense related, ceramide and protein 
transport involved in ER,  Golgi, plasmamembrane 
(Genatlas). 

CONS PROT similar to conserved protein  
N. vitripennis 

Function unknown. 
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Assay ID Gene Description 

COX2 cytochrome c oxidase 
subunit II (F.  candida) 

Cytochrome c oxidase is the component of the 
respiratory chain that catalyzes the reduction of 
oxygen to water. Subunits is part of the functional 
core and transfers the electrons from cytochrome 
c to the bimetallic center of the catalytic subunit 1 
(Uniprot). 

CPH cephalosporin hydroxylase Enzyme involved in cephalosporin antibiotic 
biosynthesis (Queener 1990). 

CTCFL zinc finger protein CTCF zinc-finger protein family, regulating genome 
activity through its capacity to act as an enhancer 
blocker (Genatlas). 

CTSLL cathepsin L-like protease A lysosomal cysteine proteinase, involved in 
matrix degradation, potent role in degrading 
collagen, laminin, (Genatlas). 

CV2/BMPER crossveinless 2; bmper 
protein 

Involved in cell adhesion, plays an important role 
in endothelial cell function and blood vessel 
formation (Genatlas). 

CYP6/9 
CYP6AX 
CYP6AY 
CYP6N3 
CYP6N4 
CYP9/6 
CYP9A1 
CYP2P3 

CYP9/6 
CYP6AX1+CYP6N3v2 
CYP6AY1  
CYP6N3v2 
CYP6N4v1 
CYP9/6 
CYP9A1v2 
CYP2P3 (fish) 

One of the largest family of genes, P450 enzymes 
are best known for their monooxygenase role, 
catalyzing the transfer of one atom of molecular 
oxygen to a substrate and reducing the other to 
water. Substrates include metabolic intermediates 
such as lipids and steroidal hormones, as well as 
xenobiotic substances such as drugs and other 
toxic chemicals. CYP6 and CYP9 families are insect 
specific. CYP6s and CYP9s are induced by 
xenobiotics and are also associated to insecticide 
resistance (Feyereisen 2006). The fish CYP2Ps are 
homolog with the mammalian CYP2Js and are 
involved in the metabolism of arachidonic acid, 
which also plays an important role in the 
metabolism of insects (Oleksiak et al. 2003). 

CYTB_1 and 2 cytochrome b One of the cytochromes, which are components of 
the mitochondrial respiratory chain (Lodish et al. 
2004). 

DAP1 similar to Death-associated 
protein 1 

Signaling cytokine, positive mediator of apoptosis 
(Genatatlas). 

DDX18 putative DEAD (Asp-Glu-
Ala-Asp) box polypeptide 18 

DEAD box proteins, are putative RNA helicases. 
They are implicated in a number of cellular 
processes involving alteration of RNA secondary 
structure such as translation initiation, nuclear and 
mitochondrial splicing, and ribosome and 
spliceosome assembly (Entrez). 

DNAJ/HSP40 similar to dnajc2 protein Molecular chaperones  characterized by a  'J-
domain', which interacts with Hsp70 heat shock 
proteins. DnaJ heat-shock proteins play a role in 
regulating the ATPase activity of Hsp70 heat-shock 
proteins (Lodish et al. 2004). 

DNK putative deoxynucleoside 
kinase 

Multisubstrate deoxynucleoside kinase, which are 
involved the DNA salvage pathway (Uniprot). 

DPTD dipericinD  Belongs to the attacin/sarcotoxin-2 family and is 
involved in insect innate immunity, in the 
antibiotic response (Wicker et al. 1990). 
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Assay ID Gene Description 

FUT α(1.3)fucosyltransferase Involved in the fucose transfer to a protein in 
fucosylation, a glycosylation type reaction (Lodish 
et al. 2004). Fucosylated carbohydrate structures 
can be involved many different processes, 
including tissue development, cell adhesion and 
inflammation (Ma et al. 2006). 

GD21012 GD21012 Function unknown. 

GLRA1 glycine receptor. alpha 1 Subunit of the glycine receptor, which is a 
neurotransmitter-gated ion channel. Binding of 
glycine to its receptor increases the chloride 
conductance and thus produces hyperpolarization 
(inhibition of neuronal firing) (Entrez, Uniprot). 

GST glutathione S-transferase GSTs catalyse the conjugation of reduced 
glutathione. It detoxifies endogenous compounds 
as well as breakdown of xenobiotics (Genatlas). 

GSTO omega class glutathione S-
transferase 

A relatively ancient member of the cytosolic GST 
superfamily. Omega-class GSTs catalyze a range 
of thiol transferase and reduction reactions that 
are not catalyzed by members of the other classes 
(Board 2011). 

HAD_1 and 2 haloacid dehalogenase-like 
hydrolase 

Type of hydrolase enzyme found in P type ATPases 
including cation/copper and heavy metal 
transporters and proton pumps (Interpro). 

HISTH4 similar to germinal histone 
H4 gene 

Histones are small basic proteins associated with 
eukaryotic DNA (Lodisch et al. 2004). 

HSP70 
HSP70/68 

heat shock protein HSP70g 
HSP70; HSP68 

Heat shock proteins are major molecular 
chaperones that bind and stabilize (partly) 
unfolded proteins preventing these from 
aggregating and degradation (Lodish et al. 2004). 

IARS2 mitochondrial isoleucine 
tRNA synthetase; IARS2 
protein 

IARS2 is a class I tRNA synthetase involved in the 
translation process during protein synthesis in 
mitochondria (Interpro). 

INX2 innexin 2 Innexins are the invertebrate homologs of the 
vertebrate pannexins (Panx) which can form 
hemichannels in gap junctions, in concert with  
P2X receptors (see assay P2X) these pores allow 
complex regulation of autocrine and paracrine 
signalling processes also in inflammatory 
responses and possibly ER Ca2+ homeostasis. 
(D'hondt et al. 2010). 

IPNS_1 and 2 isopenicillin N synthetase Member of the iron/ascorbate-dependent 
oxidoreductase family involved in the biosynthesis 
of cephalosporin C antibiotic (Uniprot). 

IRG6 inflammatory response 
protein 6; viperin 

Involved in antiviral defense. May impair virus 
budding by disrupting lipid rafts at the plasma 
membrane, a feature which is essential for the 
budding process of many viruses (Uniprot). 

LAMA 
LAMB2 

lamininA 
laminin beta 2 

Laminins are extracellular matrix glycoproteins 
composed of 3 non identical chains (lA, B1, and 
B2), and are the major noncollagenous constituent 
of basement membranes. Laminin is thought to 
mediate the attachment, migration and 
organization of cells by interacting with other 
extracellular matrix components (Entrez, Uniprot). 
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Assay ID Gene Description 

LIP lipase Lipases are key components of membrane and 
energy storage systems. The acid lipases 
predominantly hydrolyse TAGs and cholesterol 
esters (Horne et al. 2009). 

LMBRD2 LMBR1 domain containing 2 Unknown function. 
MLS malate synthase  Key enzyme in the gyloxylate cycle (Entrez). In 

our study the sequence is most probably from 
endosymbiont origin. 

MOXD1_1 
MOXD1_2 

monooxygenase. DBH-like 1 
moxd1 protein 

Monooxygenase enzyme that belongs  to the 
copper type II ascorbate-dependent 
monooxygenase family. This multipass membrane 
protein is also found in invertebrates (Uniprot). 

ND3 
ND5 

NADH dehydrogenase 
subunit 3 
NADH dehydrogenase 
subunit 5 

Mitochondrially encoded NADH dehydrogenase 3 
and 5 are subunits of the mitochondrial membrane 
respiratory chain NADH dehydrogenase (Complex 
I) which functions in the transfer of electrons from 
NADH to the respiratory chain (Uniprot). 

NO HITS_1 - 10 no significant hits  

P2XR purinergic receptor P2X Cation-permeable ligand gated ion channels, see 
also INX2 (D'hondt et al. 2010). 

PEPD similar to peptidase D This enzyme serves an important role in the 
recycling of proline, and  production of collagen 
and thus linked to collagen-mediated integrin 
signaling (Entrez). 

PSAT phosphoserine 
aminotransferase 

Required in pathways of serine and pyridoxine 
biosynthesis and plays a role in L-serine 
biosynthesis (Genatlas). 

RAF riboflavin aldehyde-forming 
enzyme 

Probably originates from endosymbionts. 
Riboflavin/Vit. B2 is an essential nutrient for all 
insects, and a precursor of  flavin coenzymes; 
catalyze redox reactions; respiratory chain, drug 
steroid, lipid metabolism (Rivlin and Pinto 2001). 

RDH11 similar to retinol 
dehydrogenase 11 

Involved in retinol metabolism. Retinol is one of 
the animal forms of vitamin A. Retinoids have 
functions in vision, growth, cellular differentiation, 
morphogenesis, transmembrane proton transfer 
and gap junction communication (Olson 2001). 

RPL30 60S ribosomal protein L30 60S ribosomal L30 proteins are involved in 
translation/protein synthesis and play an 
important role in mammalian p53 activation in 
response to nucleolar stress (Genatlas). 

SC24R sterol C24 reductase Catalyzes the reduction of the delta-24 double 
bond of sterol intermediates. In humans this can 
prevent apoptosis triggered by oxidative stress by 
reducing caspase 3. Also protects against amyloid-
beta peptide-induced apoptosis (Uniprot). 

SCRIB scribbled Cytoplasmic scaffold protein involved in different 
aspects of polarized cells differentiation. May 
function as a positive regulator of apoptosis and 
may play a role in exocytosis and in the targeting 
of synaptic vesicles to synapses (Uniprot). 
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Assay ID Gene Description 

SDHA succinate dehydrogenase 
complex. subunit A 

This gene is in this study used as a reference gene 
to normalize for RNA input differences. It encodes 
a major catalytic subunit of succinate-ubiquinone 
oxidoreductase, a complex of the mitochondrial 
respiratory chain (Entrez).  

SDR9 short-chain 
dehydrogenase/reductase 9 

17-beta-dehydrogenase, is involved in lipid/ 
steroid biosynthesis, reduction of estrogens and 
androgens. Uses preferentially NADH (Uniprot). 

SEPHS selenophosphate synthetase Enzyme that synthesizes selenophosphate, 
involved in selenocysteine, selenocompound 
metabolism (Uniprot). 

TMS1D similar to membrane protein 
tms1d isoform 1 

Function unknown, but the gene is expressed in 
drosophila testes and has  a putative function in 
spermatogenesis and in Caspase-mediated cell 
death (Raymond et al 2004). 

TNC troponin C Troponin C is one of the three subunits of 
troponin, which is a central regulatory protein of 
striated muscle contraction, and together with 
tropomyosin located on the actin filament. Binding 
of calcium to Troponin C abolishes the inhibitory 
action of Troponin (Uniprot). 

UNKNOWN 1, 2 unknown function Function unknown. 

WAP whey acidic protein A major milk protein in certain mammals. WAP 
domains are also found in other proteins and are 
associated with antiprotease or antibacterial 
properties (Entrez, Uniprot). 

XPO7 similar to exportin 7 Exportin 7 mediates the nuclear export of proteins 
(cargos) with broad substrate specificity trought 
the nuclear compartment (Entrez). 

YWHAZ tyrosine 3-monooxygenase This gene is in this study used as a reference gene 
to normalize for RNA input differences. It belongs 
to the 14-3-3 family of proteins which mediate 
signal transduction by binding to phosphoserine-
containing proteins, and  implicated in a large 
spectrum of signaling pathways. (Entrez, Uniprot) 
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Additional file 2.  Primer sequences and Fcc IDs of qPCR assays used here. 
 

Assay ID Fcc ID* Primer sequences (forw.)  (reverse) 
16S Fcc01428 GAGGACACATTGTCGTCAGTGC AGCTAACTTTCGTCCCATCCG 

ABC(MD)T Fcc06085 TCCGTTCAATTGTTAGTAGAGGCTG AACCAATACAAGGCAATCCACG 

ABC/MOAT-D Fcc06002 TTGTCGGGAGGTCAGAAGTAGC CACGGCACTCAATGGATCATC 

ABCC1 Fcc01177 CCAGCGTCAGTTGGTATGCTTAG AAGGTCGTCAGTCGTTAGATCCAC 

ACVS Fcc00170 CAATTTTGTTCCGTAATCGTAGACG GTTGCCAAAATAGCTCTCAGCC 

ADHA Fcc05839 GCGCGTAATCGATGCTAGTGT GCCCAGGCCTCTTTAATGAAA 

AGAP012195-PA Fcc03270 TTCGTCGCCATCCTCTTTCTC  TGTGACTTCCTCCCGAATTTTGT 

AIG1 Fcc00703 TTATGGGTGGTTGTGCAGTGG CACTTCATGGGCACCTTTTCC  

ATP6 Fcc04261 TCCGACCTTTAACTTTGGCAGTC AAGTTAGAGGCGGCTGCTGTTT  

BCS1 Fcc00101 TTTAGAGGTCTGCTTAACGCGC TAGGGCAGGATCCAATCGTTC 

CFL Fcc00550 AGTATATCCAGGCTACGGATGCTTC  GAGGCTGGGATTGCCAAAATA 

CG10178 Fcc06157 CTCCCACTCATCAAAGAACTGGC CCCCCGGAACAAAAACAATG 

COL4 Fcc03975 TACCTGATCCTCAGGATCCAGATG  GGTACTCTCCGGTGCATTTACATG 

CONS PROT Fcc06474 GGTGGTGGAAGTGCTGTTGTTC GAAATCAGCCACAGCGGTTCT 

COX2 Fcc01457 TAATAGCCCCTCTGAACTCCCAA  GGCACAGCGTCAGCTTTAATTC  

CPH Fcc00074 ACTCACGCCCTTGTCTGGTATC CCAACATTCTTCAGCTGCAGC 

CTSLL Fcc02517     TGGATTATCCGCCGTAATGG CCACACTGGCCTTGATTTTTG 

CV2/BMPER Fcc04834 AAGAGGTGGCCCAGTAAGTCATC GGTTCAGGACCTTTCACTTCTTCTC 

CYP6/9 Fcc00015 TTGATCACTTTTCGGACCGG TCATGTCTTTCCACTCTTGTCCC 

CYP6AX Fcc01786 TCGAACGTGGATATCGCTGAG  TTATTCGCCACCGTGGAAAA 

CYP6AY Fcc02155 AGACTACATGCTTCCAGGAAATGG TTCGTCTTTGTGAAACGCGTC 

CYP6N3 Fcc00058 GCGTTAAAAGCGAGGCAAGA GCGATATCCACGTTCGAATTGT 

CYP6N4 Fcc01651 TTCCATGCAAGTCATCACATCAG CGGAAACACAAAGATTCGTTCTG 

CYP9/6 Fcc04217 TTCGATCACTTTTCGGACCG TCATGTCTTTCCACTCTTGTCCC 

CYP9A1 Fcc00266 CTCACTTTGACCTCCCACTGGT AAAGAGTTGACATTCAGGCCGA 

CYP2P3 Fcc00390 CATTCCTTTACATGGCGAAATACC CGATCATTTAAACATGGCTGTCTG 

CYTB_1 Fcc06420 GGATTCGCGGTAGATAACGCTA CTAATGTTATTCCGGCGATAATGAA 

CYTB_2 Fcc00671 TTGAACTCATCTGCAAACTCCCTC CTACGACATGGCAACAGCTTCTG 

DAP1 Fcc04183 AAAAGTGCTGTGTCTGCCGTGT  AGTAGGAGCGGGCTTATCATGG  

DDX18 Fcc06417 CGGGAAGGTCGATGTAATTCAGT GAAAACGAAAGGTTATGGGTTCTTG 

DNAJ/HSP40 Fcc00524 CCCTTGCACTCCCTTATAAAATCC TGTTCGTCGTTTCCCATTGG  

DNK Fcc03172 GTCCAACGTGGTCGATTTGAA CACGGTAAGTTGTGCTTCTCATTG 

DPTD Fcc02054 GAACATTAACGGGAGCGGAAG CGTTGGGACTTTGCCAAACTT 

FUT Fcc06630 GTCCCACGTATAACGACCGACTT TCCGCACTTTAATGGTCCACAT 

GD21012 Fcc06592 AAATTGTCACAATTCCAGCTTCGAT AGGCGTTTATGTAACCAGTCTGGAT 

GLRA1 Fcc01574 CACCCCTACAACTGTCAAGGTCA GAAATAGAAGTTGCACCCTGAAGG 

GST AB434950 see Nakamori et al. (2008)  

GSTO Fcc02471 TGCGACTAACACAGATCTTTGAGC CCTCGCTAAAGGGTCACAATGT 

HAD_1 Fcc00343 TATTTAATCCGCGACATGGGTC AATAATGCCGTCCTGGTGTAGC 

HAD_2 Fcc00343 TATTTAATCCGCGACATGGGTC AATAATGCCGTCCTGGTGTAGC 

HISTH4 Fcc02577     GATAACATCCAGGGAATCACCAAG TGAGGACTCCACGGGTTTCTT 

HSP70 Fcc01609 CAACTGGAGAACTACGTCTTTGGAG GGCGAGAACTTGTTGCTTATCAG 

HSP70/68 Fcc01609 CAACTGGAGAACTACGTCTTTGGAG GGCGAGAACTTGTTGCTTATCAG 
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Assay ID Fcc ID* Primer sequences (forw.)  (reverse) 

IARS2 Fcc03561 ACATCAGCTCCATATGCTGGCT CCACGGATTCGTAGTGGATGA 

INX2 Fcc00242 TGCATCGTAGATTCCTCGGTG CGATTTTTTCGCCGAGTTTG 

IPNS_1 Fcc01821-1 GCGACATGCTTGGTCAATTTC CATCTGCATCCAACCCACTTG 

IPNS_2 Fcc01821-2 TTCGCTACCCGTATTTGGAGG GTATGGCTGATACAGCACCGTG 

IRG6 Fcc00583 AAGCGCTAATTGAGACGGATTG CACTGAAGAGCAGGATCATCCC 

LAMA Fcc00086 GAGTGGAGCAGGACGCTGTAAT GAACTTGGATTTAACTCCGTCGC 

LAMB2 Fcc04344 TGCATTGAAACTCGTTCCCC GGCTTGTGACTGCGACTATCATT 

LIP Fcc04711 CCAGATCGCATTCTCCTCAAAT CTGCCAATGAAGTCAACCCTG 

LMBRD2 Fcc03839 AAAAAGCGCAGACAGCCAGA CTCCCAACATCCAGTCCTTTCA 

MLS Fcc00592 GGATTCACTCATCGAAAGGCG  CTTTTTCAACTTTGTCAACTCGTCG  

MOXD1_1 Fcc00217 CGACGAAACTGAACCAATTCCTAG CTACCTTCGCAAACGCTATGATG 

MOXD1_2 Fcc00021 CTTCAACTCGCTTCTGCATGC GTTGTCGTAATCGATCCAGGGA 

MT2 Fcc03748 ACAGAACATGCCGTTAGCTGC CAGTCGTACATCTCTCGACTGCA 

ND3 Fcc06521 CAAGAACGAGAAAAACCTTCAGCA GAACCGAAGAGAAAAAGGAAGTCG 

ND5 Fcc06383 AAGAGCTCAAATACCCTTTTCTGCT GATGAATGCACAAGAGCCGAA 

NO HITS_1 Fcc03202 ATCGCAGCGGGAAATATACTTG ATTCACTGACAGCATTCCACATTC 

NO HITS_3 Fcc00141 TTACGCCTGAGGAATTGATGGA  GAGCATCGTGATCGGTGTTGAT 

NO HITS_4 Fcc00527 TGGTTTCATTTGCATACCACACAC  GCGCATGCCTAGAAATAAGGTTAAT 

NO HITS_5 Fcc06320 TTGTCTTTTTTCTCACGTCTCCAAA  GATCCGTCAGTCGCAACAACA  

NO HITS_6 Fcc06519 CCAAAGGAGGAAAACCATTTACAAA  CAAACAACGCGTGACATCCA 

NO HITS_7 AB434948 see Nakamori et al. (2008)  

NO HITS_8 AB434939 see Nakamori et al. (2008)  

NO HITS_9 Fcc05744 GAATCAAGCGGAAAGTCGTCC GAAGATCCCAGCATGATCACG 

NO HITS_10 AB434942 see Nakamori et al.  

P2XR Fcc02730 GATTAAGGTCTTCCGTCTCTTCTGG CATCAAGCGCATCAGCAAAG 

PEPD Fcc06308 GGTTCTAAGACGCCGAAACTCC GCAGCGACGAATCTCGTTACTG 

PSAT Fcc04316 GCAGTGCCATTAAACCTTATGAGC GTTGCCTTTCCGTATTTGGTTG 

RAF Fcc00202 AAGCTACGTTTGAGACCTACTGCG GACAGCTTTTGGAACATTGAGGAC 

RDH11 Fcc05616 AAGAATCGCTGTAGTCACTGGAGCT  ATGTCCTGCCAGTCACAACCAC 

RPL30 Fcc06524 ATCGAGTTGGGCACTGCTTGT GCCGAGGATCTAATGATATCGGA 

SC24R Fcc06554 AGGAACGCCATATGCACCAAT TGGTTGTGCCCCTTCAAACTC 

SCRIB Fcc03183 GCCGTTGGTCTTCCTAAACTTTC CCCATTCACGCTTGACTCATC 

SDHA Fcc06005 see Chapter 3 of this thesis see Chapter 3 of this thesis 

SDR9 Fcc00966 AAATGGACTTGGCCCAGACTG TAAGCAATTTGTGGGCGAGC 

SEPHS Fcc00351 GACCGATCTTGATGCTGGTTTC CCAACGTCAGTAGCAGCATGAG 

SID1 Fcc05181 CGTGACTTCAAACAAGCGTCC TTTCCAACCATCCACTTCGTG 

TMS1D Fcc06609 GATGAGGATGAACGCGAAACC TGTAGGAGCGTTCTTCATCCCA 

TNC Fcc03838 TGGACAAGGAACAGATTGCGA  GGCAACCATATCCGGAGTAATGTAG  

UNKNOWN_1 Fcc01749 CTCCCCTAAGTCCAAGTTGAATTG ACAACAACGGTGCGTGATGA 

UNKNOWN_2 Fcc04239 TGCACTTTTGTGGCTGGAAAG CACACGTCCATCCTTAAGCTGAG 

WAP Fcc01910 CGTGTACGACCCCTCTAGAAATTG TGATACACTCCTTCCCACAGCC 

XPO7 Fcc06377 CAGTGTTGTGAAATCGAGGAAAGC CACCGACGAATCGTCAGATGA 

YWHAZ Fcc02512 see Chapter 3 of this thesis see Chapter 3 of this thesis 

*See for sequences of cDNA fragments www.collembase.org (Timmermans et al. 2007). 
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