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7. Discussion 
 
The present thesis focuses on the identification of stress-associated molecular 
pathways and end-point genes in the ecologically relevant soil-living collembolan 
Folsomia candida. Two stressors were applied (cadmium and phenanthrene) to allow 
for a distinction between general and stressor-specific stress-responsive genes. An 
effort was made to link molecular responses to inhibitory effects on reproduction 
measured by 28-day toxicity testing. The identification of global transcriptional 
responses to the studied chemicals and their mixtures allowed for an interpretation of 
the molecular mechanisms during the early exposure phase, which may to some 
extend underlie the effects on reproduction. 
At the start of this PhD project, SSH stress-libraries were built for the non-essential 
metal cadmium and the polyaromatic hydrocarbon phenanthrene (Chapter 2) to 
identify genes that were differentially expressed by these compounds. A validation of 
reference genes was done (Chapter 3) for the purpose of appropriate normalization of 
the RT-qPCR data. The distinct responses that were reflected in the SSH-libraries for 
each of the chemicals, were largely consistent with the information available from the 
literature. The interpretation of organelle-specific profiles confirmed the idea that 
cadmium and phenanthrene have a different mode of action, due to different 
properties in reactivity between the compounds. One of the main cellular targets of 
phenanthrene was found to be the endoplasmic reticulum (ER). Phenanthrene 
accumulates in membrane structures of the cells because of its lipophilic character and 
causes baseline toxicity (narcosis) as a nonspecific mechanism (Escher and Hermens 
2002). Cadmium was found to target the mitochondrion and the proteasome. 
Cadmium has been shown to target mitochondria in previous studies (e.g. Pawert et al. 
1996) and is known to cause oxidative stress via several mechanisms (reviewed in 
Thévenod 2009). More recently it has been recognized that the endoplasmic reticulum 
(ER) is also a main target for cadmium (e.g. Biagioli et al. 2008). 
Mixture experiments carried out with cadmium and phenanthrene in the concentration 
range around the 50% effect level (28d; reproduction) repeatedly showed an 
antagonistic interaction in their effects on reproduction (Chapter 4). The RT-qPCR 
data described molecular mechanisms of induction of the oxidative stress response 
and biotransformation. In mixtures, the induction of the higher tiered oxidative stress 
markers, related to immunity and inflammation, was attenuated. A possible 
explanation might be that the early boost of biotransformation caused by phenanthrene 
triggered the antioxidant defense, including an enhanced glutathione status and 
conjugation, which may to some extent protects against the effects of cadmium 
(Chapter 5).  
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7.1 Blending stress response pathways 
 
The data in this thesis show that differentially expressed genes of adaptive stress 
response systems are not necessarily showing dose-dependent responses. Chapter six 
describes an exploration of field samples using microarrays and a subset of the RT-
qPCR assays, in order to classify the nature and intensity of the encountered stress. 
Cytochrome P450 assays were found to respond in a dose-dependent manner, but 
these were an exception, the majority of the assays did not. Chapters 4 and 5 as well 
as other studies show that the oxidative stress response as well as the unfolded protein 
response (UPR) of the ER are tiered responses (Xiao et al. 2003, Salminen et al. 
2010). Each level of stress elicits a different set of expressed genes with a different 
downstream pathway of effect. The succession of oxidative stress response levels are 
characterized by induction of phase II and antioxidant enzymes (tier 1; mild stress), by 
induction of the inflammatory response (tier 2; intermediate stress) and at the highest 
stress levels by induction of apoptosis (tier 3; Zhang et al. 2008). 
Similar to the concept for oxidative stress, also ER stress transducers can detect the 
intensity of stress in the ER, and induce a dose-dependent downstream response 
profile. Mild ER stress is characterized by the expression of several transmembrane 
receptors including ‘PERK’ (the ‘double-stranded RNA-activated protein kinase-like 
endoplasmic reticulum kinase’), that initiate the UPR defense system. This defense 
system involves induction of molecular chaperones, degradation of unfolded proteins 
and translational attenuation. When ER stress increases, or the stress remains present 
over a longer time, the UPR system provokes destructive effects, e.g. dysfunction in 
calcium homeostasis, energy metabolic deficiencies and inhibition of protein 
synthesis. Severe ER stress results in apoptotic cell death (Salminen and Kaarniranta 
2010). 
The oxidative stress response and the UPR share certain pleiotropic regulators. At 
mild stress levels both systems share the transcription factor Nrf2 (‘nuclear factor 
(erythroid-derived 2)-like 2’). The UPR triggered ER transmembrane receptor PERK 
coordinates activation of Nrf2, a crucial regulator of oxidative stress-induced gene 
expression (Cullinan and Diehl 2006 Kensler et al. 2007) and also oxidative stress 
agents including cadmium will activate Nrf2. Nrf2 in turn activates the antioxidant 
response by binding to gene promoters with an ARE motif: this includes numerous 
genes, also those of biotransformation; cytochrome P450s, glutathione S-transferases, 
multidrug resistance ABC transporter proteins, but also metallothionein, NAD(P)H 
quinone oxidoreductases, superoxide dismutase and catalase. 
At intermediate stress levels the systems converge via NFκB (nuclear factor kappa B 
in mammals or ‘relish’ in Drosophila). NFκB is activated by accumulation of proteins 
within the ER membrane (ER overload). This induces a calcium release from the ER 
and production of reactive oxygen species (ROS) intermediates. The increased ROS 
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levels result in the activation of transcription factor NFκB via the oxidative stress 
response. Examples of NfkB induced genes range from immune and inflammatory 
(acute phase) genes (for instance the inflammatory response protein and isopenicillins 
in my markers), inducible nitric oxide synthase and cyclooxygenase-2, cell surface 
receptors which encode the multiple drug resistance mediator, anti- apoptotic factors 
(such as ‘death associated protein’ in our set), mitogens and growth factors. Thus, in 
addition to immune modulation and the more general stress response, NfkB appears to 
still promote cell survival. (Pahl1999). 
 
 

7.2 Antagonistic effects on reproduction seen in springtails 
 
It was demonstrated in yeast that very low doses of cadmium cause ER stress and 
induce the two independent ER stress responses; unfolded protein response and 
calcium influx. ER stress results from the accumulation of cadmium ions in the ER 
rather than from elevated levels of ROS. In addition to the antioxidant response 
mechanism of glutathione chelation, yeast seemed capable of increasing the export of 
cadmium via a P1B-type ATPase transporter, which is regulated in multiple ways by 
sensors in the ER (Adle et al. 2009). Thus, in yeast, the accumulation of cadmium into 
the inner ER would be both a source of toxicity and a way to set up a sensitive 
response to cadmium intoxication, in order to rapidly induce an essential defense 
mechanism (Gardarin 2010). 
Although little is known about the ER stress response pathways in insects, the Nrf2 
ortholog CncC has been identified in Drosophila, and the regulation of 
biotransformation by fly CncC was observed to be even more widespread than in 
mammals (Misra et al. 2011). The springtail metallothionein promoter of Orchesella 
cincta contains an ARE sequence, which is a target of Nrf2, next to several metal 
responsive elements (Janssens et al. 2007). A homolog of horseshoe crab Relish 
(NFκB) is present in our genetic F. candida library (www.collembase.org, cluster ID 
fcc05118). 
Assuming that the regulatory network described above also exists in springtails, the 
antagonistic effect between cadmium and phenanthrene could be instigated by feed-
forward links originating in the ER. The cross connection between the UPR and the 
antioxidant response mechanism of glutathione chelation is facilitated by activation of 
Nrf2. It can be argued that activation of the UPR by phenanthrene takes place 
instantly, while cadmium-triggered UPR occurs only after longer periods of time as 
described by Gardarin (2010) in yeast. This is supported by the fast induction of 
cytochrome P450s (CYPs) by polyaromatic hydrocarbons which can occur within 
hours after exposure (unpublished data). Our time series analysis (Chapter 5) showed 
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induction of CYPs after 2 days of exposure to the mixture and after one week of 
exposure to cadmium as a single compound. No evidence was found for a possible ER 
triggered induction of transmembrane transporters (see Gardarin 2010), but it may be 
argued that an active biotransformation could stimulate antioxidant scavenging 
functions, in the same time elevating glutathione chelation processes. This could 
include enhanced cadmium chelation and export via the same pathway. Cells could 
thus be prevented from injury by oxidative stress during the initial stage of exposure 
to cadmium.  
Exposure to phenanthrene as a single compound also resulted in a diminished 
reproduction. The costs of a highly active biotransformation process over longer time 
may be related to the manifestation of destructive effects of the UPR (Salminen and 
Kaarniranta 2010). These include energy metabolic deficiencies and inhibition of 
protein synthesis. These effects may underlie the anti-reproductive effects of 
phenanthrene exposure. Reproductive costs of expression of high levels of Hsp70, 
which is an UPR-induced chaperone, have been identified in Drosophila (Krebs and 
Loeschcke 1994; Silbermann and Tatar 2000). Cross-generation population level 
effects have been identified in F. candida exposed to phenanthrene (Leon Paumen et 
al. 2008). The fourth generation F. candida collapsed due to a complete reproductive 
failure after cross generational exposure to the EC50 (28d; reproduction) 
concentration. This indicates that in field populations that are being chronically 
exposed ‘unexpected’ toxicity effects can show up, in particular when we base our 
insights on the conventional one generation testing. 
 
 

7.3 Soil quality assessment using transcriptional methods 
 
The development of a soil quality test method using gene expression is a long-term 
goal. I started the research with the hypothesis that different types and levels of 
chemical stress could be discriminated on the basis of differences in gene expression 
profiles. Fundamental research that aims to produce a new understanding of 
mechanisms of stress responses is based on this hypothesis. Currently, the 
development of a better insight into a useful way to apply these kind of techniques 
into risk assessment is under way. 
Initially, single biomarkers were assessed: e.g. heat shock proteins as biomarker for 
general stress (Kammenga et al. 2000) and metallothioneins as biomarker for metal 
exposure (Viarengo 1999) were promising candidates. Further investigation learned 
that induction profiles were seldom straightforward to interpret, let alone to apply in 
risk assessment, due to transient responses and confounding factors like soil types or 
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mixture exposures present in field samples (see e.g., Viarengo et al. 1999, Kammenga 
et al. 2000 De Boer, TE et al. 2011). 
I used ‘molecular bioindication’ as the application of a collective set of 86 targeted 
assays indicative for stress responses of F. candida to soil contaminants. The use of a 
high-throughput platform for this purpose is necessary to conveniently screen large 
numbers of samples and a reasonably sized set of assays. Costs are competitive and 
the data can be analyzed by the individual researcher, but the equipment is expensive 
and not currently widely available, which is a disadvantage. Constructing an apt set of 
assays has turned out to be one the most challenging task during this PhD research. 
The flexible set-up of the qPCR technique would allow for adjustment of the set, but 
developing new assays takes considerable time and effort. For this reason the use of 
qPCR profiling would work best when preceded by RNA sequencing to having laid 
the groundwork of identifying main trends, pathways of interest and initial screening 
of multiple chemicals.  From this, key nodes of interest can be picked within the 
identified pathways of interest. Such a set will make up a good system for refined 
hypothesis testing in studies of stress pathway dynamics. 
Risk assessment could already benefit with respect to one important limitation stated 
in the evaluation of the Triad approach: The cause of effects often remains unclear 
using the current bioassays (Wagelmans et al. 2009). Refinement of the current 
method by adding molecular markers could identify the nature of the predominant 
occurring molecular stress. Currently molecular biomarkers are identified that respond 
to one single contaminant category; metals, PAHs. The CYPs identified in the SSH-
library of phenanthrene  (Roelofs et al. 2012), MTC (Nakamori et al. 2010, Nota et al. 
2011) and possibly also MT2 identified here, are examples of such biomarkers. This 
could be valuable for the evaluation of mixture exposures (see chapter 6) and in 
mixture contaminations that do not exceed the intervention values of the individual 
compounds, but still exert toxicity effects. Also, pollutions with extremely low 
bioavailability, such as aged pollutions, could be evaluated well with the highly 
sensitive biomarkers. Separating the effects caused by confounding factors will 
remain a point to be aware of. In analyzing field samples, it will always be important 
to verify the reference samples to be a valid and representative control situation. 
Evaluating long-term effects is impractical for risk assessment. The mechanisms of 
the cross-generation effects described above (see previous section; Leon Paumen et al. 
2008) could now be investigated using molecular techniques. If a molecular indicator 
for such effects could be identified and ultimately causally linked to the long-term 
effects, this would be of use for risk assessment, because long-term concerns could 
then be included in the evaluation. For instance, Roelofs et al. (2009) showed that 
stress adaptation is associated with constitutive overexpression of specific stress 
response genes, which can be assayed fast and cost-effectively. In this case the 
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molecular method would hold to its claim of ‘fast results’, provided that populations 
are present for sampling.  
A framework to support ecotoxicological research and risk assessment is currently 
being developed (Ankley et al. 2010). The present goal is to link mechanistic 
information from the current fundamental ‘omics’ research to endpoints meaningful to 
ecological risk and effects. The use of ‘adverse outcome pathways’ as a conceptual 
construct to integrate direct molecular initiating events with adverse outcomes at a 
higher biological level of organization is a good start. It may be desired to extend the 
terminology on initiating events towards ‘adverse initiating pathways’, as defined by 
Hartung et al. (2011) as ‘pathways of toxicity’, including all possible options of feed-
forward, feedback, molecular switch etcetera interactions present in response 
networks induced by environmental stressors. 
 
 

7.4 The future of molecular research in ecotoxicology 
 
The fast developments in biotechnology (see Box 2 Chapter 1) have expedited the 
senescence of the techniques applied in this study, being overtaken by RNA-
sequencing techniques. This is true for the SSH technique, the large scale Sanger 
sequencing, and also for the conventional use of microarrays. When costs drop 
further, genome sequencing of a larger set of ecological model species will become a 
logical first step to take in ecotoxicological research. Quantitative discovery tools of 
RNA-sequencing will also become important. But the sensitivity and accuracy of RT-
qPCR will assure the value of this technique for validation purposes and targeted 
pathway research. 
The current state of ‘systems ecotoxicology’ is now slowly progressing from the 
initial stage of discovery of new phenomena, to a more tailored pathway-focused 
research using larger sample sets in order to make quantitative analyses (see for 
instance Altenburger 2012). Risk assessment may at this moment already benefit from 
the progress in biotechnology and the development towards hypothesis-driven 
research. It will however remain a challenge to integrate the data into a global 
understanding that can be used as an evaluation tool for soil quality. There is currently 
the scientific desire to integrate the –omics  knowledge of multiple levels of biological 
organization; from transcriptomics, proteomics and metabolomics research, into a 
global inter-omics science. Transcriptomics may for instance show fast responses to 
applied stresses, but not all of the transcripts are translated into proteins or have other 
clear cellular functions. Also mRNA regulation by for instance microRNA cannot be 
quantified by transcriptomic techniques. By developing an integral and coherent 
understanding of the model system and its responses, the strength of all –omics 

Optima Grafische Communicatie -  [5485] Muriel de Boer BW 2 NEW NEW NEW NEW.pdf - October 12, 2012 - Page: 144



7. Discussion    145 
 

 

research areas can be applied concurrently, which will add to the explanatory power of 
this type of large scale data. Besides this, it will also spur the integration of system 
biology and risk assessment applications, as linkages with higher levels phenotypic 
effects that are relevant for ecotoxicology will be easier to deduce. In order to attain 
some kind of practical framework that would fit this desire, it may be worth to invest 
in building a ‘standard’ transcriptomics library, which contains a large set of samples 
of different combinations but somehow ‘standardized’ exposures, of different 
concentrations and combinations in the case of mixtures. In order to create a starting 
point for data integration, the same could be done at the proteomics and metabolomics 
level. The preserved RNA and cDNA samples could simultaneously serve as reference 
material for testing and validating new gene sets. Minimum requirement standards for 
information and quality control need to be set and monitored, for instance with respect 
to exposure conditions and validation, in order to enable the integration of research. 
Ring tests involving different laboratories, analyzing standardized samples, could add 
to the transparency and to the definition of reproducibility of quantification methods. 
Although I do expect that current applied risk assessment research and systems 
ecotoxicology will remain orientated differently over the coming years, integration of 
knowledge, know-how and technical applications will progress. And even if large 
scale sequencing will become cheaper and produce increasingly large datasets, it will 
be profitable and of utmost importance to anchor the genomic data into the systems 
biology context, together with the achievements of proteomics and metabolomics 
research.
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