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1. Introduction 
 

How often do we actually realize, when moving short distances in our daily 

surroundings, or flying and at times landing half a world away,  that the ground we set 

foot on, is such an important reference point in our lives? We remember our roots and 

hang on to them, we get nervous when we don’t feel grounded, but seldom do we 

actually dwell on the significant contribution of the life that goes on right down there 

inside the ground. The interacting web of organisms that make the soil under our feet a 

‘living soil’ is an ecosystem on its own that supports vital functions for life on earth. 

This thesis is based on the interactions that go on when an animal in the ground gets in 

contact with soil, in particular with soil particles mixed up with chemicals, often 

present in soils contaminated by man. I have studied these interactions from the 

perspective of these animals: The molecular stress responses in springtails exposed to 

cadmium and phenanthrene. 

 

 

1.1 Ecological risk assessments of contaminated soil 

 

In the Netherlands, the effects of soil pollution was first put on the political agenda 

because of ‘Lekkerkerk’ where in 1980 a neighborhood of about 300 households was 

found to be living on top of highly polluted soil. Their houses were built on a former 

chemical waste dump site (Rutgers et al. 2004). From this moment onwards, a soil 

policy was developed, to safeguard human health and ‘ecological’ health. The effects 

of contaminations on living organisms became an important factor in the procedure of 

risk assessment of contaminations present in the field.  

The approach for assessing the risks of specific locations (Rutgers et al. 1998) 

nowadays puts the current or the desired land use in focus, and the necessary research 

and criteria for maximum allowable concentrations of certain chemicals are adjusted to 

this function. An integrated research plan forms the basis on which the risks eventually 

are being evaluated. To get to an integral opinion, the risk assessment procedure 

incorporates three important elements: 1) a chemical analysis of the soil, which offers 

an indication of the potential risks, 2) an analysis of the toxicity for organisms by 

using bioassays, such as the 28-day toxicity test for reproduction of Folsomia candida 

(ISO, 1999), which offers direct observations of the actual risks, and 3) a field 

assessment of ecological values, which gives an impression of the risk in the natural 

situation. This multilevel approach, which is called ‘Triade’, will reduce the chance 

that money and research efforts are wasted. 

Ecotoxicological knowledge of expression dynamics of the transcriptome of 

F. candida under chemical stress as a practical application, could be integrated in the 

standard procedure for risk assessment of contaminated soils currently employed by 
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the Dutch government. Based on molecular analysis it can be determined by which 

chemicals the soil animals have been affected and the severity of the impact thereof. 

To put it short; my PhD research revolved around the development of a new type of 

bioassay.  

 

 

1.2 Bioassays 

 

Bioassays for ecological assessments of soils evidently entail terrestrial invertebrates. 

Standard tests exist for earthworms (Eisenia fetida, Eisenia andrei), nematodes 

(Plectus acuminatus), pot worms (Enchytraeus crypticus) and springtails (F. candida, 

F. fimetaria), but also for bacteria (Microtox) and plants, such as the germination and 

root-length or shoot growth of lettuce (Lactuca sativa). Invertebrates play a major role 

in the soil ecosystem, as eco-engineers structuring the soil  and decomposers of 

organic matter (Kammenga et al. 2000) while plants are important as primary 

producers. 

But soil is not only  an assortment of clay and sand. The structure of minerals, metals, 

organic molecules, the water and air in between the soil particles, are all of influence 

on the toxicity of the contamination to the organisms present in the soil (De Boer TE et 

al. 2010). Acidity of the porewater for instance, largely determines the fraction of 

metals that can dissolve. Bioavailability of metals is therefore higher in acidic soils, 

and can exert more effect than under less acidic conditions. Acidity will also influence 

the transfer of metals from the pore water to soil animals. The organic matter content 

of the soil is an important factor for the bioavailability of organic compounds like 

polycyclic aromatic hydrocarbons (PAHs) and polychlorobiphenyls (PCBs), which 

occur in contaminations with mineral oil. These compounds can be tightly bound to 

soil particles, even in a way that they are no hazard to soil life. Van der Waarde et al. 

(1998) describe a case in which the PAH concentrations exceed the intervention value 

for remediation of the soil 15.3 times, but none of the bioassays showed any 

significant toxic effects. 

Bioassays have a valuable place in the whole approach of risk assessment, but 

nonetheless have their limitations. The current assays are unable to assess light 

contaminations due to the variation in biological responses in combination with the 

relatively small changes compared to the control situation. Also, the cause of the 

effects often remains unclear due to the complex nature of the contamination. Given 

these limitations, molecular markers may render additional value to the current 

bioassays (Kammenga et al. 2000). 
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BOX 1: Cadmium 

 

Cadmium occurs naturally in the environment:  In ores it often occurs 

together with zinc and lead, and it is quite commonly found in phosphate 

minerals. All soils contain some metals, such as cadmium, copper, lead, and 

zinc, that mainly originate from atmospheric deposition and fertilizers. 

Because of the co-occurrence, cadmium used to be present in as 

unintended ingredient in many more substances, including fertilizers, but 

today these are all de-cadminized. In addition, cadmium (co)pollution is 

quite abundant near zinc smelters. Practical applications are nickel-

cadmium batteries, and yellow/red pigments. Once cadmium contamination 

is present in the soil, it is difficult to remove it (Nordic Council of Ministers 

2003). 

 

Properties and toxicity 

Metals do not break down. Once inside the body of an organism, a metal 

will stay there until it is excreted. Uptake of cadmium by humans mostly 

occurs through contaminated food and drinking water, but also smoking 

must not be forgotten as a source. Cadmium in cigarette smoke may 

contribute to 30% of the total cadmium body burden of smokers around 50 

years old (Nordberg et al 2007).  

Terrestrial invertebrates absorb metals over the body surface and also from 

food and water. 

Cadmium is a  non-essential metal; biological functions for cadmium are not 

known. Rare occasions of cadmium fulfilling biological functions cannot be 

excluded, as was demonstrated by a cadmium-containing carbonic 

anhydrase in the diatom Thalassiosira weissflogii. The fact that cadmium is 

one of the most toxic metals relates with its competence to mimic other bi-

valent cations, such as zinc and calcium. The efficiency for instance by 

which it is taken up in an organism via Ca2+ channels, is high. 

Metals are highly reactive because of their positive valence, and inside the 

animals they may form various complexes. To humans cadmium and also 

lead and mercury are toxic for the liver and the kidneys, causing damage to 

the primary tubuli. The Itai-Itai disease of skeletal deformities (brittle 

bones) is caused by acute cadmium toxicity (Koeman 1991), where 

cadmium interferes with calcium. 

  

At the cellular level three main types of cellular effects occur: 1) Cadmium 

binds to sulfhydryl (-SH) groups that are found in the active sites of many 

enzymes including zinc finger proteins, cytochromes and carbonic-

anhydrases. 2) Cadmium causes oxidative stress (Brennan and Schiestl 

1996), and 3) cadmium competes with the essential metals  zinc and 

copper as enzyme cofactors. It can cause enzyme poisoning where the 

enzymes are inactivated of even denatured and ion channels can get 

‘blocked’ when bound with cadmium instead of zinc (e.g. (Manahan 2003). 

Cadmium also competes with calcium. It is taken up via Ca2+ channels, and 

affects the calcium status of the cells.  

Optima Grafische Communicatie -  [5485] Muriel de Boer BW 2 NEW NEW NEW NEW.pdf - October 12, 2012 - Page: 13



1. Introduction  14 

  

Metallothionein and glutatione 

Different mechanisms exist that can protect against metal toxicity. A 

common mechanism is the binding of cadmium followed by deposition in 

lysosomal vesicles as metal granules.  The metal accumulates in granules 

made of inorganic deposits with sulphur, that are sometimes excreted  or 

stay inside the animal for the whole lifetime. Bivalves, collembolans, 

crustaceans, and oligochaetes form these granules (Vijver et al. 2004).  

The first step of the binding of freely dissolved Cd2+, can happen by metal 

chelating proteins; metallothioneins (MTs) and metallothionein-like proteins. 

Cadmium induces the synthesis of metallothionein extremely well.  

Metallothionein has a function in many redox reactions, and the cellular 

functions include storage, transport, and compartmentalization of essential 

metals and detoxification of toxic metals. 

Glutathione (GSH) is another molecule, a tripeptide, that can bind 

cadmium. GSH is able to bind a large number of endogenous compounds, 

including PAHs and metals and  has many different functions, including the 

detoxification of electrophilic compounds, free radicals, and metals. Bound 

in such glutathione-complex transport of the molecules across biological 

membranes may be facilitated. Although GSH can chelate metals and 

reduce their overall bioavailability, the precise role of GSH in metal toxicity 

remains unclear, because many contradictive results are reported 

(Nordberg et al. 2007).  

 

Values  

The intervention value for remediation of contaminated soils for cadmium is 

12 mg/kg dry soil and the target value (with adjustment for organic matter 

content and soil type) is 0.8 mg/kg dry soil for a standard soil (10% organic 

matter; 25% clay). For ground water these values are 0.4 µg/l and 6 µg/l,  

respectively. 

 

During the PhD research I have used a cadmium solution with a 

concentration of 30 mg/l (267 µmol/l) cadmium for the construction of the 

genetic libraries. The cadmium solution was applied on cellulose filter paper. 

The concentration corresponds to the pore water concentration of cadmium 

in soil, that results in 50% reduction of reproduction of springtails after 28 

days of exposure in soil (EC50 porewater; 28d, reproduction). For the 

mixture toxicity experiment the concentrations were maximum 80 mg/kg 

dry soil (LUFA 2.2). For the molecular analysis, the exposure concentrations 

were at the level of the EC50 for reproduction, 36 mg/kg dry soil. In 

mixtures with phenanthrene, the cadmium concentrations ranged between 

12 and 59 mg/kg dry soil. 
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1.3 Development of molecular biomarkers 

 

The fundamental research of the effect of environmental stress on organisms and 

ecology (Van Straalen 2003) has made an important shift of perspective over the last 

15 years, from a center point of the cause of stress (e.g. chemical substances) towards 

a ‘system’ orientated approach that puts focus on the responses that occur in the 

system of impact; the organism. This shift was initiated by the bio-technological 

developments within molecular biology. In a short time, DNA research was lifted to a 

large scale: No single genes, but the genome is now being studied in its whole. The so 

called genomics revolution is currently becoming the ‘−omics revolution’ because also 

research on RNA and gene expression (transcriptomics), proteins (proteomics), and 

metabolites (metabolomics) are booming. 

Adding molecular markers to the current bioassays could help identify the nature of 

the stress response, predict the chemicals in unknown soil samples and add sensitivity 

where needed.  In other words:  it is hypothesized that different types and levels of 

chemical stress could be discriminated on the basis of differences in gene expression 

profiles.  

The research focused on the discovery of chemical stress related gene expressions in 

the ecologically relevant soil-living collembolan Folsomia candida, with the goal to 

develop a molecular soil quality test.  Two common soil contaminants were selected as 

stressors,  cadmium and phenanthrene, which belong to different classes of chemicals. 

This way , general as well as stressor-specific  stress-responsive genes could be 

discovered. I chose to focus on the technique of quantitative PCR because of the 

elegance and versatility that I see in this technique. 

 

 

1.4 RT-qPCR 

 

For quantification of mRNA I used the technique of reverse transcriptase quantitative 

polymerase chain reaction (RT-qPCR). For the procedure, the single stranded mRNA 

is first hybridized into double stranded molecules, the copy DNA (cDNA). Next, the 

fragments cDNA of interest are amplified in a polymerase chain reaction (PCR). This 

reaction doubles the number of molecules during each cycle of the reaction and a 

measurable amount of PCR products will be amplified after about 20 to 30 cycles. 

Quantitative PCR differs from normal PCR in the way that a dye (SybrGreen) is added 

to the reaction mix that binds to double-stranded DNA and becomes fluorescent at that 

moment. The amount of fluorescence is measured after every cycle. So, the increase in 

double-stranded  DNA, i.e. thePCR product is monitored over the reaction and the 

resulting fluorescence curves can be used to calculate the starting amount, or, 

typically, to calculate the relative amounts between genes. 
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BOX 2: qPCR part of the –omics toolbox?    

The future of quantitative high throughput real 

time PCR 

 

The kick-off of the genomics era was the invention of completely new ways of 

sequencing and genome assembly. The old methods were aimed at 

sequencing DNA in large-insert libraries, which were first fingerprinted and 

then sequenced clone-by-clone, based on their overlapping fingerprints. From 

1995 on, a new strategy was introduced, called whole-genome shotgun 

sequencing. Here, the whole genome was fragmented and clones were 

sequenced in random order. The genome assembly of these reads was done 

by computers. Sequencing techniques are still rapidly evolving to ‘next 

generation’ methods, reading out millions of DNA molecules simultaneously  

and the promises of  ‘real time sequencing’ for the coming four to five years 

are again huge (Ronaghi et al.1998, Eid et al. 2009). 

In the ecological sciences, whole genome sequencing projects often still 

surpass budgets, but transcriptome sequencing by RNA-sequencing 

techniques (RNA-seq; Wang et al. 2009) have become common practice. The 

power and limitations of using RNA-seq data for gene expression analysis 

without having a full genome of the species sequenced were recently 

assessed by Hornett and Wheat (2012). Initial sequencing and de novo 

assembly of a ‘scaffold’ reference transcriptome, followed by resequencing 

using particular protocols optimized for quantitation seems at this moment to 

be the best strategy. 

 

High throughput RT-qPCR  

Mainstream biotechnological methods for gene expression analysis include 

microarrays, qPCR, solution and in situ hybridization. Of all these techniques, 

qPCR is the most sensitive and accurate even able to detect a single molecule 

(see Kubista et al. 2006). Development of high throughput applications has 

broadened the scope for qPCR. The flood of sequencing information calls for 

hypothesis testing. Hypotheses that might be inferred from large data sets 

(Kell and Oliver 2004) need a setup for narrower approaches, such as genetic 

pathway or network analyses. In this niche qPCR will have a long-run 

significance that will not easily be equaled by other techniques. 

 

The Fluidigm/Biomark Dynamic Array is the innovative qPCR platform that I 

used during my PhD research. This system runs chips of 48x48 and 96x96 

wells. Using the 48x48 chip plates, 2304 nano-wells can be analyzed in a 

single run (see Spurgeon et al. 2008 for more details).  

The frame of the plate resembles an normal PCR plate (see Figure 1) and 

master mixes are pipetted into rows of 48 wells present on either side of the 

central square chip:  The assay mixes, containing the primers, are put in the 

left-side wells, while the sample mixes, containing the preamplified cDNA 

templates are put in the right side wells.  
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Through a system of integrated fluidic ‘canals’ all different assay and sample 

mixes are pairwise combined in each of the 2304 nano-wells  of the chip 

during an automated pressure loading protocol. Next, the chip is placed in the 

Biomark qPCR machine, and run similarly to conventional qPCR. In this 

manner, 48 different PCRs can be conducted for each of 48 different cDNA 

pools. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Fluidigm 48x48 qPCR chip 

 

Expression levels of samples run on The Fluidigm/Biomark platform correlated 

well with quantifications of conventional qPCR on an Opticon qPCR system 

(DNA engine 1, MJ Research). For example, a Pearsons’ correlation coefficient 

(r2) of 0,97 was found for the relative expressions levels of the glucanase 

assay (Collembase ID Fcc01017; #5, chapter 2) quantified on both platforms.  

 

Compared to microarray analysis the sample throughput is high and a fairly 

large number of assays can still be measured. The fluorescence measurement 

works similar to a conventional quantitative PCR instrument. The accuracy 

and dynamic range of quantification are, like conventional qPCR, supreme. 

This made it a cost effective approach for applied transcriptional profiling. 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Pearsons’ correlation of relative expression levels (±95% c.i.) of the glucanase assay 

quantified on the conventional qPCR (horizontal) and the high-throughput qPCR platform 
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1.5 Folsomia candida 

 

We chose to do the quantification on a standardized bioassay test species; the edaphic 

springtail Folsomia candida. Over the past 40 years a large amount of information in 

relation to soil quality was collected on this animal (Traas et al. 1989, Fountain and 

Hopkin 2005). Practical reasons which make the species suitable as test organism for 

molecular processes, are its asexual reproduction, hence the genetic DNA code is 

virtually identical between individuals, and the short generation time, which makes it 

easy to breed. 

 

 

1.6 Outline of the thesis 

 

My thesis describes the development and application of a method for environmental 

assessments based on gene expression data of the ecotoxicological model species 

Folsomia candida. The steps taken during  this process started with the discovery of 

differentially induced genes using suppressive subtractive hybridization, followed by a 

selection and validation of reference genes and genes of interest for quantitative PCR 

and subsequently the testing and application of  the method using the two ‘model’ 

chemicals cadmium and phenanthrene. 

 

When I started my PhD, no sequence information was available for Folsomia candida, 

and in 2005 the collection of transcripts of the genes of interest was done by the use of 

suppressive subtractive hybridization (SSH; Diatchenko et al. 2004). SSH is a method 

to isolate gene fragments that are differentially expressed between to cDNA pools. I 

decided to use two ‘model’ chemicals that have been extensively studied in 

ecotoxicological research in the past: The metal cadmium and the polycyclic 

hydrocarbon phenanthrene. Two differentially expressed SSH libraries were 

constructed; a cadmium library and a phenanthrene library. This process and the 

selection and testing of the qPCR assays on a high throughput qPCR platform is 

described in chapter 2 of this thesis. 

To calculate the expression levels of the target genes, qPCR data analysis uses the 

expression of genes that have a stable expression pattern ~at all times~ for calibration, 

as the exact amount of original cDNA input is unknown. The normalized expressions 

of the target genes can then be compared between samples (e.g. control versus exposed 

samples) and relative expression levels are calculated. Chapter 3 describes the 

validation of reference genes for the normalization of the qPCR expression data of 

target genes. We have tested candidate reference genes in F. candida    and in 

Orchesella cincta, another springtail that is sometimes used in qPCR experiments. The 

suitability of these genes as reference genes was tested across six treatments 
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(xenobiotic and environmental). On the basis of the results, I selected two suitable 

reference genes for the cadmium and phenanthrene experiments I was planning on 

doing. 

Chapter 4 describes the application of a high throughput qPCR method using 86 assays 

in an experiment where binary mixtures of cadmium and phenanthrene were 

investigated. The standard toxicity bioassay was used to investigate the interactions of 

cadmium and phenanthrene on reproduction after 28 days. The antagonistic interaction 

that was found was investigated further using transcriptional profiling of samples 

exposed to different treatments that showed the same 50% effect on reproduction; 

three different binary mixtures and the two single compounds.  

Assessing the mechanisms of mixture toxicity using gene expression is not 

straightforward because different phenomena occur simultaneously. The uptake and 

elimination rates differ between chemicals. As a result, the mixture doses that are 

internally encountered by the organisms during the early exposure phase can affect 

gene expression dynamics in a complicated way.. Gene expressions are often transient, 

and furthermore, it is hard to determine which of the expressions relate to adverse 

effects on the long term on organismal and population level scale. Chapter 5 describes 

the dynamic nature of gene expression profiles over the first two weeks of exposure to 

a mixture of cadmium and phenanthrene compared to cadmium as a single compound. 

Chapter 6 describes the toxicity assessment of the field location of a former land fill 

area in the Netherlands; ‘Vlagheide’. Bioremediation is running in order to re-develop 

the site for recreation. The molecular study focuses mainly on expression analysis 

using the microarray technique. qPCR using a selection of the assays developed here, 

was used to validate and refine the microarray data and to test the dose-response 

relations of the assays. 
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BOX 3: Phenanthrene 

 

Phenanthrene is a polycyclic aromatic hydrocarbon (PAH, in Dutch 

abbreviated as PAK), which is formed by incomplete combustion of organic 

materials like coal, wood etc. PAHs occur abundantly in the atmosphere and 

soil. They are organic substances made up of carbon and hydrogen atoms 

grouped into at least two condensed aromatic ring structures. Phenanthrene 

has a simple 3-ring structure (see Figure 1). PAHs have an apolar and 

hydrophobic character. 

PAHs can have other groups attached to the ring structures, or have a 

carbon atom in a ring replaced by a nitrogen, oxygen, or sulfur atom. The 

polycyclic aromatic compounds form a diverse group that often occurs as a 

mixture in the field. Sources include engine exhausts, wood smoke, 

cigarette smoke, and charbroiled food. Also coal tars and petroleum 

residues such as road and roofing asphalt have high levels of PAHs 

(Hodgson 2004). An important parameter for the fate of PAC in soil is their 

sorption to humic substances. Because of this high sorption capacity PAHs 

tend to accumulate in the soil and sediment phase, and from there they 

may de-sorb into the (pore) water phase, from which they are bio-available. 

 

Properties and toxicity 

The toxic effects of phenanthrene are strongly related to the lipophilicity of 

the compound, which is indicated by the n-octanol-water partition 

coefficient (Kow). The log Kow for phenanthrene = 4.53. This will cause the 

chemical to dissolve in, and traverse through cell membranes and similar 

lipid ‘barriers’ in the body, where it can have disruptive effects; narcosis 

(called baseline toxicity), death, reproductive effects (e.g. Manahan 2003). 

For vertebrates, phenanthrene is not the most toxic PAH, as it lacks 

carcinogenic effects. For invertebrates however, it is one of the most toxic 

ones. 

PAH don’t show bioaccumulation (like some persistent pesticides do), 

because they can be internally metabolized by organisms (Figure 1). The 

concentrations in the organisms therefore remain relatively low. The 

efficiency with which organisms can degrade PAHs differs: earthworms are 

not very efficient, but springtails are relatively good metabolizers. PAHs are 

strong inducers of detoxification process of biotransformation, with different 

steps (I, II, III) including induction of cytochrome p450s and glutathione  

S- transferase. 

 

Metabolism through biotransformation 

PAH are chemically inert. The aromatic C–C bonds are quite strong and 

require metabolism to exert biologic effects. This multi-step process of 

xenobiotic biotransformation (e.g. Hodgson 2004) involves an initial 

epoxidation (Phase I; catalyzed by cytochrome P450s, hydrolases 

dehydrogenases), followed by a conjugation step of the hydrated epoxide          
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(Phase II; catalyzed by for instance glutathione S-transferases). The 

subsequent transportation and elimination proceeds exportation via ATP-

binding cassette (ABC) transporters. This is often called phase III of the 

biotransformation. 

Figure 1 shows how phase I and II of the biotransformation in 

phenanthrene probably take. The metabolites of phenanthrene are 

unknown, therefore the actual place of the substitutions on the molecule 

may differ. The hydrolyzed form is more water soluble and can be 

conjugated to other molecules like glutathione or glucuronide.  

 
 

 
 

Figure 1:  Phase I and II of the biotransformation of  phenanthrene to 

phenanthrene·glutatione, and the involved catalyzing enzymes. NB the actual 

metabolites of phenanthrene are unknown, therefore the place of the substitutions 

may differ. 

 

Values  

The toxicity of polycyclic aromatic compounds differs a lot and toxicity 

parameters for many of the compounds are still unknown or consist of 

indirectly derived values. Risk limits currently are based on aquatic toxicity 

data. The intervention value for soils is 40 mg/kg for the added 

concentrations of 10 commonly occurring PAHs. This set of 10 standard 

PAHs includes phenanthrene. The lack of data hampers adequate risk 

assessment of PAHs mixtures. 

During the PhD research I have used a high concentration of phenanthrene 

for the library construction: 150 mg/kg dry soil (840 µmol/kg dry soil). This 

relates to the concentration causing 50% effect on survival after 7 days 

exposure (LC50; 7d).  

For the mixture toxicity experiment the concentrations were maximum 80 

mg/kg dry soil (LUFA 2.2). For the molecular analysis the concentrations 

were at the level of the EC50 for reproduction; 39 mg/kg dry soil. In 

mixtures with cadmium, phenanthrene concentrations ranged between 13 

 and 55 mg/kg dry soil.
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