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1.1 Environmental impact of engineered nanomaterials (NMs) 

In recent years, increasing concern is raised about potential environmental risks of 

engineered nanomaterials (NMs) (Batley et al. 2013; McKee & Filser 2016). 

Engineered NMs are manufactured substances with sizes smaller than 100 nm in one 

or more dimensions and can be distinguished based on their chemical composition, 

being either organic (carbon-containing) or inorganic (metal-based) (Nowack & 

Bucheli 2007). Nanomaterials have large area-to-volume ratios and size-dependent 

properties, which make them suitable for applications in everyday consumer and 

medical products, such as cosmetics, electronics, pharmaceuticals and textiles 

(Batley et al. 2013; Waalewijn-Kool et al. 2013). For instance, textile industries 

increasingly make use of TiO2 NMs due to their large surface area-to-volume ratio 

which enables a more effective blocking of UV light compared to standard material. 

This meets the requirements for UV-protective garments in response to increased 

concerns raised by governments and consumers about the dangers of excessive UV 

radiation as a result of a depleting ozone layer (Mishra et al. 2014). Keller et al. (2013) 

estimated that in 2010 between 206,000 – 309,000 metric tonnes of globally 

produced nanomaterials were released into the environment, mostly through 

sewage sludge applications on land (e.g. as a fertilizer), via wastewater treatment 

systems or through domestic sewage from showering and swimming (Kool et al. 

2011; Keller et al. 2013). Between 63-91% is deposited in landfills, 8-28% in soil, 0.4-

7% in water bodies, and 0.1-1.5% is released into the atmosphere. Hence, 

environmental exposures are inevitable, when considering these high disposal and 

emission numbers. Nevertheless, investigating the potential environmental risks of 

NMs can be a challenge, as they might have novel properties compared to bulk 

materials (e.g. different chemical and biological properties) that could impact the 

environment in unexpected ways (Hansen et al. 2013; Fu et al. 2014). For example, 

some novel materials such as carbon nanotubes (CNTs) have entirely new particle 

shapes. When released into the air these particles may cause health problems, 

because they form larger fibre-like structures similar to amphibole asbestos. Still, 

studies on engineered NM properties are rather scarce in the literature (Savolainen 

et al. 2010; Hansen et al. 2013).  

Several key physicochemical characteristics of NMs, such as shape, composition, 

aggregation, can be related to toxicity. This goes especially for metal-based NMs 

(Rousk et al. 2012). Another important mechanism underlying the toxicity of NMs, is 

the generation of reactive oxygen species (ROS) which can cause subsequent 
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formation of oxidative stress in tissues, eventually resulting in DNA damage, 

hampered cell motility and apoptosis (Fu et al. 2014).  

Once released into the environment, NM characteristics and behaviour can be 

altered by natural organic matter (NOM), dissolved organic carbon (DOC), pH and 

ionic strength (Handy et al. 2008; Peralta-Videa et al. 2011). In the soil, they undergo 

transformation processes such as sorption of NMs to organic matter and other 

particles present in soils (Waalewijn-Kool et al. 2013), dissolution and aggregation or 

agglomeration. These processes may cause these particles to lose their original 

nanoparticle state (Tourinho et al. 2012) (Figure 1). Surface properties, such as 

surface charge or coating are also identified as potential factors in the toxicity of 

NMs (Fu et al. 2014). Many NMs contain diverse surface coatings that change surface 

charges, when compared to uncoated NMs. As such, these coatings may alter their 

toxicity and/or mode of action (Tourinho et al. 2012). To date, the role that NM 

coatings play in toxicity has not been examined extensively. However, there are a 

few studies that report differences in toxicity. For instance, Kvitek et al. (2009) 

reported an increased toxicity to the unicellular ciliate Paramecium caudatum when 

exposed to Ag NMs stabilized with coatings compared to uncoated Ag NMs. Li et al. 

(2010), however, described that coated zerovalent iron NMs were less toxic than 

uncoated NMs to the bacterium Escherichia coli. A study on the effects of coatings 

in CuO NMs to the green alga Chlamydomonas reinhardtii revealed an increased 

capacity for polymer-coated CuO NMs to penetrate cells and with that an increased 

toxicity, compared to uncoated NMs (Perreault et al. 2012). A surface coating could 

also bind specific chemicals in the environment and may affect aggregation and 

dissolution of the NM’s core, as the release of metal ions is prevented by the coating 

(Gottschalk et al. 2009). Subsequently, organisms can be exposed to different sizes 

and forms of NMs (e.g. pristine particles, aggregates, dissolved NMs or free metal 

ions) (Kool et al. 2011). It remains, however, unclear whether these differences are 

important in determining toxicity in environmentally realistic exposure scenarios. 

For example, naturally occurring NMs in soil may also be coated with substances 

such as iron oxides or natural organic matter. So, coatings of engineered NMs may 

be modified by the environment to such a degree that properties of the original 

coatings may become less important in terms of bioavailability and toxicity (Shoults-

Wilson et al. 2011). If toxicity would mainly be related to the release of free metal 

ions, then surface coatings may only be relevant to consider when they relate to 

dissolution and oxidation (Shoults-Wilson et al. 2011).  

In the following sub sections, I will discuss the impact of the most important factors 

(dissolution, aggregation and agglomeration) on nanotoxicity in more detail. 
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Figure 1. A conceptual overview of the environmental fate and bioavailability of engineered metal-
based nanomaterials (NMs) in soil/water (aggregation, dissolution, surface modification). All processes 
depend on both soil and NM properties. (Figure adapted from Nowack & Bucheli 2007). 

Dissolution 

Dissolution is a process is which constituent molecules of a dissolving solid migrate 

from the surface to the bulk solution through a diffusion layer (Misra et al. 2012). 

Both solubility and dissolution speed (rate) are dependent on the size as well as the 

chemical and surface properties of a particle, and are further affected by the 

surrounding media (Misra et al. 2012). During the dissolution process of metal-based 

NMs, potentially toxic ionic species are released. Some of these metal-based NMs, 

such as TiO2, have rather low to negligible dissolution of titanium ions, which makes 

them more likely to persist in the environment, and thus to accumulate in soil and 

water (Tourinho et al. 2012). Dissolution of CeO2 NMs has also been reported to be 

low in different soil types (Cornelis et al. 2011) and solubility of Ag NMs seems to 

depend on soil composition (Cornelis et al. 2010). When assessing toxicity of metal-

based NMs, it is important to understand whether toxic effects are caused by the 

NM itself or by the soluble metal species that are released from the NM (Kool et al. 

2011). A number of studies have tested NM solubility and toxicity and reported that 
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toxic effects of metal-based NMs can mostly be explained by the metal ions released 

after dissolution (e.g. Waalewijn-Kool et al. 2013; Adam et al. 2015). For instance, 

Notter et al. (2014) presented a meta-analysis of three different nanomaterials (Ag-

NM, ZnO-NM and CuO-NM) in which toxicity data of NMs and corresponding 

dissolved metals were compared and concluded that in most cases (93.8% (Ag), 

100% (Cu), and 81% (Zn)) NMs were far less toxic than dissolved metals in terms of 

total metal concentration, irrespective of the test organism, freshwater or terrestrial 

habitat.  

Soil represents a rather complex medium in terms of understanding the 

physicochemical behaviour of engineered NMs. Where behaviour (i.e. particle 

stability against aggregation) is rather well understood in the dissolved phase, soils 

have both a solid matrix with which NMs may interact, as well as an aqueous phase, 

which might contain natural colloids and particles (Tourinho et al. 2012). The current 

number of studies on NM dissolution in soil is rather scarce due to the lack of suitable 

procedures for characterization (Hassellöv et al. 2008; Garner et al. 2017). Currently, 

the majority of characterization techniques are limited to the aqueous phase, such 

as dynamic light scattering or microscopy methods (e.g. transmission electron 

microscopy and atomic force microscopy) (Tiede et al. 2008). With these techniques 

a size distribution of suspended nanomaterials can be obtained, plus information on 

their aggregation. The soil matrix, however, is much more complicated and a simple 

characterization of NM in terms of a size distribution is not feasible. Also, the concept 

of “concentration” loses most of its meaning when nanomaterials are mixed into a 

soil. Consequently, the dose to which soil-born ecological targets are exposed is 

inherently difficult to define. Therefore, more studies are needed to better 

understand the long-term process of NM dissolution and their consequent fate and 

behaviour in soils.  

 

Aggregation and agglomeration 

Aggregation can be defined as assemblies of strong and dense primary particle 

collectives (caused by sintering). Aggregated NMs have a lower surface charge than 

individual particles because of a decrease in electrostatic repulsive forces between 

particles (Jiang et al. 2009; Zare 2016). A distinction can be made between homo-

aggregation, where every aggregate is comprised of a single type of NM, and hetero-

aggregation, which is the formation of NM complexes with other particles present in 

the environment (Handy et al. 2008). Agglomeration refers to particles that are 
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weakly bound (caused by van der Waals forces) and can easily be broken by 

mechanical forces (Jiang et al. 2009; Zare 2016).  

Although there is a research gap concerning the behaviour of NMs in the 

environment, there are some studies that indicate that aggregation and 

agglomeration could affect fate, mobility and bioavailability of NMs in the 

environment  (Phenrat et al. 2008; French et al. 2009; Ottofuelling et al. 2011). Size 

distributions of NM aggregates may differ among particle types and depend on 

properties such as concentration and particle size. For instance, Phenrat et al. (2008) 

studied the aggregation of aqueous nano-sized zerovalent iron and found that a high 

particle concentration (60 mg/l) resulted in faster aggregation rates, as well as higher 

stability of aggregate size compared to a low concentration (2 mg/l). Wang et al. 

(2009) revealed that ZnO NMs that were dispersed in an aqueous solution resulted 

in aggregates almost ten times larger than the primary NMs (Wang et al. 2009). 

French et al. (2009) performed a kinetics experiment and showed that TiO2 NMs 

were very stable after forming aggregates in both water and soil solutions. Jemec et 

al. (2008) studied the effects of ingested TiO2 NMs after short-term (3 days) dietary 

exposure (via leaf ingestion) in the terrestrial isopod Porcellio scaber. The authors 

prepared both sonicated (using a sonicator) and nonsonicated dispersions of TiO2 

NM by suspending different concentrations of TiO2  NM in bi-distilled water before 

applying 150 l of the dispersion per 100 mg of leaf. They reported that all 

nanoparticles were strongly agglomerated and that the comparison between 

sonication and non-sonication did not reveal any difference in intensity of 

agglomeration. 

 

1.2  Soil ecotoxicity of engineered NMs 

Soil invertebrates play a crucial role in soil ecosystem processes such as 

decomposition and nutrient recycling, and therefore it is essential to study the 

effects of engineered NMs in this group of organisms in order to understand their 

potential effects in the soil environment (Tourinho et al. 2012). Gottschalk et al. 

(2009) reported that most soil organisms are exposed to NMs ending up in soil 

through sewage sludge being used as fertilizers. Consequently, soil invertebrates 

such as earthworms, isopods, nematodes and springtails may be harmed. An 

increasing number of studies report on the toxicity of NMs to soil organisms. For 

example, Wang et al. (2009) studied the 24-h median lethal concentration (LC50) and 

sublethal endpoints (i.e. growth and reproduction) of ZnO, Al2O3 and TiO2 NM 

exposure to the nematode Caenorhabditis elegans and found that all NMs were 
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toxic, inhibiting growth and reproduction. The 24-h LC50 values for ZnO, Al2O3 and 

TiO2 were 2.3, 82 and 80 mg/l, respectively. Shoults-Wilson et al. (2011) investigated 

the effects of coated Ag-NMs to the earthworm Eisenia fetida  and did not find 

significant effects on growth or mortality. However, reproduction was significantly 

decreased when earthworms were exposed to Ag NMs with a oleic acid (727.6 

mg/kg) or a polyvinylpyrrolidone (773.3 mg/kg) coating.  

Multigeneration exposure 

In a traditional ecotoxicity test, ecologically relevant organisms are exposed to a 

medium, for example a standardised field soil such as LUFA 2.2, containing different 

concentrations of a particular compound. Survival, growth and reproduction can be 

used as test endpoints in order to define dose-response relationships. Effect 

concentrations that reduce reproduction or survival to a certain degree (ECx or LCx, 

respectively) can then be estimated. These effect concentrations can be used in 

environmental risk assessments (ERA) to predict the environmental concentration 

threshold at which the compound tested is not harmful for the environment in 

general. Such standardised tests are always conducted within one generation 

(chronic) or even a very small part of the lifecycle (acute), e.g. 24 or 48 h in the case 

of Daphnia (Rossetto et al. 2010). Lately, it has been emphasized that for NMs, long-

term studies and more mechanistic data and relevant endpoints are necessary in 

understanding potential adverse effects of NMs to the environment (Schultz et al. 

2016; Bicho et al. 2017). For example, full life cycle tests are becoming more common 

as they provide a larger set of endpoints (e.g. hatching success and growth next to 

reproduction and survival) and more information to potentially unravel unique nano-

specific effects (Bicho et al. 2017). 

Although these different types of tests give valid information concerning the 

(potential) toxic effects of substances, they may underestimate the potential long-

term effects over multiple generations. They do not take into account effects related 

to reproductive failures and bioaccumulation passed on to offspring, physiological 

changes that may support adaptation or acclimatization, or even extinction of 

populations (Leon Paumen et al. 2008; Arndt et al. 2014). For example, Leon Paumen 

et al. (2008) exposed the springtail Folsomia candida to phenanthrene for ten 

consecutive generations and found a decrease in reproduction with increasing 

phenanthrene concentrations for the first four generations. Then, in the fourth 

generation, survival rates were similar to the first three generations, but populations 

exposed to the highest phenanthrene concentration (163 µmol/kg dry soil) could no 

longer reproduce and faced extinction. From the fifth to the tenth generation, no 
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significant effects on survival or reproduction were found at the remaining exposure 

concentrations of 18, 38 and 77 µmol/kg dry soil. The authors suggested that F. 

candida would be able to metabolize phenanthrene up to a certain threshold (above 

77 and below 163 µmol/kg dry soi) supported by the lack of adverse effects and lack 

of adaptation. Kim et al. (2012) studied the effects of tetracycline on the survival, 

reproduction and growth of four consecutive generations of Daphnia magna and 

described an increased sensitivity in terms of fecundity with LOEC values of 10, 2, 0.1 

and <0.1 mg/l for the F0, F1, F2 and F3 generations, respectively. The authors 

suggested that this trend could have been caused by increased susceptibility to the 

compound for subsequent generations, as was seen in a previous study by Brennan 

et al. (2006). 

Currently, a limited but increasing number of studies on the response of 

invertebrates to multigenerational NM exposure have been published, mostly 

focusing on daphnids (Maselli et al. 2017) and C. elegans (Schultz et al. 2016). 

Jacobasch et al. (2014) exposed six generations of D. magna to TiO2-NM and found 

decreased reproduction and individual growth as well as increased mortality with 

increasing concentration (1.19-6 mg/l) and exposure duration. Adhesion of TiO2 

nanoparticles or agglomerates to the exoskeleton and filter apparatus of D. magna 

could have resulted in a reduced food uptake and thus a reduced body size. The 

authors suggested that the exposed animals produced fewer offspring due to their 

smaller body sizes compared to the control animals. Exposed animals were likely to 

invest more energy in the maintenance of fundamental life functions rather than in 

reproduction. From the fifth generation onwards continuous exposure even caused 

a population collapse of most of the treatment groups.  

As shown above, engineered NMs can have multigenerational impacts on organisms 

when they experience continuous exposure during multiple generations with 

accumulating effects or once a parental generation has been exposed and impacts 

subsequent non-exposed generations through a carry-over effect. Although there is 

an increasing number of studies that describe the acute and chronic toxicity effects 

of different types of engineered NMs, there is limited information available in the 

literature regarding the impact of NMs on future generations of organisms after the 

exposure has been removed (recovery generations). For example, Schultz et al. 

(2016) investigated sensitivity to Ag-NMs in ten C. elegans generations. The authors 

investigated populations that were previously exposed for more than six generations 

and another four generations of unexposed animals to allow for recovery from the 

exposure. Continuous exposure resulted in an increased sensitivity (by 10-fold) 

(reduced reproduction) to Ag-NMs in the F2 generation. In the recovery generations, 
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sensitivity to Ag-NMs resulting from previous exposures was still observed. The 

authors suggested that mechanisms of transgenerational epigenetic transfer of 

sensitivity could explain that observation.  

Since there is a significant research gap regarding the effects of multigeneration NM 

exposure it is important to understand how continuous NM exposure could affect 

populations over multiple generations and how animals respond when a NM is no 

longer present in the environment. 

 

1.3 Physiological acclimation, genetic adaptation and epigenetics 

Physiological acclimation 

Physiological acclimationWith an increasing number of NMs ending up in the 

environment, it is suggested that organisms have developed mechanisms by which 

they can tolerate or resist the potential adverse effects of stress resulting from living 

in such contaminated sites (Alloway 1995; Contreras et al. 2014). As a short-term 

response to the direct effects of stress, organisms may acquire tolerance or 

resistance by reversible changes in their physiology. This short-term physiological 

response mechanism is known as acclimation, which relies on the plasticity of an 

organism’s phenotype and could lead to a changed response, which is known as 

tolerance (Posthuma & Van Straalen 1993; Alloway 1995). In this sense, acclimatory 

tolerance is not heritable (by genetic means) and may be induced and lost within a 

single generation (Posthuma & Van Straalen 1993). Organisms may acquire 

acclimatory tolerance by acute upregulation of genes associated with the cellular 

stress response (Nota et al. 2010). For example, a study by Nota et al. (2011) revealed 

a metal-specific stress response in F. candida after two days of exposure to six 

different metals, with a significant induction of the stress response gene 

metallothionein.  

 

Genetic adaptation 

Populations of organisms living in contaminated environments may also evolve an 

increased mean tolerance through changes in their genetic structure (e.g. natural 

selection operating on genetically based variation in stress tolerance between 

individuals). This long-term stress response mechanism is known as adaptation and 

results in resistance to the experienced contamination. In contrast with acclimatory 

tolerance, adaptive tolerance is heritable and will be passed on to offspring. 

Furthermore, in adapted populations, selection could also act on phenotypically 

plastic tolerance characteristics, resulting in increased tolerance only during 
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exposure (Posthuma & Van Straalen 1993; Alloway 1995). Upon chronic exposure, 

stress-induced gene expression can evolve into increased levels of constitutive gene 

expression of otherwise stress-responsive genes (Roelofs et al. 2008; Nota et al. 

2010), a process called micro-evolution of stress tolerance. For example, a study on 

the springtail Orchesella cincta showed distinct stress-induced gene expression in 

animals not acclimated to metals (Roelofs et al. 2008). In contrast, significantly 

elevated constitutive as well as cadmium-induced metallothionein expression was 

found in animals that gained tolerance to metals, suggesting adaptation through 

increased constitutive cadmium detoxification (Roelofs et al. 2008). 

 

Epigenetics 

Recent studies indicate that also epigenetic processes could play a role in an 

organism’s ability to deal with environmental stress (Kille et al. 2013; Pierron et al. 

2014). Epigenetics is the study of changes in the expression and function of genes 

that are not due to changes in DNA sequence (Richards et al. 2010; Head et al. 2012). 

Epigenetic modification of DNA is an important aspect of development and may 

explain why during development cells differentiate into a variety of different cell 

types that may perform radically different functions even though they share the 

same DNA. The epigenetic imprint that a particular cell lineage obtains, is maintained 

during cell division and transferred to the daughter cells (Richards et al. 2010). 

Epigenetics is also assumed to play a role in adequate responses to environmental 

factors, e.g. diet (Asselman et al. 2015). It contributes to the phenotypic plasticity of 

the organism (Bossdorf et al. 2010; Richards et al. 2010). It has been shown that 

exposure to environmental chemicals is also causing changes in the epigenetic status 

of certain cell types (e.g. Kille et al. 2013).  

There are different epigenetic mechanisms such as DNA methylation, histone 

modifications, nucleosome remodeling and non-coding RNA-mediated 

transcriptional regulation (Goldberg et al. 2007; Bossdorf et al. 2008). The most 

investigated epigenetic mechanism is DNA methylation, which consists of an 

addition of a methyl group (-CH3) to the 5 position at the cytosine nucleotide in the 

DNA (5mC) (Vandegehuchte & Janssen 2011; Head 2014) (Figure 2). Interestingly, 

changes caused by DNA methylation could exceptionally be heritable, but not in a 

mendelian fashion. These changes are based on molecular mechanisms that could 

activate, reduce or completely stop the activity of particular genes.  
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Figure 2. DNA methylation: Addition of a methyl-group (-CH3) at the 5 position of the cytosine nucleotide 

(5mC) in the DNA (left) DNA methylation in mammals mostly occurs in a CpG context where a 

deoxycytidine is linked to a deoxyguanosine via a phosphate group (right). 

 

Under normal conditions, DNA methylation is associated with a number of key 

processes such as development, genomic imprinting and cell differentiation 

(Marhold et al. 2004; Vandegehuchte et al. 2009a). In mammals, DNA methylation 

mostly occurs in a CpG context, where a deoxycytidine is linked to a deoxyguanosine 

via a phosphate group (Figure 2). It is known from vertebrates that 5mC can be 

converted to thymine either by spontaneous (through a hydrolysis reaction) 

deamination, which can occur in vitro through bisulfite conversion (deaminates 

cytosines, but not 5mC) (Figure 3), or enzymatic deamination (catalysed by DNA 

glycosylase, an enzyme that participates in demethylation and is involved in the 

repair of T:G mismatches which are often caused by deamination) It is suggested that 

the loss of genomic CpGs is caused by deamination of methylated sequences in the 

germline (Jones 2012; Schübeler 2015).  
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Figure 3. Schematic overview of a bisulfite conversion of DNA. All cytosines in unmethylated DNA will be 

converted to thymines after bisulfite conversion (left), while methylated cytosines will remain unaffected 

(right) 

 

For invertebrates, the occurrence of DNA methylation is not as straightforward as 

for mammals. For example, Feliciello et al. (2013) found that DNA methylation in the 

red flour beetle (Tribolium castaneum) is not only restricted to CpG sites, but also 

occurs in CpA, CpT and CpC contexts. Bacteria are even known to possess DNA 

adenine methylation (Collier, 2009). In all cases, DNA methylation is catalyzed by two 

different DNA methyltransferases (Dnmts) such as Dnmt1, which maintains CpG 

methylation, and Dnmt3 which enables de novo methylation of cytosines in a CpG 

context Wang et al. 2013).  

Since the ecological effects of DNA methylation cannot be explained by changes in 

the DNA sequence, there is no correlation between sequence divergence and 

phenotypic traits, if sequences used for divergence analysis are significantly 

methylated. More studies are therefore needed to assess the relationship between 

epigenotype and phenotype (Bossdorf et al. 2008). One way to achieve this has been 

well investigated in plants, where mutants of model species with known epigenetic 

deficiencies were studied and compared with wildtype genotypes in a common 

environment (Vongs et al. 1993; Bossdorf et al. 2008). For example, a study on 

Arabidopsis thaliana by Vongs et al. (1993) revealed that methyltransferase 

knockouts were not lethal. In fact, mutants with reduced DNA methylation 

developed normally without displaying any aberrant phenotypes. Another approach 

to assess the relationship between phenotype and epigenotype is the use of the 

chemical 5-azacytidine that inhibits DNA methyltransferase activity. 5-Azacytidine 

can be applied to study the influence of DNA methylation on phenotypic traits 

(Vandegehuchte et al. 2010). In this way experimental modifications of DNA 

methylation patterns can be induced to investigate the phenotypical consequences 

of such modifications (Bossdorf et al. 2008). When organisms originating from 

different natural populations show a different response to 5-azacytidine, this could 

indicate epigenetic variation (Bossdorf et al. 2008). For instance, Bossdorf et al. 

(2010) treated natural A. thaliana genotypes with 5-azacytidine and examined the 

effects on plant traits and phenotypic plasticity. Demethylation significantly reduced 

growth and fitness and delayed flowering time. However, responsiveness differed 

strongly among genotypes. Furthermore, these responses were only weakly linked 

to their genetic relatedness, which confirms the hypothesis that epigenetic variation 

is independent of genetic variation.  
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To date, the role of epigenetics in response to stress is hardly investigated in soil-

dwelling organisms. Kille et al. (2013) reported epigenetic effects of arsenic pollution 

on the earthworm Lumbricus rubellus originating from the abandoned Devon Great 

Consols mine complex in Devon, United Kingdom. Methylation sensitive amplified 

fragment length polymorphism (Me-AFLP) analysis revealed a distinction between 

two lineages within the sampled earthworms. Lineage A did not show any 

association with soil arsenic concentrations. However, lineage B did show a strong 

link of DNA methylation patterns with soil arsenic levels, suggesting a function for 

DNA methylation in the adaptation of the earthworms to environmental 

contamination.  

Knowledge about DNA methylation for two important soil ecotoxicological models, 

the springtail F. candida and the enchytraeid worm Enchytraeus crypticus, is 

completely lacking up to now. Therefore, I aimed at investigating the epigenetic state 

of these organisms and to explore whether it is potentially affected by 

environmental pollution. 

 

1.4 Test organisms: Folsomia candida and Enchytraeus crypticus 

The springtail F. candida (Collembola, Isotomidae) (Figure 4) is a widespread soil 

arthropod living in soil pores and feeding on fungal hyphae and yeasts. F. candida is 

in contact with its environment mainly via its ventral tube, which has a function in 

fluid exchange and is suggested to be the main route of exposure to dissolved 

chemicals (Fountain & Hopkin 2005). F. candida reproduces parthenogenetically 

(females developing from unfertilized eggs), a phenomenon triggered by an infection 

with Wolbachia bacteria (Huigens et al. 2000; Faddeeva-Vakhrusheva et al. 2017). Its 

reproduction is a sensitive endpoint and together with its short generation time and 

ease of culturing in the laboratory, the species is an ideal model organism in 

ecotoxicological studies (Fountain & Hopkin 2005). Because of that, standardized 

ecotoxicity tests have been developed by the International Organization for 

Standardization (ISO guideline 11267; ISO 1999) and the Organisation for Economic 

Co-operation and Development (OECD guideline no. 232; OECD 2009). Furthermore, 

a complete high quality reference genome for F. candida has been assembled and 

made available, which provides the basis for a more mechanistic understanding in 

soil ecology and ecotoxicology (Faddeeva-Vakhrusheva et al. 2017). 
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Figure 4. Adult Folsomia candida   Figure 5. Two Enchytraeus crypticus adults 

 
The potworm E. crypticus (Oligochaeta, Enchytraeidae) (Figure 5) is highly abundant 

in different soil types with relatively high moisture content. In the soil, it plays an 

important role in decomposition and bioturbation (Castro-Ferreira et al. 2012). E. 

crypticus mainly comes in contact with chemicals in soil through dermal, intestinal 

and respiratory routes (Castro-Ferreira et al. 2012). The species is hermaphroditic 

and easy to culture, has a short generation time and an available transcriptome 

making it a suitable model organism in ecotoxicology (Kuperman et al. 2006) and 

molecular ecology (Castro-Ferreira et al. 2014). Standardised ecotoxicity tests to 

determine toxic effects on survival and reproduction were developed by ISO (ISO 

guideline 16387; ISO 2005) and OECD (OECD guideline no. 220; OECD 2004). 

 

1.5 Test compounds: selected engineered NMs in this thesis 

Five different engineered NMs were tested in this thesis, including two organic NMs: 

multi-walled carbon nanotubes (MWCNTs) and industrial paint pigment (OP), and 

three metal-based NMs: tungsten carbide-cobalt (WCCo), copper oxide (CuO) and 

iron oxide (Fe2O3). All these NMs are increasingly used in industrial and consumer 

products due to their large surface area to mass ratio, catalytic capacity, 

antimicrobial activities and other characteristics. For example, MWCNTs are being 

used in construction, aerospace, consumer and medical applications (Petersen et al. 

2011; Jackson et al. 2013), whereas nano-sized pigments are used for industrial 

applications such as coatings and paintings (Potter 2002; Hofmann et al. 2016). CuO 

and WCCo NMs are also gaining commercial and industrial interest. CuO NMs are 

increasingly used in batteries, gas sensors and surface coatings because CuO is the 

simplest member of the family of copper compounds and has a wide range of 

potentially useful physical properties such as high temperature superconductivity, 

electron correlation effects and spin dynamics (Ren et al. 2009; Adam et al. 2015). 
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WCCo-NMs are commonly used in hard metal industries for the production of 

extremely hard and wear resistant tools. Furthermore, their use is extra attractive as 

the strength of the resulting tool is increased with smaller initial particle size. 

Properties of each selected engineered NM can be seen in Table 1.  

Table 1. Characteristics of the nanomaterials tested for their toxicity to Folsomia candida. 

NA = not available, BET = Brunauer, Emmett and Teller particle size and surface area analysis. WCCo = 

tungsten carbide-cobalt, CuO = copper oxide, MWCNT = multi-walled carbon nanotubes, OP = organic 

pigment. 

  

Compound Particle 

size (BET) 

(nm) 

Surface area 
(BET) (m2/g) 

Purity (%) CAS number Supplier 

WCCo 67 7.01 <12% Co 12070-12-1 (WC)  
744-48-4 (Co) 

MBN  

CuO 15-20 47 99 1317-38-0 PlasmaChem 
MWCNT 9.5 250-300 90  Nanocyl 
OP (C18H10Cl2N2O2) 900 94 100 84632-65-5 BASF 
Fe2O3 

 
NA 
 

30 
 

99 
 

1309-37-1 
 

BASF 
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1.6 Aim and outline of the thesis 

Aim of the thesis 

This research has been conducted within the framework of the SUN (Sustainable 

Nanotechnologies) project, an integrated research project funded by the European 

Union within its Framework Programme 7 (FP7). SUN aimed to evaluate 

Environmental Health and Safety (EHS) risks along the lifecycle of manufactured 

nanomaterials and to incorporate the results into tools and guidelines for sustainable 

manufacturing. The SUN project brought together more than 30 European projects, 

national and international research programmes and co-operations (SUN, 2013).  

The three main components of SUN were (SUN, 2013):  

1. Risk assessment: Predicting nanomaterial exposure and effects on humans and 

ecosystems. 

2. Decision support: Integrating the know-how developed in the project to support 

industry, regulators and the insurance sector to make informed decisions about 

nanotechnologies. 

3. Risk management: Designing process changes and technological solutions to 

reduce the hazard of and exposure to nanomaterials. 

Since there is a significant gap in the knowledge concerning the ecotoxicity of NMs 

to soil invertebrates, the main aim of this PhD thesis was to perform a hazard 

assessment study of different NMs for the springtail F. candida in standardised LUFA 

2.2 soil. This study included different organic (MWCNTs and industrial paint pigment 

(OP)) and metal-based (CuO, WCCo and Fe2O3) NMs. Generally, the hazard 

assessment included a standardised OECD test that measured the reproduction and 

survival in F. candida after 28 days of exposure to soil spiked with a selected NM. 

Furthermore, the availability of the selected NMs in soil was studied and the 

dissolution in soil of the metal-based nanomaterials tested was determined under 

laboratory conditions. Multigeneration ecotoxicological and gene expression effects 

were determined for copper oxide (CuO) and tungsten carbide-cobalt (WCCo) NMs.  

Multigeneration tests were performed to obtain more information on the potential 

long-term effects of NM exposure to F. candida, such as reproductive failure or 

potential adaptation to the NM or its released metal ions. Furthermore, a 

comparison of the gene expression profiles of exposed animals to those of animals 

in unstressed conditions was performed to elucidate the underlying mechanisms of 
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the toxicity of the two NMs. Finally, the potential of DNA methylation to be assessed 

in environmental contamination studies was explored. 

To address the above-mentioned aim, the following research questions were 

formulated: 

1. What are the ecotoxicological effects of five different engineered 

nanomaterials (WCCo, CuO, Fe2O3, organic pigment and MWCNTs) on 

reproduction and survival in the springtail Folsomia candida? 

2. What are the multi-generation effects of copper oxide (CuO) and tungsten 

carbide-cobalt (WCCo) nanomaterials on the reproduction and survival of 

Folsomia candida? 

3. What are the multi-generation effects of (CuO) and tungsten carbide-cobalt 

(WCCo) nanomaterials on the expression of stress response genes in 

Folsomia candida? 

4. Are total cytosine and locus-specific CpG methylation present in two 

important ecotoxicological model organisms, the springtail Folsomia 

candida and the potworm Enchytraeus crypticus, and if so, do methylation 

patterns change with increasing toxicant exposure? 

 

Outline  

 

In Chapter 2, for each NM, a standard 28-day toxicity test was performed with F. 

candida survival and reproduction as the endpoints (OECD, 2009). To enable 

comparison of the toxicity of the metal-based NMs with that of the corresponding 

metal ions, Cu, Co and Fe chloride salts were also tested. And to get an idea of 

dissolution and the role of the metal ions released from the metal-based NMs, we 

also related toxicity to porewater concentrations. 

 

Chapter 3 provides, for the first time, a comprehensive analysis of multigeneration 

CuO-NM and WCCo-NM exposure effects on F. candida, including recovery. Animals 

were exposed to CuO-NM or WCCo-NM for four consecutive generations, plus an 

additional two generations in clean soil. Sensitivity of F. candida was assessed by 

measuring survival, reproduction and gut epidermal tissue. 

 

Chapter 4, provides, for the first time, the transcriptional responses associated with 

multi-generation exposure of F. candida to CuO-NM and WCCo-NM. Gene 
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expression profiles were examined. It was investigated whether historical exposures 

and generation could cause a shift in physiological response to NMs by for example 

showing an increased sensitivity or adaptation to new exposures. 

 

Chapter 5 describes a proof of principle study, in which the potential of DNA 

methylation was explored to be assessed in environmental contamination studies. 

We determined whether CpG methylation is a measurable epigenetic factor in F. 

candida and E. crypticus. Furthermore, it was assessed whether methylation 

patterns could be associated with response to copper exposure. Global cytosine DNA 

methylation was measured using liquid chromatography tandem mass spectrometry 

(LC-MS/MS). Additionally CpG methylation of specific loci of gene bodies in the 

housekeeping gene elongation factor 1 alpha (Ef1α) and the stress-inducible gene 

heat-shock protein 70 (Hsp70) were investigated using bisulfite sequencing. Finally, 

an attempt was made to assess the influence of copper toxicity on the observed 

methylation patterns. 

Chapter 6 provides a general discussion, integration and conclusions on the findings 

from previous chapters in the context of current knowledge in de literature. 

Considerations and recommendations for future research are also given. 
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Abstract 

Although the number of studies on engineered nanomaterial (NM) toxicity to soil 

invertebrates is increasing, only a few studies have reported toxicity of NMs to soil 

dwelling model species, such as the invertebrate Folsomia candida. The main 

objective of this study was to determine the toxicity of five different engineered NMs 

(WCCo, CuO, Fe2O3, organic pigment and MWCNTs) for the springtail F. candida. 

Copper(II), cobalt and iron chlorides were taken as positive controls. A standardized 

OECD test was used to measure effects on reproduction and survival, and toxicity 

was related to metal concentrations in soil and pore water. None of the NMs exerted 

adverse effects on springtail reproduction and survival at concentrations up to 6400 

mg per kg dry soil, whereas the Cu, Co and Fe chlorides resulted in 50% decline in 

springtail reproduction at 981, 469 and 569 mg metal ion per kg dry soil, respectively. 

The absence of toxicity of the NMs could partly be explained by the low porewater 

metal concentrations, suggesting low solubility or slow solubilisation. The fate of 

engineered NMs in soil is rather complex but needs better understanding to facilitate 

predicting exposure of soil organisms. 
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1 Introduction 

Since the boost of the nanomaterials industry not more than a decade ago, there is 

increasing concern about the potential entry and impact of engineered 

nanomaterials (NMs) in the environment (Batley et al. 2013; Keller et al. 2013; 

McKee & Filser 2016). Engineered NMs are applied in a great variety of consumer 

and medical products, such as cosmetics, electronics, pharmaceuticals and textiles 

(Keller et al. 2013; Mishra et al. 2014; Stark et al. 2015). Keller et al. (2013) estimated 

that in 2010 between 206 000 and 309 000 metric tonnes of globally produced NMs 

were released into the environment, with 8–28% ending up in the soil. Engineered 

NMs are defined as manufactured substances consisting of particles with sizes 

smaller than 100 nm in one or more dimensions. They can either be organic (carbon-

containing) or inorganic (metal-based) (Nowack & Bucheli 2007; Handy et al. 2008; 

McKee & Filser 2016). Investigating the potential environmental risks of new 

chemicals and materials, such as NMs, is a challenge as they have novel properties 

that could result in new and unexpected risks (Savolainen et al. 2010; Hansen et al 

2013). To date, studies on NMs have mainly been performed on aquatic biota 

(especially on Daphnia magna) (Lee et al. 2009; Petersen et al. 2011). However, an 

increasing number of studies have reported the effects of NMs on terrestrial soil 

invertebrates (Wang et al 2009; Hooper et al 2011; Novak et al. 2012; Tourinho et al. 

2015). Folsomia candida is a common soil arthropod that plays an important role in 

soil ecosystems and is known to be vulnerable to effects of soil contamination. Its 

reproduction is a sensitive endpoint and together with its short generation time and 

ease of culturing in the laboratory, the species is of-ten used as a model organism in 

ecotoxicological studies (Fountain & Hopkin 2005; Kool et al. 2011). However, to 

date, only a few studies have reported the toxicity of NMs to the species. For 

example, Manzo et al. (2011) reported that ZnO nanoparticles did not affect survival 

and reproduction at a test concentration of 230 mg Zn per kg and Kool et al. (2011) 

showed that ZnO nanoparticles did not affect survival but did cause a dose-

dependent decrease in reproduction (EC50: 1964 mg Zn per kg dry soil). 

Since  there  is  a  significant  gap  in  the  knowledge concerning the ecotoxicity of 

other NMs, we aimed at assessing five different NMs: multi-walled carbon 

nanotubes(MWCNTs) (organic), industrial paint pigment (organic), tungsten 

carbide–cobalt (WCCo) (metal), and two metal oxides, copper oxide (CuO) and iron 

oxide (Fe2O3). For each NM, a standard 28 day toxicity test was performed, with F. 

candida survival and reproduction as the endpoints. To enable comparison of the 
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toxicity of the metal-based NMs with that of the corresponding metal ions, similar 

concentrations of readily soluble metal species (i.e. Cu, Co and Fe chloride salts) were 

tested in parallel. Previous studies have tried to characterize NMs in soil using 

electron microscopy. However, Kool et al. (2011) showed that NMs could only be 

visualized at very high concentrations, while the route of exposure and the actual 

form affecting springtails could still not be determined at such concentration levels. 

This in fact shows how difficult it is to understand the fate and potential effects of 

NMs in complex matrices like soil. Therefore, in this paper, we determined metal 

concentrations in the pore water, to get an idea of dissolution and the role of metal 

ions released from metal-based NMs. Pore water is believed to be the main route of 

exposure (Ardestani et al. 2014) and therefore porewater concentrations may allow 

for better understanding the exposure and effects of nanomaterials on F. candida.  

2 Materials & Methods 
 

2.1 Test compounds and spiking of soil 
Tungsten carbide–cobalt (WCCo), copper oxide (CuO), multi-walled carbon 

nanotubes (MWCNT), organic pigment red, Irgazin® (OP) and iron oxide (Fe2O3) 

pigment NMs were provided by the Sustainable Nanotechnologies Project (SUN) and 

were purchased from different suppliers (for details see Table 1). Particle 

characterization (Table 1) was performed within the SUN consortium: primary size 

distribution was measured with transmission electron microscopy (TEM), specific 

surface area with Brunauer, Emmett and Teller particle size and surface area analysis 

(BET) and the average agglomeration number (AAN) using dynamic light scattering 

(DLS). As positive controls copper (II) chloride (CuCl2), cobalt chloride (CoCl2·6H2O) 

and iron chloride (FeCl3·6H2O) were used (see Table 1 for purities and suppliers). For 

WCCo, OP, CuO, Fe2O3 and MWCNT nanomaterial nominal test concentrations were 

0–200–400–800–1600–3200–6400 mg per kg dry soil. Note that for WCCo-NM 

nominal concentrations were used rather than actual metal concentrations due to 

the very low amount of cobalt present in the compound. On average, more than 88% 

of the NM consists of tungsten (W). Furthermore, nanoparticle fraction 

measurements of the NM were technically not feasible, so that we decided to 

present WCCo-NM as nominal. CuCl2 was tested at 0–100–200–400–800–1600 mg 

Cu per kg dry soil, CoCl2 at 0–62.5–125–250–500–1000 mg Co per kg dry soil, and 

FeCl3 at 0–100–200–400–800–1600 mg Fe per kg dry soil. As engineered NMs often 

are difficult to disperse in exposure media making it hard to realise a homogeneous 

distribution, spiking NMs as a suspension as well as dry powder were tested in the 
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present study. For some of the NMs a homogeneous distribution could simply not 

be achieved by making a suspension, with all the particles either sinking to the 

bottom or ending up in the top layer of the soil. Spiking soil with NMs as dry powder 

resulted in better and more homogeneous distributions. The latter method was 

therefore used for all NMs in the present study. For each test concentration, the 

corresponding quantity of test compound was mixed in with dry LUFA 2.2 soil 

(Speyer, Germany, total organic carbon content of 2.09%, pHCaCl2 of 5.5 and a water 

holding capacity (WHC) of 44%). Subsequently, the soil was moistened with 

deionized water to 50% of the WHC and mixed once more to ensure a homogeneous 

distribution of the test compounds. Finally, the spiked soil was divided over replicate 

test jars and allowed to equilibrate for 1 day before starting the toxicity test . 

Table 1. Characteristics of the nanomaterials and metal salts tested for their toxicity to Folsomia 
candida. Characteristics were determined by partners within the SUN project.

 

2.2 Analyses 
 
2.2.1 Metal concentrations in soil and pH measurements 
To measure total metal concentrations for the CuO-NM, CuCl2, WCCO-NM, CoCl2, 

Fe2O3-NM and FeCl3 treatments, soil samples were dried for 24 h at 60°C. 

Approximately 130 mg  of  dried  soil  (three  replicates  per  treatment)  were 

digested in 2 ml of a mixture of concentrated HNO3 and concentrated HCl (4 : 1 by 

vol.). All mixtures were placed in Teflon bombs, tightly closed and digested for 7 

hours in an oven (CEM MDS 81-D) at 140°C. After digestion, the solution was diluted 

to 10 ml and analysed by flame atomic absorption spectrometry (AAS) (Perkin Elmer 

AAnalyst 100). As reference material ISE sample 989 (River Clay) from Wageningen 

University, The Netherlands, was used to check for the accuracy of the analytical 

procedure (ISE, 2007). Fe (±SD; n= 4) and Cu levels (±SD; n= 2) in the ISE reference 

material were 86 ±3.49% and 90 ± 0.34% of the certified values, respectively. 

Measured Co levels (±SD; n= 2) were 20 ± 0.25 mg per kg dry soil, but for Co no 

certified concentrations were available for ISE sample 989. For all compounds, soil 

Compound Particle size (TEM) 

(min-max (average)) 

(nm) 

Surface area (BET) 
(m2/g) 
(average±SD)* 

Average 
agglomeration 
number (AAN) 

Purity (%) 
(from 
producer) 

CAS number Supplier 

WCCo 23-1446 (170) 6.6±0.4 159 <12% Co 12070-12-1 (WC)  
744-48-4 (Co) 

MBN  

CuO 3-35 (12) 47±1.7 77 99 1317-38-0 PlasmaChem 
MWCNT Ø 4-16 (8) 393.3±17.3 NA 90  Nanocyl 
OP (C18H10Cl2N2O2) 14-151 (43) 94 (from producer) 9 100 84632-65-5 BASF 
Fe2O3 

CuCl2 

CoCl2.6H2O 
FeCl3.6H2O 

11-112 (37) 
NA 
NA 
NA 

22.6±0.1 
NA 
NA 
NA 

39 
NA 
NA 
NA 

99 
98 
98-102 
98-102 

1309-37-1 
7758-89-6 
7791-13-1 
10025-77-1 

BASF 
Merck 
J.T. Baker 
Sigma-Aldrich 
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pHCaCl2 values were measured at the start and at the end of the toxicity tests. For 

each treatment, three replicates were prepared by adding 24 ml of 0.01M CaCl2 to 6 

grams of moist soil. Samples were shaken for 2 hours at 200 rpm and after settling 

of the soil particles, pH of the supernatant was recorded using a WTW PH7110 

meter.  

 
2.2.2 Metal concentrations in soil pore water 
At the start and the end of the toxicity tests, pore water from the CuO-NM, CuCl2, 

WCCo-NM, CoCl2, Fe2O3-NM and FeCl3 spiked soils was collected after saturation of 

28 g soil with 5 ml deionized water and equilibration for 1 week followed by 

centrifugation (Centrifuge Falcon 6/300 series, CFC Free). Soils were centrifuged in 

tubes with two paper filters (S&S 597 Ø47 mm, pore size 11μm) and a 0.45 μm 

cellulose-nitrate membrane filter (S&S Ø 47 mm) using a relative force of 2000g for 

45 minutes (method described by Waalewijn-Kool et al. 2013). Approximately 5 ml 

soil pore water per sample was collected and subsequently analysed by flame AAS 

(PerkinElmer AAnalyst 100).  

2.2.3 Toxicity tests 
The parthenogenetic springtail Folsomia candida (“Denmark strain”, VU Amsterdam) 

was used as a model organism. Cultures were kept in a climate room at 16 ± 0.5 °C 

and a 16/8 h light/dark regime. To obtain synchronized animals, mature adults were 

allowed to lay eggs in plastic containers with a moist bottom of plaster of Paris 

(consisting of gypsum and charcoal) for two days. Juveniles hatched from these eggs 

form a synchronized cohort suitable for experiments. A 28-day toxicity test with 

juveniles of 10-12 days old was performed for each test chemical following OECD 

guideline 232 (OECD 2009). Five replicate 100 ml glass jars were prepared for each 

concentration and control. Ten animals were introduced into each test jar with 30 

grams of moist soil and sufficient food supply (dried baker’s yeast). Each jar was 

closed with a bakelite screw top. Once a week jars were aerated, moisture loss was 

replenished with deionized water and animals were fed. After 28 days, springtails 

were extracted from soil by adding 100 ml of deionized water to each test jar, gently 

stirring and transferring them to a plastic beaker, allowing springtails to float on the 

surface. Pictures were taken to later count all animals with the software program 

ImageJ to determine survival (number of adults) and reproduction (number of 

juveniles). All toxicity tests were performed in a climate room at 20 ± 0.5°C, 75% 

relative humidity and a 16:8 h light:dark regime. 

 
2.3 Data analysis 
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Effect concentrations that reduced reproduction by 50% (EC50) compared to the 

untreated controls were determined using a logistic dose response model; 

corresponding 95% confidence intervals were calculated by using nonlinear 

regression analysis in IBM SPSS Statistics 23 software (IBM Corp. 2015). Effect 

concentrations that reduced survival by 50% (LC50) were estimated using the 

trimmed Spearman-Karber method (Hamilton et al. 1977). One-way analysis of 

variance (ANOVA) followed by Dunnett's comparison post-hoc test (P < 0.05) was 

used to test for differences between controls and treatments. 

Sorption of Co, Cu and Fe to the test soil was determined using the measured soil 

porewater and total soil concentrations. The Freundlich isotherm was used: 

𝐶𝑠 =  𝐾𝑓 𝐶𝑤
𝑛 

where, 

Cs = concentration in soil (mg Co, Cu or Fe/kg dry soil) 

Kf = Freundlich sorption constant (l/kg) 

Cw = concentration in the pore water (mg Co, Cu or Fe/l)  

n = shape parameter of the Freundlich isotherm 

 

Estimates for Kf and n were obtained by linear regression on a logarithmic scatter 

plot of Cs versus Cw.  

 

3  Results 
 

3.1 Metal concentrations in soil 
Total metal (Cu, Co and Fe) concentrations in the test soil ranged between 85 and 

120% of the added total concentrations for CuO-NM, CuCl2, CoCl2, Fe2O3-NM and 

FeCl3 (Table S1-S4 in the Supporting Information). LUFA 2.2 control soil contained on 

average 0.83 and 1.5 mg Co/kg dry soil (WCCo-NM and CoCl2 test, respectively), 4.4 

and 4.7 mg Cu/kg dry soil (CuO-NM and CuCl2 test, respectively) and 3591 and 3526 

mg Fe/kg dry soil. This is in line with the Lufa 2.2 supplier’s guide indicating average 

concentrations of 1.3 ± 0.1 mg Co/kg, 3.4 ± 0.4 mg Cu/kg and 4286 ± 27 mg Fe/kg. 

On average 7% of the nominal WCCo-NM concentration added was retrieved as Co 

in soil, which agrees with the Manufacturers’ information (Table 1). For Fe2O3-NM 

and FeCl3, total iron concentrations in soil were corrected for the high background 

iron levels in the control Lufa 2.2 soil (mean value: 3591 mg Fe/kg dry soil), so all 

results are expressed on the basis of added iron concentrations.  
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3.2 Soil pH 
Soil pHCaCl2 of control soils ranged from 5.99 to 6.37 at the start of the tests and 

decreased to 5.65-5.80 after 28 days of exposure (Tables S5-S7). Soil pHCaCl2 slightly 

increased with increasing WCCo-NM concentration (Table S5), and decreased for 

FeCl3 (Table S6) and CoCl2 (Table S7). The pH was not affected by Fe2O3-NM, OP-NM 

and MWCNT-NM (Table S5). Soil pH values also did not change with increasing CuO-

NM concentrations at T=0 (Table S5), but at T=28 a slight dose-related increase was 

seen suggesting pH did not decrease with time at higher exposure concentrations. 

CuCl2 caused a dose-related pH decrease at T=0, which was no longer seen at T=28 

(Table S6), in this case due to an increase at high and a decrease at low 

concentrations. 

In summary, soil pHCaCl2 of control soils did not differ from treatments for Fe2O3-NM, 

OP-NM and MWCNT-NM, but did differ from soil with increasing WCCo-NM 

concentrations (i.e. slight increase of pH with increasing metal concentrations). For 

all tested chlorides, soil pHCaCl2 decreased with increased metal concentration at T=0, 

however this dose-related decrease of pH was no longer seen for CoCl2 and CuCl2 at 

T=28. 

3.3 Metal concentrations in soil pore water and sorption 
Metal concentrations in pore water increased with exposure concentration for all 

compounds measured, except for Fe2O3-NM. Concentrations of 1.20-3.88 mg Co/l 

and 7.70-366 mg Co/l were measured for WCCo-NM (Table S8) and CoCl2 (Table S9), 

respectively, corresponding with a solubility of 0.24-0.43% and 1.40-15.5% of the 

measured total cobalt concentrations. Iron concentrations ranging from 0.04-0.13 

mg Fe/l (0.002-0.007%) were found for soil spiked with Fe2O3-NM (Table S10) and 

from 0.04-129 mg Fe/l (0.004-3.58%) for FeCl3 (Table S11). Copper concentrations in 

the pore water ranged from 0.41-2.31 mg Cu/l (0.003-0.02%) for soil spiked with 

CuO-NM (Table S12) and from 0.15-17.1 mg Cu/l (0.01-0.44%) for soil spiked with 

CuCl2 (Table S13). Sorption of the metals added as chloride salts (Figure 1) could be 

described well with a Freundlich isotherm (Table 2). Because isotherms were based 

on only three data points, R2 values were high (>0.940) for all measured salts. 

Table 2. Freundlich sorption parameters (Kf and in between brackets n) for the binding of three 
elements to Lufa 2.2 soil as derived from concentrations in pore water extracted from soil freshly spiked 
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with chloride salts of the three metals (T=0) or after 28 days of incubation (T=28). See Figure 1 for the 
Freundlich isotherms.  

 

 

Figure 1. Measured total metal concentrations in soil as a function of metal concentrations in soil pore 

water. Lines and equations represent the fit of the Freundlich isotherm to the data for the sorption of 

Co (panel a, CoCl2), Fe (panel b, FeCl3) and Cu (panel c, CuCl2) in spiked Lufa 2.2 soil at T=0 (X) and T=28 

days 

(◆). 

3.4 Toxicity 

    Sorption constant Kf 

Metal salt l/kg (n) l/kg (n) 

 
T = 0 T = 28 

    Cobalt (Co) 
 

117 (0.38) 70 (0.47) 

Iron (Fe) 
 

646 (0.16) 706 (0.16) 

Copper (Cu) 
 

774 (0.24) 858 (0.29) 
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Survival of Folsomia candida in LUFA 2.2 soil spiked with up to 6400 mg/kg dry soil 

of either CuO, WCCo, Fe2O3, OP or MWCNT nanomaterials and CuCl2 was not 

affected and comparable to the controls (i.e. 99%, 96%, 80%, 99%, 99% and 91%, 

respectively). Survival was affected by FeCl3 and CoCl2 with LC50s of 849 mg Fe/kg 

dry soil (95% CI 748-962) and 622 mg Co/kg dry soil (95% CI 556-695), respectively, 

based on measured added or total concentrations, respectively. 

 

Figure 2. Effect of CuO (A) and Fe2O3 (B) nanomaterials (NM) on the reproduction (number of juveniles) 

of Folsomia candida after 28 d exposure in LUFA 2.2 soil. X = mean number of juveniles. Measured total 

exposure concentrations of Cu (A) and added exposure concentrations of Fe (B) in the soil are provided 

on the x-axis.  

On average, 957 juveniles (Coefficient of variance (CV) 27%) were found in controls 

from the CuCl2 test, 830 (CV 13%) in controls from the CoCl2 test and 290 (CV 32%) 

in controls from the FeCl3 test. Reproduction was not affected by any of the 

nanomaterials tested at concentrations up to 6400 mg/kg dry soil (Figures 2 and 3). 

Although a decreasing trend in reproduction is visible in the WCCo-NM treatment, 

reduction was less than 50% at the highest test concentration making it impossible 

to calculate a reliable EC50. The metal chlorides, however, decreased springtail 

reproduction in a dose-dependent manner (Figure 4) with EC50 values of 981 (95% 

CI 787-1174) mg Cu/kg dry soil, 469 (405-533) mg Co/kg dry soil and 569 (370-769) 

mg Fe/kg dry soil for CuCl2, CoCl2 and FeCl3, respectively, based on measured total 

(Cu, Co) or added (Fe) concentrations. Porewater-based EC50s and LC50s for the 

effects of CuCl2, CoCl2 and FeCl3 were 3.81 (1.43-6.19) and >13.9 mg Cu/l, 45.4 (35.7-

55.2) and 86.7 (68.8-108) mg Co/l, and 4.33 (CI could not be calculated) and 12.2 

(4.7-31.4) mg Fe/l, respectively.  
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Figure 3. Effect of Organic Pigment (A), MWCNT and WCCo (C) nanomaterials (NM) on the reproduction 
(number of juveniles) of Folsomia candida after 28 d exposure in Lufa 2.2 soil. X = mean number of 
juveniles. Nominal exposure concentrations are provided on the x-axis. Line shows fit obtained with a 
logistic model for WCCo-NM (C). 
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Figure 4. Effect of CuCl2 (A and B), CoCl2 (C and D) and FeCl3 (E and F) on the reproduction (number of 
juveniles) of Folsomia candida after 28 d exposure in Lufa 2.2 soil. X = mean number of juveniles. Left: 
Reproduction related to actual exposure concentrations in the soil; right: reproduction related to soil pore 
water concentrations. Line shows fit obtained with a logistic dose-response model. 

 

 

 

 

0 20 40 60 80 100 120

Pore water concentration (mg Fe/l)

0

50

100

150

200

250

300

350

400

450

500

0 500 1000 1500 2000 2500

N
u

m
b

e
r 

o
f 

ju
ve

n
ile

s

Actual concentration (mg Fe/kg) 

0 50 100 150 200 250

Pore water concentration (mg Co/l)

0

200

400

600

800

1000

1200

0 500 1000 1500

N
u

m
b

e
r 

o
f 

ju
ve

n
ile

s

Actual concentration (mg Co/kg)

0 5 10 15

Pore water concentration (mg Cu/l)

0

200

400

600

800

1000

1200

1400

1600

0 500 1000 1500 2000

N
u

m
b

e
r 

o
f 

ju
ve

n
ile

s

Actual concentration (mg Cu/kg)

                                 A                                         B          

                                 C                                         D          

                                     E                                             F          



Chapter 2 

37 
 

4  Discussion 

Results obtained in this study showed that the tested nanomaterials had little or no 

effects on F. candida survival and reproduction, while soluble metal salts 

corresponding with these nanomaterials did affect these endpoints at similar total 

concentrations. The differences in porewater metal concentrations between 

nanomaterials and metal chloride treatments may explain the difference in toxicity.  

4.1 Toxicity of metal-based nanomaterials in relation to soil properties 

For all metal and metal oxide particles the soil pHCaCl2 ranged from 5.6 to 6.6 (except 

for FeCl3) and did not show strong increases or decreases with increasing soil 

concentrations. According to Fountain & Hopkin (2005), F. candida shows the highest 

reproduction at a pH of around 5.6. For FeCl3 a strong dose-dependent decrease of 

the soil pH was seen (Table S6) with a pH around 4.6 at 800 mg Fe/kg dry soil and 3.5 

at 1600 mg Fe/kg dry soil. These lower pH values could also have contributed to the 

significant decrease in reproduction that was observed. In this study, porewater 

metal concentrations were measured at two time points (T=0 and T=28 days), but no 

substantial differences were seen in this short period. Porewater Co, Cu and Fe 

concentrations were considerably lower in the NM treated soils and were not 

concentration-dependent, unlike the porewater metal concentrations for CoCl2, 

CuCl2 and FeCl3 (Tables S8-S13). For example, cobalt porewater concentrations from 

soil spiked with the highest concentration of WCCo-NM (6400 mg WCCo/kg) were 

almost 2-fold lower (3.88 mg Co/l) than measured in soils spiked with the lowest 

concentration of CoCl2. Porewater-based EC50 for CoCl2 was 86.7 (68.8-108) mg Co/l, 

which is in line with a previous study performed in Lufa 2.2 with CoCl2 and F. candida, 

showing an EC50 of 174 (86-350) mg Co/l (Lock et al. 2004). Assuming that toxicity 

of WCCo-NM would especially be due to dissolution of Co (which would partly 

explain toxicity since both the particles themselves and tungsten (W) could also 

contribute to toxicity), the absence of toxicity could at least partly be explained from 

the low dissolved metal concentrations of these NMs. For CuO-NM dissolved copper 

levels in the pore water from soils spiked with 6400 mg Cu/kg were still lower (2.31 

mg Cu/l) than the porewater-based EC50 for CuCl2 that was found. Bicho et al. (2017) 

found total Cu concentration in the soil solution for CuCl2 to be similar or up to 3-

fold higher than for CuO-NM at concentrations of 200-400 mg Cu/kg dry soil, 

indicating increased toxicity to enchytraeids exposed to the copper salt. Iron 

porewater concentrations from soil spiked with the highest concentration of Fe2O3-
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NM (6400 mg Fe/kg) were more than 36 times lower (0.12 mg Fe/l) than the 

porewater-based EC50 that was found for FeCl3. 

These results all indicate that the NMs tested in this study showed lower solubility 

or slower solubilisation than the metal salts and the low dissolved metal 

concentrations in the pore water may thus explain the absence of toxicity for the 

NMs tested. These results are in line with previous studies that indicated lower 

solubility and/or slower dissolution and absence of toxicity for NMs, compared to 

similar concentrations of readily soluble metal species (Kool et al. 2011; Manzo et al. 

2011; Notter et al. 2014; Bouguerra et al. 2016). This could all be explained by the 

release of metal ions after dissolution of the nanomaterials (Waalewijn-Kool et al. 

2013; Adam et al. 2015) and via aggregation and agglomeration processes, which 

affect fate, behaviour and bioavailability of NMs in the environment (Handy et al. 

2008; Ottofuelling et al. 2011). 

Waalewijn-Kool et al. (2013) already showed the effect of changes in the soil with an 

increased release of Zn from ZnO nanoparticles with decreasing pH for soils 

containing 100 to 1600 mg Zn/kg dry soil and that release of Zn continued after one 

year. Díez-Ortiz et al. (2015) even found a significantly (p < 0.05) increased toxicity 

of Ag nanoparticles to E. fetida in time (EC50reproduction of 1420 mg Ag/kg dry soil after 

1 week versus 34 mg Ag/kg dry soil in soil aged for 52 weeks) and suggested that this 

was due to Ag ion dissolution. The authors concluded that environmental risks of 

nanoparticles could not properly be assessed with short-term exposures. Both 

studies show the importance and necessity of assessing long-term NM behaviour as 

it may determine environmental risk. 

 

4.2 Toxic effects of organic nanomaterials 

The organic pigment red (Irgazin®) nanomaterials (OP-NMs) did not affect the 

survival or reproduction of F. candida. Currently, literature about the toxicity of 

organic pigment is almost absent. In 1980, Anliker & Clarke described organic 

pigments to not present major ecological problems in aquatic environments, due to 

their low solubility in water. They reported that it would be highly unlikely for organic 

pigment particles to end up in the open seawater, as they would be removed by 

sedimentation or adsorption to sewage sludge. Recently, Hofmann et al. (2016) 

investigated the inhalation effects of organic pigment red in rats and found no 

adverse effects after exposure, although histopathological examination revealed the 

presence of pigment particles in the lungs. 

In our study, we could also clearly see that F. candida had ingested the organic 

pigment red nanoparticles, as the midgut coloured red (Figure S1), but no effect on 
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its survival or reproduction was observed at 6400 mg/kg dry soil. This may suggest 

that the organic pigment NM does not pass the gut epithelium and thus cannot affect 

metabolic processes. Currently, mechanistic investigations that describe the 

potential effects of engineered NM uptake in invertebrate guts on metabolic 

processes are scarce (Meyer et al. 2010; Cornelis et al. 2014). Therefore, further 

research is needed to confirm this hypothesis. 

In our study we also did not observe any effects of MWCNTs on F. candida survival 

or reproductive output. Toxic effects of carbonaceous materials such as CNTS and 

fullerenes have mainly been described for aquatic organisms (algae, bacteria, 

crustaceans and fish) (Blaise et al. 2008; Velzeboer et al. 2008; Cheng & Cheng 2012; 

Jackson et al. 2013), while only few studies have focused on the ecotoxicity of CNTs 

in terrestrial invertebrates. For example, Scott-Fordsmand et al. (2008) exposed the 

earthworm Eisenia veneta to double-walled CNTs (DWCNTs) and found no effect on 

body mass or survival at concentrations up to 495 mg/kg dry food. However, 

reproduction was affected at concentrations above 37 mg/kg dry food. 

Bioaccumulation studies with single-walled CNTs (SWCNTs) and multi-walled CNTS 

showed no effects on the survival of the earthworm E. fetida when exposed to 

concentrations up to 3000 mg/kg in soil (Jackson et al. 2013). A study on Drosophila 

melanogaster fed with up to 1000 mg CNT nanomaterial/kg food reported no effects 

on survival and development, despite the presence of CNTs within the organisms. 

However, direct exposure to CNT powder did negatively affect grooming behaviour, 

locomotion and survival (Liu et al. 2009).  

Conclusion 

We determined, for the first time, the toxicity of WCCo, CuO, Fe2O3, OP and MWCNT 

nanomaterials to the springtail F. candida. Standard 28-day toxicity tests with these 

nanomaterials did not show any adverse effects on springtail survival and 

reproductive success, not even at concentrations as high as 6400 mg/kg dry soil. We 

showed that, in the case of metal-based NMs, this could at least partly be explained 

from the low porewater metal concentrations, suggesting low solubility or slow 

solubilisation. Since fate of engineered NMs is rather complex and effects upon long-

term, multigenerational exposure cannot be excluded, more research is necessary 

to better predict exposure of soil organisms. 
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Supporting Information 

• Total metal concentrations in the soil: Table S1 – S4 

• Soil pH concentrations: Table S5 – S7 

• Pore water metal concentrations: Table S8 – S13 

• Picture of Folsomia candida  after 28 days of exposure to organic paint pigment: 

Figure S1 
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Table S1. Average cobalt concentration (±SD, n=3) measured in Lufa 2.2 soil spiked with WCCo  
nanomaterial (NM). Note that WCCo NM contains on average 7% cobalt (measured). 

 

 
Table S2. Average cobalt concentration (±SD, n=3) measured in Lufa 2.2 soil spiked with CoCl2.  
Recoveries (%) are presented in between brackets. 

 

  

Nominal  
(mg WCCo/kg dry 
soil) 

Expected maximum Co  
concentration (12% of WCCo, according to 
manufacturer) (mg Co/kg dry soil) 

Measured Co 
concentration 
(mg Co/kg dry soil) 

   
0  0.83 ± 0.14 
200 24 18.5 ± 1.73  
400 48 31.3 ± 2.37  
800 96 60.5 ± 4.50  
1600 192 108 ± 3.38  
3200 384 222 ± 11.0  
6400 768 395 ± 17.1  

 

Nominal 
(mg Co/kg dry 
soil) 

Measured (mg Co/kg dry soil) 

  

0 1.46 ± 0.05 

62.5 61.6 ± 5.67 (99%) 

125 122 ± 0.98 (98%) 

250 242 ± 10.3 (97%) 

500 526 ± 11.4 (105%) 

1000 1038 ± 40.8 (104%) 
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Table S3. Average copper concentration (±SD, n=3) measured in Lufa 2.2 soil spiked with CuO nanomaterial 
(NM) and CuCl2. Recoveries (%) are presented in between brackets. 

 

Table S4. Average iron concentration (±SD, n=3) measured in Lufa 2.2 soil spiked with Fe2O3 NM and  
FeCl3. Recoveries (%) are presented in between brackets. 

 

Nominal  

(mg Cu/kg dry 

soil) 

Measured (mg Cu/kg dry soil) 

 CuO NM CuCl2 

0 4.45 ± 0.35 4.73 ± 0.21  

100  111 ± 1.18 (111%) 

200 195 ± 8.08 (97%) 244 ± 2.44 (122%) 

400 351 ± 8.08 (88%) 521 ± 5.96 (130%) 

800 742 ± 25.5 (93%) 898 ± 5.05 (112%) 

1600 1439 ± 22.3 (90%) 1690 ± 7.02 (106%) 

3200 3147 ± 94.8 (98%)  

6400 6286 ± 36.6 (98%)  

 

Nominal  
(mg Fe/kg dry 
soil) 

Measured (mg Fe/kg dry soil) 

 Fe2O3 NM Fe2O3 NM 
corrected for 
control 

FeCl3 FeCl3 corrected for 
control 

0 3591 ± 127  3526 ± 208   

100   3617 ± 65.9 92 (92%) 

200 3829 ± 33.9 239 (119%) 3767 ± 48.1 241 (121%) 

400 3976 ± 96.3 386 (96%) 3956 ± 94.9 430 (108%) 

800 4363 ± 186 773 (97%) 4305 ± 491 779 (97%) 

1600 4957 ± 276 1367 (85%) 5109 ± 38.3 1584 (99%) 

3200 6311 ± 219 2720 (85%)   

6400 9151 ± 51.6
 

5560 (87%)   
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Table S5. pHCaCl2 of Lufa 2.2 soil freshly spiked with WCCo nanomaterial (NM),  iron oxide  
nanomaterial (Fe2O3-NM), copper oxide nanomaterial (CuO-NM), organic pigment red, Irgazin®  
nanomaterial (OP-NM) and multi-walled carbon nanotubes (MWCNT) (T = 0) and after 28 days  
(T = 28) equilibration. pH values are the average of three replicates. 

 

 
Table S6. pHCaCl2 of Lufa 2.2 soil freshly spiked with iron chloride (FeCl3) and copper chloride  (CuCl2) (T = 
0) and after 28 days (T = 28) equilibration. pH values are the average of three replicates. 

 

 
Table S7. pHCaCl2 of Lufa 2.2 soil freshly spiked with CoCl2 (T = 0) and after 28 days (T = 28) equilibration. 

pH values are the average of three replicates. 

 

              FeCl3 CuCl2 

Nominal pHCaCl2 pHCaCl2 pHCaCl2 pHCaCl2 

(mg Co/kg dry soil) T = 0 T = 28 T = 0 T = 28 

Control 
 

6.21 5.71 6.27 5.71 

100 
 

5.99 5.48 6.15 5.68 

200 
 

5.78 5.54 6.08 5.67 

400  5.42 5.48 6.24 5.76 

800  4.54 4.75 5.88 6.03 

1600   3.41 3.51 5.56 5.71 

 

     

Nominal pHCaCl2 pHCaCl2 

(mg Co/kg dry soil) T = 0 T = 28 

    Control 
 

5.99 5.75 

62.5 
 

5.93 5.72 

125 
 

5.84 5.81 

250 
 

5.90 5.86 

500 
 

5.87 5.99 

1000   5.74 5.98 
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Table S8. Cobalt concentrations (n=3) measured in the pore water of Lufa 2.2 soil spiked with  
WCCo nanomaterial (NM) expressed as mg Co/l, at start (T=0 days) and end (T=28 days) of test.  
Detection limit = 0.003. 

 

Table S9. Cobalt concentrations (n=3) measured in the pore water of Lufa 2.2 soil spiked with CoCl2 
expressed as mg Co/l, at start (T=0 days) and end (T=28 days) of test. Detection limit = 0.003. 

 
 

 

 

 

 

 

 

 

 

 

     

Nominal mg Co/l mg Co/l 

(mg WCCo/kg dry soil) T = 0 T = 28 

    Control  0.001 0.001 

3200  3.29 1.20 

6400  3.88 1.88 

 

     

Nominal mg Co/l mg Co/l 

(mg Co/kg dry soil) T = 0 T = 28 

    Control 
 

-0.001 -0.002 

250 
 

7.70 15.5 

500 
 

44.2 58.6 

1000   366 332 
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Table S10. Iron concentrations (n=3) measured in the pore water of Lufa 2.2 soil spiked with Fe2O3 NM 
expressed as mg Fe/l, at start (T=0 days) and end (T=28 days) of test. Detection limit = 0.012. 

 

 
Table S11. Iron concentrations (n=3) measured in the pore water of Lufa 2.2 soil spiked with FeCl3 
expressed as mg Fe/l, at start (T=0 days) and end (T=28 days) of test. Detection limit = 0.012. 

 

 
Table S12. Copper concentrations (n=3) measured in the pore water of Lufa 2.2 soil spiked with CuO 
nanomaterial (NM) expressed as mg Cu/l, at start (T=0 days) and end (T=28 days) of test. Detection limit 
= 0.003. 

 

 
Table S13. Copper concentrations (n=3) measured in the pore water of Lufa 2.2 soil spiked with CuCl2 
expressed as mg Cu/l, at start (T=0 days) and end (T=28 days) of test. Detection limit = 0.003. 

 

     

Nominal mg Fe/l mg Fe/l 

(mg Fe/kg dry soil) T = 0 T = 28 

    Control 
 

0.14 0.06 

800 
 

0.13 0.04 

1600 
 

0.07 0.03 

3200 
 

0.09 0.04 

6400   0.12 0.05 

 

 

     

Nominal mg Fe/l mg Fe/l 

(mg Fe/kg dry soil) T = 0 T = 28 

    Control 
 

0.11 0.05 

400 
 

0.06 0.04 

800 
 

8.02 2.82 

1600   129 109 

     

Nominal mg Cu/l mg Cu/l 

(mg Cu/kg dry soil) T = 0 T = 28 

    Control 
 

0.01 0.02 

6400  2.31 0.41 

 

     

Nominal mg Cu/l mg Cu/l 

(mg Cu/kg dry soil) T = 0 T = 28 

    Control 
 

0.06 0.02 

400 
 

0.15 0.18 

800 
 

3.74 1.13 

1600   17.05 10.78 
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Figure S1. Picture of a snapfrozen (with liquid nitrogen) Folsomia candida after 28 days of exposure to 
organic pigment (OP) nanomaterials. The picture shows that the compound is present in the animal’s 
midgut.  
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Abstract 

The global emission of manufactured nanomaterials to the environment amongst 

others calls for an assessment of possible chronic effects on the soil ecosystem. The 

main objective of this study was to determine the multi-generation toxicity of two 

metal-based nanomaterials (NMs) commonly used in commercial and industrial 

applications: copper oxide (CuO) and tungsten carbide-cobalt (WCCo) to the 

parthenogenetic springtail Folsomia candida. Survival and reproduction were not 

affected in any of four consecutive generations of F. candida exposed to CuO-NM at 

concentrations as high as 6400 mg Cu/kg dry LUFA 2.2. soil. On the other hand, WCCo 

did affect reproduction and survival from the third generation onwards, with EC50 

values between 2400 and 5600 mg NM/kg dry soil, but recovery was seen in the 5th 

and 6th generation when kept in clean soil. Histological investigations showed that 

high concentrations of WCCo-NM (3200 mg/kg) induced tissue damage and loss of 

villi from the gut epithelial cells. The present study confirms the importance of 

incorporating multi-generation tests in nano-ecotoxicological research. 
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1  Introduction 

Increased production and application of engineered nanomaterials (NMs) inevitably 

leads to increased environmental release of such compounds. Hence, there are 

growing concerns about potential adverse effects in different organisms exposed to 

NMs (Adam et al. 2015; McKee & Filser, 2016). NMs are manufactured particles 

smaller than 100 nm commonly used in everyday consumer, industrial and medical 

products due to their large surface area to mass ratio, catalytic capacity, 

antimicrobial activities and other characteristics (Batley et al. 2013; Ma et al. 2013; 

Waalewijn-Kool et al. 2013). Among the NMs gaining commercial and industrial use 

and popularity, copper-oxide (CuO) and tungsten (wolfram) carbide-cobalt (WCCo) 

have widespread uses in batteries, surface coatings and surgical instruments (Kühnel 

et al. 2009; Adam et al. 2015; Bicho et al. 2017). In the case of CuO-NMs, a number 

of studies have already described effects in bacteria (Baek & An 2011), algae 

(Perreault et al. 2012) and invertebrates (e.g. Gomes et al. 2012a; Gonçalves et al. 

20117). For example, Adam et al. (2015) found that the reproduction and body-size 

of daphnids were affected (concentration causing 50% reduced reproduction, EC50, 

was 1041 mg Cu/l) after 21 days of exposure. Bicho et al. (2017) reported 

reproductive effects (EC10: 421 mg Cu/kg) and Gonçalves et al. (2017) described a 

shorter lifespan for the potworm Enchytraeus crypticus, where time to 50% mortality 

(LT50) decreased from 218 days in controls to 145 days in CuO-NM-exposed animals. 

WCCo-NM is considered to be potentially carcinogenic to humans (Ding et al. 2009; 

Busch et al. 2010) however, there is only a handful of studies describing toxic effects 

to the environment. For instance, Ding et al. (2009) found increased oxidative stress 

at concentrations ranging from 20-150 µg/cm2 when investigating murine epidermal 

cells. WCCo-NM toxicity was also reported in rainbow trout (Oncorhynchus mykiss), 

where a significant reduction in gill cell viability was found after 3 hr and 3 days of 

exposure (8.25-33 mg/l) (Kühnel et al. 2009).  

Normally, ecotoxicological tests last for one generation or even shorter and although 

these types of tests give valid information concerning (potential) toxic effects, they 

may very well underestimate the long-term effects that may appear during 

multigenerational exposure. Such effects include reproductive failure and 

bioaccumulation passed on to offspring, physiological changes leading to adaptation 

or acclimatization, or extinction of populations (Leon Paumen et al. 2008; Arndt et 

al. 2014). For example, Leon Paumen et al. (2008) exposed the springtail Folsomia 

candida to phenanthrene for ten consecutive generations and observed adverse 
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effects from the fourth generation onwards. Kim et al. (2012) studied the effects of 

tetracycline on survival, reproduction and growth of four consecutive generations of 

Daphnia magna and described an increased sensitivity in terms of fecundity with 

LOEC values of 10, 2, 0.1 and <0.1 mg/l for F0, F1, F2 and F3 generations, respectively. 

Currently, a limited, but increasing number of studies on the response of 

invertebrates to multigenerational NM exposure have been published, mostly 

focusing on daphnids (Maselli et al. 2017) and Caenorhabditis elegans (Schultz et al. 

2016). For example, Jacobasch et al. (2014) exposed six generations of D. magna to 

TiO2-NM and found decreased reproduction and individual growth as well as 

increased mortality with increasing concentrations (1.19-6 mg/l) and exposure 

duration (generation time). Adhesion of TiO2 nanoparticles or agglomerates on the 

exoskeleton and filter apparatus of D. magna could have resulted in a reduced food 

uptake and thus a reduced body size. The authors suggested that exposed animals 

produced fewer offspring due to the smaller body sizes compared to control animals 

with unaffected body sizes and reproductive output. Exposed animals were likely to 

invest more energy in the maintenance of fundamental life functions rather than in 

reproduction. From the fifth generation and onwards continuous exposure even 

caused a population collapse of most of the treatment groups. Arndt et al. (2014) 

discovered that daphnids, previously exposed to carbon NMs, were able to regain 

full reproduction and lifespan already during the first unexposed generation. 

However, the extent of recovery could affect how animals may respond to future 

environmental challenges, for example through maternal contaminant transfer or 

transgenerational epigenetic inheritance (Arndt et al. 2014; Schültz et al. 2016). 

Therefore, it is important to understand how continuous NM exposure could affect 

populations over multiple generations and how animals respond when the NM is no 

longer present in the environment. 

With this study we provide, for the first time, a comprehensive analysis of multi-

generational nanomaterial exposure effects to F. candida, including recovery. We 

exposed F. candida to either CuO or WCCo nanomaterials for four consecutive 

generations, plus an additional two generations in clean soil. We aimed to assess F. 

candida sensitivity by measuring reproduction, survival and gut epidermal tissue. 

 

2  Materials & Methods 
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2.1 Test compounds and spiking of soil 

LUFA 2.2 soil (Speyer, Germany) was used as the test soil. This soil has a reported 

total organic carbon content of 2.09%, pHCaCl2 of 5.5 and a water holding capacity 

(WHC) of 46.5%.  

Tungsten carbide-cobalt (WCCo) NM and copper oxide (CuO) NM were provided by 

the Sustainable Nanotechnologies Project (SUN) and were purchased from different 

suppliers (for details see Table 1). As positive controls copper (II) chloride (CuCl2) and 

cobalt chloride (CoCl2.6H2O) were previously used and described by Noordhoek et 

al. (2018) (Chapter 2). For WCCo-NM, nominal test concentrations were 0-200-400-

800-1600-3200-6400 mg NM/kg dry soil. CuO-NM were tested at nominal 

concentrations of 0-200-400-800-1600-3200-6400 mg Cu/kg dry soil. For each test 

concentration, the corresponding quantity of dry test compound was mixed in with 

LUFA 2.2 soil. Subsequently, the soil was moistened with deionized water to 50% of 

the WHC and mixed once more to ensure a homogeneous mixture. Finally, the spiked 

soil was divided over replicate test jars and allowed to equilibrate for 1 day before 

starting the exposures. F. candida was exposed to four consecutive generations, 

where soil was freshly spiked before the start of every new generation. 

 
Table 2. Characteristics of the nanomaterials tested for their multi-generational toxicity to Folsomia 
candida. 

 
BET = Brunauer, Emmett and Teller particle size and surface area analysis. WCCo = tungsten carbide-
cobalt, CuO = copper oxide 

 

 

 

 

 

2.2 Multi-generation toxicity tests 

We used the parthenogenetic springtail F. candida (“Denmark strain”, VU 

Amsterdam) as a model organism. Cultures were kept in a climate room at 16 ± 0.5 

Compound Particle size 

(BET) (nm) 

Surface area 
(BET) (m2/g) 

CAS number Supplier 

WCCo 67 7.01 12070-12-1 (WC)  
744-48-4 (Co) 

MBN  

 
CuO 

 
15-20 

 
47 

 
1317-38-0 

 
PlasmaChem 

 1 
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°C and a 16/8 h light/dark regime. To obtain synchronized animals, mature adults 

were allowed to lay eggs in plastic containers with a moist bottom of plaster of Paris 

(consisting of gypsum and charcoal) for two days. The first generation was started 

with 10-12 day old juveniles hatched from these eggs. All toxicity tests were 

performed in a climate room at 20 ± 0.5 °C, 75% relative humidity and a 16/8 h 

light/dark regime. Each experiment lasted 30 days (instead of the standard 28-day 

toxicity test as described in OECD guideline 232 (OECD, 2009)). This was done to 

obtain sufficient juveniles of approximately 10-12 days old to start the toxicity test 

for the next generation. For every generation tested, 100 ml glass jars were used and 

five replicates were prepared for each concentration and control. Ten animals were 

introduced into each test jar with 30 grams of moist soil and sufficient food supply 

(dried baker’s yeast). Each jar was closed with a bakelite screw top. Once a week jars 

were aerated, moisture loss was replenished with deionized water and animals were 

fed. For every generation we extracted animals after approximately 30 days from soil 

by adding 100 ml of deionized water to each test jar, gently stirring and transferring 

them to a plastic beaker, allowing all springtails to float on the surface. Pictures were 

taken to later count all animals with the software program ImageJ to determine 

survival (number of adults) and reproduction (number of juveniles). The next 

generation was started by randomly picking five times ten animals from all offspring 

collected per exposure concentration; these were used to inoculate five replicates 

with ten animals each, and exposed to the same exposure concentration. 

In this manner, F. candia and its offspring were exposed to CuO and WCCo NMs for 

four consecutive generations. For every generation, LUFA 2.2 soil was freshly spiked 

with either CuO or WCCo NMs. For the fifth and the sixth generation animals were 

transferred to clean soil, to find out whether there were any carry-over effects from 

previously exposed generations to non-exposed animals. 

 

2.3. Histology 

For histological preparation three springtails per treatment (control or high WCCo-

NM concentration: 3200 mg NM/kg dry soil) for four generations were fixed into a 

glass vial containing Bouin’s solution (4 ml of formaldehyde 40%, 15 ml of saturated 

picric acid in water and 1 ml of acetic acid). After fixation, fixative solutions were 

removed by aspiration from each sample, and springtails were washed and stored in 

70% ethanol (2 mL) at 4°C. Samples were treated twice for 30 min with increasing 

percentages of ethanol using increments of 10% up to 100%. Then, samples were 

treated two times for 30 min with ethanol : amyl acetate in a 1:1 ratio, followed by 

amyl acetate : paraffin (1:1) treatment for 30 min. Finally, samples were kept for 60 
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min in 100% paraffin at 60 °C and embedded in paraffin blocks at room temperature. 

Serial longitudinal sections (7 µm thick) were cut using a microtome (HM 355S, 

Microm Internation GmbH). Sections were serially placed on microscope slides, and 

three concurrent staining protocols were used: 1) hematoxylin and eosin; 2) Mayer’s 

hematoxylin solution (Sigma) which colours the cell nucleus blue; and 3) eosin Y 

solution, alcoholic (Sigma), which gives a red colour to the cytoplasm. All stained F. 

candida longitudinal sections were inspected using an Olympus CX41 microscope, 

and photographs were captured using a Altra 20 soft imaging microscope camera 

(Olympus) with 40x objective. 

2.4 Data analysis 

Effect concentrations that reduced survival and reproduction by 50% compared to 

the untreated controls (LC50 and EC50, respectively) were determined using a 

logistic dose response model; corresponding 95% confidence intervals were 

calculated by using nonlinear regression analysis in IBM SPSS Statistics 23 software 

(IBM Corp. 2015). One-way analysis of variance (ANOVA) followed by Dunnett's 

comparison post-hoc test (P < 0.05) was used to test for differences between 

controls and treatments. 

In a previous study we determined total metal concentrations in soil and in the pore 

water for CuO-NM and copper (II) chloride(CuCl2) and for WCCo-NM and cobalt 

chloride (CoCl2.6H2O) (Noordhoek et al. 2018, Chapter 2). Total metal (Cu, Co) 

concentrations in the test soil ranged between 88 and 130% of the added total 

concentrations for CuO-NM, CuCl2 and CoCl2. LUFA 2.2 control soil contained on 

average 0.83 and 1.5 mg Co/kg dry soil (WCCo-NM and CoCl2 test, respectively) and 

4.4 and 4.7 mg Cu/kg dry soil (CuO-NM and CuCl2 test, respectively). This is in line 

with the LUFA 2.2 supplier's guide indicating average concentrations of 1.3 ± 0.1 mg 

Co/kg and 3.4 ± 0.4 mg Cu/kg. On average 7% of the nominal WCCo-NM 

concentration added was retrieved as Co in soil, which agrees with the 

Manufacturers' information. 

 

 

3  Results 

 

3.1 Toxicity of CuO and WCCo nanomaterials 

Nearly all toxicity tests met the OECD validity guidelines, so having >80% adult 

survival, on average >100 juveniles per replicate test jar by the end of the test and a 
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coefficient of variance (CV) < 30% of the mean number of juveniles in the untreated 

controls. Survival of F. candida in LUFA 2.2 soil spiked with up to 6400 mg Cu/kg dry 

soil of CuO nanomaterial was not significantly affected for any of the four 

generations exposed and subsequent two generations in clean soil and was 

comparable to the controls (Figures 1 and 2). Control animals even showed increased 

survival with subsequent generations (i.e. 74%, 92%, 88%, 84%, 96% and 100%, 

respectively). Untreated control animals in the WCCo experiment showed >80% 

survival in all six generations (i.e. 90%, 84%, 100%, 85%, 98% and 100%, 

respectively). Survival of F. candida in LUFA 2.2 soil spiked with up to 6400 mg WCCo-

NM/kg dry soil was not significantly affected during the four generations in treated 

soil and the 6th generation in clean soil, and was comparable to the controls (89%, 

90%, 91%, 87% and 92%). Survival of F. candida in the 5th generation (in clean soil) 

was significantly decreased (F = 4.7; F(df) = 6; p = 0.001) for animals that were 

previously (generations 1-4) exposed to 6400 mg WCCo-NM/kg dry soil.   

 

On average, 870 juveniles (coefficient of variance (CV) 15%) were found in controls 

of the 1st generation from the CuO-NM test. For subsequent generations 

(generations 2 to 6) we found on average 2147 (CV 47%), 1789 (CV 36%), 1163 (CV 

31%), 696 (CV 6%) and 2739 (CV 16%) juveniles per container, respectively. Although 

the mean number of juveniles in the 1st and 5th generation were considerably lower 

compared to other generations, reproduction was not affected at concentrations up 

to 6400 mg Cu/kg dry soil in any of the generations from the CuO-NM test (Figures 1 

and 2).  

In the controls from WCCo-NM test generations 1 to 6 we found on average 1555 

(CV 22%), 1382 (CV 31%), 1445 (CV 27%), 1642 (CV 55%), 988 (CV 22%) and 2566 (CV 

9%) juveniles, respectively. WCCo-NM decreased F. candida reproduction in a dose-

dependent manner (Figure 3) in the 3rd and 4th generation with EC50 values of 2463 

(95% CI 945-3981) and 3836 (2682-4989) mg NM/kg dry soil, respectively. For the 5th 

generation (kept in clean soil) an EC50 value of 5658 (CI could not be calculated) mg 

NM/kg dry soil could be estimated, however, the difference with the control was 

significant only at 6400 mg WCCo-NM/kg dry soil (F = 8.62; F(df) = 6; p < 0.001) 

(Figure 4). According to a likelihood-ratio test, EC50 values of the 3rd, 4th and 5th 

generation did not differ significantly from each other (χ2 (1) = 0.06 to 1.56). 
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Figure 1. Effect of CuO nanomaterials on the reproduction (number of juveniles per container) of Folsomia 

candida after 1, 2, 3 and 4 generations of exposure in LUFA 2.2 soil. Nominal Cu concentrations in the soil 

are provided on the x-axis. Mean number of surviving adults is provided on the left y-axis and mean 

number of juveniles produced on the right y-axis. 

 

 

Figure 2. Effect of CuO nanomaterials on the reproduction (number of juveniles) of Folsomia candida after 

5 and 6 generations in clean LUFA 2.2 soil. Nominal Cu concentrations during the previous four 

generations exposed to CuO-NM are provided on the x-axis. The mean number of surviving adults is 

provided on the left y-axis and the mean number of juveniles produced on the right y-axis. 
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Figure 3. Effect of WCCo nanomaterials on the reproduction (number of juveniles) of Folsomia candida 

after 1, 2, 3 and 4 generations of exposure in LUFA 2.2 soil. Nominal NM concentrations in the soil are 

provided on the x-axis. Mean number of surviving adults is provided on the left y-axis and mean number 

of juveniles produced on the right y-axis. 

 

 

Figure 4. Effect of WCCo nanomaterials on the reproduction (number of juveniles) of Folsomia candida 

after 5 and 6 generations in clean LUFA 22.2 soil. Nominal NM concentrations during the previous four 

generations exposed to the WCCo NM are provided on the x-axis. The mean number of surviving adults is 

provided on the left y-axis and the mean number of juveniles produced on the right y-axis. 
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3.2 Histological observations 
High WCCo-NM exposure concentrations (3200 mg NM/kg dry soil) induced tissue 

damage in F. candida. Figure 5 shows that abnormal morphology of the gut 

epithelium was observed after four generations of WCCo-NM exposure. Similar 

observations were already made after two generations (data not shown). Intact villi 

were observed on the apical side of all epithelial cells (arrow), while in gut tissue at 

the high WCCo-NM concentration tested these villi were missing, indicating serious 

damage to the nutrient absorption function of the gut. 

 

 
 

Figure 5. Histological longitudinal sections of Folsomia candida stained with hematoxyline-eosine (HE). 

Left panel: Section of intestine of control individual. Right panel: Section of intestine of an individual 

exposed for 4 generations to a high (3200 mg/kg) concentration of WCCo-NM. Triangles indicate gut 

lumen, arrows indicate presence (control) and absence (WCCo) of villi. 
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4  Discussion 

Results obtained in this study showed that exposure to CuO nanomaterial did not 

affect reproduction or survival in any of the tested generations up to concentrations 

as high as 6400 mg Cu/kg dry soil. WCCo nanomaterial, however, did affect 

reproduction and survival from the 3rd generation onwards, and these effects were 

still obvious after culturing the animals on clean soil for the fifth and sixth generation. 

These results confirm the importance of multi-generation testing in ecotoxicological 

research, in particular nanomaterial testing. Also, gut structure changed over time, 

due to disappearance of villi on gut epithelial cells. This was already observed after 

two generations of exposure to WCCo-NM, suggesting that these morphological 

changes may have caused toxicity observed in subsequent generations. 

 

4.1 Ecotoxicological effects of CuO nanomaterial 

In this study, CuO-NM exposure concentration or generation time did not affect 

ecotoxicological endpoints such as reproduction and survival of F. candida. Other 

studies do report toxic effects of copper soil invertebrates. Most studies report on 

toxicity of copper mixed into soil as a soluble salt, for example, Bruus-Pedersen et al. 

(2000) estimated an EC50 of copper to F. candida of 152 mg per kg of dry weight soil. 

Copper nanomaterials are sometimes more toxic than soluble salts, e.g. in 

Enchytraeus albidus reproduction was reduced by 50% at 95 mg Cu/kg as Cu NM, but 

with an EC50 of 251 mg Cu/kg, when mixed in as copper chloride (Amorim & Scott-

Fordsmand 2012). The authors performed a physico-chemical analysis of the 

particles and found that ions were hardly released by the compound, indicating an 

NM effect rather than copper toxicity. Gomes et al. (2015) tested the toxicity of Cu-

NM and copper salt to Enchytraeus crypticus and found the latter to be most toxic 

with EC50 of 1760 and 361 mg Cu/kg, respectively. Bicho et al. (2017) performed a 

reproduction test and a full life cycle test with E. crypticus and found that CuO-NM 

affected reproduction and juvenile growth and development with an EC10 of 8 and 

421 mg Cu/kg, respectively. These studies indicate that pronounced differences in 

sensitivity are present among soil invertebrates. The body plan and route of uptake 

of potworms (Enchytraeids) is very different from springtails, which could explain in 

part the observed differences in NM toxicity. Finally, we note that the lack of 

phenotypic effects does not exclude extensive biochemical effects. We observed 

significant upregulation of stress response genes upon CuO-NM exposure (see gene 

expression in Chapter 4), indicating physiological alterations at the molecular level 

that are either protective or do not translate into decreased growth or reproduction. 
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4.2 Ecotoxicological effects of WCCo nanomaterial 

WCCo-NM did not affect the survival of F. candida, except for animals in the 5th 

generation (recovery phase) that were previously exposed to 6400 mg WCCo-NM/kg 

dry soil. It is unclear why survival was affected in the recovery phase on clean soil 

and was not affected when animals were actually exposed to the chemical (the first 

four generations). Potentially, damage to the gut tissue, as observed in the 

histological sections, could lead to a decreased nutritional status of the egg-laying 

adult. In another springtail, Orchesella cincta, Zizzari et al. (2016) showed that the 

quality of the diet has a carry-over effect on maturation time and weight gain of 

female offspring. Such carry-over effects, acting through energy reserves such as 

lipids and egg yolk could affect reproduction and survival of offspring for more than 

one generation, even if the animals are not exposed to the toxic compound anymore 

(in generation 5 and 6 in this chapter). This is in line with studies reporting tissue 

damage in other chemical-exposed soil invertebrates. For example, Van Der Ploeg et 

al. (2013) tested the effects of buckminsterfullerene (C60) exposure in the earthworm 

Lumbricus rubellus and found induced tissue damage and gene expression 

alterations in exposed animals. In the present study, reproduction was not affected 

in the first two generations. In a previous study by Noordhoek et al. (2018) (Chapter 

2), survival and reproduction of F. candida was not affected by exposure to WCCo-

NM for 28 days in contrast to cobalt salt-exposed animals, which showed an LC50 of 

822 mg Co/kg and an EC50 of 469 mg Co/kg dry soil. Also, porewater concentrations 

of cobalt were considerably lower and not concentration-dependent in WCCo-NM 

spiked soil, whereas porewater concentrations for cobalt salt showed a 

concentration-dependent increase with increasing soil metal concentrations. Pore-

water based EC50 was of 87 mg Co/l. The study by Noordhoek et al. (2018) indicated 

lower solubility or slower solubilisation of WCCo-NM than cobalt salts, which may 

explain the absence of toxicity in the first generation(s). In this study, a dose-related 

effect on F. candida reproduction was found after exposure to WCCo-NM in the 3rd 

and 4th generation with EC50 values of 2463 and 3836 mg NM/kg, respectively. 

Reproduction was still affected in the 5th generation (EC50: 5659 mg WCCo-NM/kg), 

in which animals, previously exposed to 6400 mg WCCo-NM/kg dry soil in earlier 

generations, were recovered on clean soil.  

5  Conclusion 
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CuO-NM did not affect survival or reproduction in any of the tested generations up 

to concentrations as high as 6400 mg Cu/kg dry soil. Effects of WCCo-NM exposure 

on F. candida became visible in the 3rd generation, where increased concentrations 

of the NM caused a significant decrease in reproduction and increased mortality. 

Interestingly, mortality effects were observed in the recovery phase after four 

generations of WCCo-NM exposure at the highest concentration (6400 mg WCCo-

NM/kg dry soil. The current study also found induced gut tissue damage in animals 

exposed to WCCo-NM, already after two generations, indicating a serious damage to 

the nutrient absorption function of the gut. This could have affected reproduction 

and survival of offspring for more than one generation, even if the animals were no 

longer exposed to the compound. Therefore, the present study confirms the 

importance of performing multi-generation tests in nano-ecotoxicological research.  
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Abstract 

The increased application of manufactured nanomaterials (NMs) and their potential 

release to the environment calls for an assessment of possible chronic effects on the 

soil ecosystem. The main objective of this study was to determine the transcriptional 

responses associated with multi-generation exposure of two metal-based 

nanomaterials, copper oxide (CuO) and tungsten carbide-cobalt (WCCo) in a soil-

living invertebrate, Folsomia candida. Expression of four target genes known to be 

responsive to stress were investigated by quantitative PCR at different exposure 

levels and in different generations. While the exposures were below toxic threshold 

concentrations, expression of all genes was significantly affected in response to 

nanomaterial exposure. Moreover, a significant interaction was observed between 

historical and current exposure and also between historical exposure and 

generation. The present study implies that gene expression assays could detect 

physiological alterations due to NM toxicity at exposure levels without having 

phenotypic (reproduction) consequences for any of the springtail generations 

exposed to CuO-NM or the first generations exposed to WCCo-NM. 
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1  Introduction 

Increased industrial and commercial application of engineered nanomaterials (NMs) 

over the past decade has raised increased global concern about their potential 

release into the environment and associated adverse effects (Adam et al. 2015; 

McKee & Filser, 2016). These particles (with sizes smaller than 100 nm) show useful 

properties such as having a large surface area to mass ratio, antimicrobial activity 

and catalytic capacity. Therefore, they are increasingly used for consumer, medical 

and industrial applications (Batley et al. 2013; Ma et al. 2013; Waalewijn-Kool et al. 

2013). Metal-based NMs such as copper-oxide (CuO) and tungsten carbide-cobalt 

(WCCo) are widely used in batteries, medical instruments, and as surface coatings 

(Kühnel et al. 2009; Adam et al. 2015; Bicho et al. 2017). In Chapter 3 we already 

showed that environmental effects of these NMs have previously been studied in 

some taxa (bacteria: Baek & An, 2011, algae: Perreault et al. 2012 and some 

invertebrates: Gomes et al. 2012a; Gonçalves et al. 2017). However, all these studies 

were performed within single generations with a limited number of ecotoxicological 

endpoints such as survival, reproduction and body size. Performing multi-generation 

tests in Chapter 3 showed that adverse effects of NM exposure may appear only 

after a number of subsequent generations without observable effects in previous 

generations. This suggested that the damage inflicted by a NM accumulated from 

one generation to another. Such a carry-over effect is not normally recognized in 

current risk assessment and therefore requires more attention, not only for NMs but 

also for other (persistent) substances.  

 

To get a better understanding of the mechanisms underlying physiological shifts in 

response to toxicants and about carry-over effects, gene expression and genomic 

tools are increasingly integrated in standardised ecotoxicology tests (Van Straalen & 

Roelofs 2008). Single gene expression assays such as quantitative reverse 

transcription PCR (qRT-PCR) are easily applicable and provide a large detection range 

(Nota et al. 2011). By using a number of target genes as biomarkers, potential 

adverse effects of NMs to organisms could be elucidated. In this chapter, four target 

genes were used for gene expression assays: metallothionein, ABC transporter, IPNS 

and Laminin A. A short description of their function and biological involvement is 

provided below. 

Metallothioneins are metal-binding proteins that play a role in the protection against 

metal toxicity and cellular redox disturbance (Nota et al. 2011; Gomes et al. 2012b; 

Chen 2016). A number of studies have already described that the induction of 
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metallothionein is an appropriate indicator of metal pollution. For example, Gomes 

et al. (2012b) found a linear induction of metallothionein with time in mussels 

(Mytilus galloprovincialis) exposed to CuO-NMs. Also, Roelofs et al. (2009) reported 

an important role for metallothionein transcriptional regulatory evolution of metal 

tolerance of Orchesella cincta springtail populations originating from polluted sites. 

ATP-binding cassette (ABC) transporters comprise a large gene family that facilitates 

the transport of solutes through membranes, enabled by adenosine triphosphate 

(ATP) (Locher et al. 2002). Each transporter confers specificity with regard to moving 

different solutes, which is reflected in potentially differential gene expression among 

the ABC transporter gene family members. Nota et al. (2009) reported differential 

upregulated ABC transporters in response to low phenanthrene concentrations, 

most likely exporting organic compounds out of the cell that arise from xenobiotic 

metabolism. Isopenicilin N synthase (IPNS) is involved in the β-lactam antibiotics 

biosynthesis pathway that was shown to be horizontally transferred into F. candida’s 

genome (Roelofs et al. 2013). Activation of β-lactam biosynthesis could enable F. 

candida to maintain antimicrobial defense against potentially harmful pathogens. 

Moreover, several gene expression studies have shown that IPNS is highly inducible 

over a wide range of environmental stress factors (e.g. Suring et al. 2017), implying 

that this gene is part of the general stress response. Finally, laminins are proteins 

that are a major part of the basal lamina, influencing cell differentiation and 

migration (Suzuki et al. 2005). De Boer et al. (2011) described the effects of cadmium 

and phenanthrene exposure on F. candida gene expression and found that laminin 

alpha (Laminin A) was a good indicator for chemical stress, irrespective of the 

compound. 

 

In the present study we provide, for the first time, a comprehensive analysis of multi-

generation  CuO and WCCo nanomaterial exposure on gene expression in the soil 

model arthropod Folsomia candida. Chapter 3 implied the presence of a carry-over 

effect from the parental generation to subsequent generations, even when 

exposures were no longer present. Therefore, we now aimed to investigate whether 

historical exposures and generation could cause a shift in physiological response to 

NMs by for example showing an increased sensitivity or adaptation to new 

exposures.  
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2 Materials & Methods 

 

2.1 Exposure and RNA extraction 

To investigate the physiological shifts in response to NMs or a potential carry-over 

effect, the effects of historical treatment (“History”) and generation time 

(“Generation”) on new/current treatment (“Exposure”) were examined in the 

parthenogenetic springtail Folsomia candida (“Denmark strain”, VU Amsterdam) by 

performing gene expression tests. 

We examined the gene expression profiles from the 4th (juveniles from the 3rd 

generation) and the 7th generation (juveniles from the 6th generation) of animals 

originating from previously unexposed controls, a low (800 mg/kg) and a high (3200 

mg/kg) concentration of either CuO or WCCo NMs. Note that the 7th generation of 

low and high exposure animals were in a recovery phase, during which the animals 

did not encounter any NM exposure for two generations. Similar to the multi-

generation toxicity tests (Chapter 3), animals were collected when they were 

approximately 12 days old. Subsequently, all animals were placed on clean soil for 8 

days allowing animals to become approximately 20 days old, which is the 

standardized age of F. candida in gene expression analyses. Pools of 30-50 animals 

were then exposed for 2 days (new/current exposure) to each of the nanomaterials 

in jars containing 30 grams of either clean soil or polluted LUFA 2.2 soil, using five 

replicates per treatment (Figure S1). Animals were then extracted as described in 

Chapter 3 and were deposited in microcentrifuge tubes to be snap frozen with liquid 

nitrogen. Samples were kept at -80°C prior to RNA isolation. Total RNA was extracted 

using the SV Total RNA Isolation System (Promega, USA). RNA quantity and purity 

were measured with a NanoDrop ND-1000 Spectrophotometer.  

 

2.2 qRT-PCR analysis 

Previously designed primer sets (Chen 2016) were applied in Q-PCR to quantify 

expression of four target genes: metallothionein-like motif containing protein (MTC, 

Fcan01_08822-PA), ATP-binding cassette transporter (ABC, Fcan01_27073), 

isopenicillin N synthase (IPNS, Fcan01_27072) and laminin alpha (LAM A, 

Fcan01_06635) and two endogenous reference genes tyrosine 3-monooxygenase 

(YWHAZ, Fcan01_06830) and succinate dehydrogenase (SDHA, Fcan01_08383) 

(Table 1), all having an annealing temperature of 60°C and amplicon length of 80-

120 bp with 45-55% GC content. 
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Approximately 2 µl of RNA (approximately 10 to 40 ng/µl) input per sample was used 

for reverse transcription using 200U M-MLV reverse transcriptase (Promega, USA). 

Subsequently, cDNA was diluted 1:5 and 2 µl was used in 20 µl PCR reaction volumes 

containing SensiMix™ Sybr® No-ROX master mix (Bioline, UK) with 0.25 µM of each 

of the forward and reverse primers. The qRT-PCR reactions were performed in 

duplicate for each sample using a CFX Connect Real Time PCR Detection system (BIO-

RAD, USA) with universal conditions (10 min at 95°C, 15 s at 95°C, 1 min 60°C, 40 

cycles). 

Table 1. Gene markers and primer sequences for qRT-PCR assays with Folsomia candida exposed to CuO 
or WCCo nanomaterials in soil.

 

2.2 Data analysis 

Gene expression levels were normalized by including two reference genes (YWHAZ 

& SDHA) in the analysis (De Boer et al. 2009). Normalized gene expression was 

calculated using BioRad CFX Manager software (version 3.1) by dividing their 

expression level of the target gene by the average expression of the two reference 

genes, while correcting for amplification efficiency. The mean normalized expression 

levels were ln(x+1) transformed prior to subsequent analysis to fulfil the 

assumptions for normality and homogeneity of variance. This transformation was 

sufficient for all but three gene expressions: the MTC gene in both CuO and WCCo 

exposed animals, as well as the IPNS gene in WCCo exposed animals, which were 

thus analyzed by using a generalized linear model with quasi Poisson distribution. 

Significance of altered gene expression was assessed by fitting linear models for 

normalized gene expression with “Exposure”, “History”, and “Generation” as fixed 

factors. All interactions between fixed factors were included in the model. 

Consequently, a three-way ANOVA revealed which interactions and main factors 

significantly contributed to the fit of this model. Contrasts analysis revealed which 

levels within the significant factors differed from each other.  

 

Biomarkers  Function Primer 
Efficiency 
(%) 

Sequence 

Fcan01_06830 YWHAZ 93.2 Forward: TCGCCCTCAACTTTTCCGTT 
Reverse: TGCTATCGCTTCATCGAATGCT 

Fcan01_08383 SDHA 98.6 Forward: ACACTTTCCAGCAATGCAGGAG 
Reverse: TTTTCAGCCTCAAATCGGCA 

Fcan01_08822-PA Metallothionein like motif 
containing protein 

96.2 Forward: AGCCAATATTTTCGAGTGGAGA 
Reverse: CAAGATGCTCGAATAGCAACAGTA 

Fcan01_27073 ABC transporter 90.6 Forward: GTGTGAAATCTGGCGAAAAGGT 
Reverse: TTGAGCAGCAGAAGGCACTAATC 

Fcan01_27072 Isopenicillin N synthetase 84.4 Forward: GACATGTCGGCAAAACTCCTTC 
Reverse: GGGTAGCGAATAAGTCGCACTG 

Fcan01_06635 Laminin A 94.5 Forward: AAATGTTGTGAGAGTGGAGCAGG 
Reverse: CTTGGATTTAACTCCGTCGCAT 
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Finally, we tested for correlations between gene expression patterns for each 

compound using a Pearson’s correlation test. All statistical analyses on gene 

expression data were performed using R software (R Core Team 2014, version 3.1.2) 

in RStudio (RStudio Team 2016, version 1.0.136). 

 

3  Results 

 

3.1 Effects of CuO and WCCo nanomaterials on gene expression 

To investigate potential carry-over effects and physiological shifts in stress response, 

expression of MTC, ABC transporter, IPNS and Laminin A (Figure 1 and 2) in response 

to new/current treatments (control, 800 mg/kg and 3200 mg/kg) was assessed in the 

4th and 7th generation of animals originating from previously unexposed controls, a 

low (800 mg/kg) and a high (3200 mg/kg) concentration of either CuO or WCCo NMs.  

We found a significant effect of CuO-NM exposure on MTC gene expression (p < 

0.0001). Figure 1 indicates that MTC expression increased when animals were 

exposed to the highest current CuO-NM concentration (3200 mg/kg), while animals 

that have a high CuO exposure history show increased MTC expression regardless of 

the current exposure level. Interestingly, this pattern is completely reversed in the 

7th generation recovery phase. Three-way analysis of variance (ANOVA) also revealed 

significant effects for CuO-NM exposure in IPNS (F = 22.08; F(df) = 2; p < 0.0001) and 

Laminin A (F = 11.47; F(df) = 2; p = 0.0001) (Figure 1). IPNS expression increased with 

increasing current CuO-NM exposure concentration. This pattern was also observed 

in the recovery phase. In case of Laminin A, significant interactions could be observed 

between historical exposure and new exposure (F = 3.25; F(df) = 4; p = 0.02). For 

instance, Laminin A expression significantly differed between ‘control → 0’ and 

‘control → 3200’ (p = 0.003) with an increased expression in the latter, where in both 

cases the historical exposure treatment was ‘control’ and the new exposure 

treatment was ‘0’ and ‘3200’, respectively. Also, significant interactions were 

observed between ‘control → 0’ and ‘low → 3200’ (p = 0.005) and between ‘control 

→ 0’ and ‘high → 800’ (p = 0.001). Furthermore, contrasts analysis on the interaction 

History*Generation revealed that control animals (History: control; Exposure: 0) 

from the 4th generation had a significantly different gene expression of Laminin A 

compared to all three historical treatments (control, low and high) in the 7th 

generation (F = 5.18; F(df) = 2; p = 0.01), with the latter being all significantly 

upregulated compared to the control animals (control → 0) from the 4th generation. 
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There was a strong correlation (r = 0.64, p < 0.001) between expression patterns of 

ABC transporter and IPNS in CuO-NM exposed F. candida (Figure S2). Furthermore, 

correlations were found between MTC and IPNS (r = 0.55, p < 0.001), IPNS and 

Laminin A (r = 0.43, p = 0.001) and MTC and ABC transporter (r = 0.37, p = 0.0007). 

Finally, weak correlations were found between MTC and Laminin A (r = 0.28, p = 

0.04), as well as between ABC transporter and Laminin A (r = 0.29, p = 0.03). Exposure 

treatment affected the strength of correlations between the tested genes. For 

example, correlation values between ABC transporter and IPNS decreased from r = 

0.75 (p < 0.001) in a control situation, to r = 0.55 (p < 0.05) in animals exposed to a 

low concentration, to finally r = 0.47 (p < 0.05) in animals exposed to a high 

concentration. 

For WCCo-NM exposed F. candida, we found that current exposure only had 

significant effects on the expression of MTC (p < 0.0001) (Figure 2). Very clearly, MTC 

expression was much higher in all treatments with animals with a high current WCCo 

exposure level. This pattern is maintained in the 7th  generation (during recovery). 

Gene expression of both the ABC transporter and IPNS were significantly affected by 

generation (F = 21.15; F(df) = 1; p < 0.0001 and F(df)=1; p = 0.007, respectively). Both 

genes showed a higher mean expression level in the 7th recovery generation, 

regardless of history or exposure level. For Laminin A, gene expression was 

significantly affected by the interaction History*Generation (F = 5.48; F(df) = 2; p = 

0.01) with significant differences within the ‘High’ (3200) history treatment, where 

generation 7 showed an on average lower Laminin A gene expression compared to 

generation 4 (Figure 6). Correlation analysis of the tested genes in WCCo-NM 

exposed F. candida (Figure S3) revealed only one strong significant correlation 

between the expression of ABC transporter and IPNS genes (r = 0.89, p < 0.0001). No 

further correlations between the tested genes were found. The current WCCo 

treatment of F. candida did not affect correlation strength between the expression 

of ABC transporter and IPNS genes, with r = 0.89 (p < 0.001) in a control situation and 

r = 0.91 (p < 0.001) in both low and high exposure treatments.  
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Figure 1. Effect of CuO nanomaterials on the gene expression of stress response genes in 4th and 7th 

generation of Folsomia candida. Nominal historical exposure treatments are provided on the top x-axis 

and current exposure treatments on the lowest x-axis. Mean normalized gene expression is plotted on 

the y-axis. Significant effects of current exposures (main effect) are shown above bars. *For Laminin A 

there were significant interactions (effects of History, Generation and interactions between these three 

factors). These are described in the text. 
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Figure 2. Effect of WCCo nanomaterials on the gene expression of stress response genes in 4th and 7th 

generation of Folsomia candida. Nominal historical exposure treatments are provided on the top x-axis 

and current exposure treatments on the lowest x-axis. Mean normalized gene expression is provided on 

the y-axis. Significant effects of current exposures (main effect) are provided above bars. For ABC 

transporter and IPNS Generation is also a main effect, which is described in the text.  
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4  Discussion 

Results obtained in this study showed that exposure to CuO and WCCo 

nanomaterials affected the expression of stress-related genes in the springtail 

Folsomia candida, at exposure levels where no significant phenotypic alterations 

were observed in any of the springtail generations exposed to CuO-NM or in the first 

generations of springtails exposed to WCCo-NM (see Chapter 3). Current exposures 

significantly affected expression levels of the target genes metallothionein (MTC) 

(for both CuO and WCCo NMs), ABC transporter (WCCo-NM) and IPNS (WCCo-NM), 

suggesting to be good indicators of direct toxic effects, whereas significant effects of 

interactions between historical exposures and current exposures, as well as 

historical exposures and generation time were affecting the expression of the target 

gene Laminin A (for both CuO and WCCo NMs), suggesting to be a good indicator of 

accumulative stress over multiple generations. These results imply that gene 

expression assays may detect physiological alterations in NM exposure without 

demographic (reproduction) consequences in multi-generation ecotoxicological 

research.  

SDHA and YWHAZ were used as reference genes as these genes have previously been 

shown to be stable endogenous genes in cadmium exposed F. candida (De Boer et 

al. 2009). The induction of metallothionein (MTC) by both CuO and WCCo NMs is in 

line with the gene’s protective role against metal toxicity (Yepiskoposyan et al. 2006; 

Poynton et al. 2007). For example, Yepiskoposyan et al. (2006) described induced 

metallothionein expression in Drosophila melanogaster exposed to ionic copper. The 

authors also observed induced expression of an ABC transporter, suggesting a 

function in transport of metal solutes that may aid in elevated resistance to copper. 

However, it is not known whether the MTC protein of F. candida actually binds 

copper ions; its induction could also be due to the alterations in cellular redox status 

generally caused by copper and nanomaterials (Gomes et al. 2012b). A study by de 

Boer et al. (2011) showed that multiple ABC transporters, as well as copper pumps 

(copper-transporting ATPase 1, 2) were upregulated in response to cadmium 

toxicity. In the present study, significantly induced metallothionein expression was 

found in F. candida exposed to either CuO or WCCo NMs and induction of the ABC 

transporter gene even persisted in the 7th generation of animals (during recovery on 

clean soil) previously exposed to WCCo-NM; all indicating a function in maintaining 

metal or redox homeostasis.  

Isopenicillin N synthase (IPNS) gene expression was affected by exposure in CuO-NM 

treated animals regardless of exposure history, indicating direct effects of exposure. 
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Furthermore, IPNS gene expression was significantly affected by generation in 

WCCo-NM exposed animals, where the 7th generation showed on average a higher 

IPNS gene expression level compared to the 4th generation, potentially as a result of 

accumulative stress. Interestingly, F. candida was the first animal ever discovered to 

have beta-lactam biosynthesis genes in its genome (Roelofs et al., 2013, Faddeeva-

Vakhrusheva et al. 2017), with a possible role in maintaining antimicrobial defence 

against potentially harmful pathogens. The fact that we observed induced IPNS 

expression in response to metal exposures in CuO exposed animals is in line with 

previous studies that reported that the gene is inducible over a wide range of 

environmental stress factors (Suring et al. 2017), suggesting a role for this gene in 

the general stress response mechanism of F. candida.   

Pearson’s correlation analysis revealed a strong correlation between the IPNS and 

ABC transporter genes in F. candida exposed to either CuO or WCCo NMs. This can 

be explained by the fact that the genes are positioned in the same beta-lactam gene 

cluster of F. candida. A similar co-regulation pattern was also seen in a recent study 

by Suring et al. (2017). They investigated transcriptional regulation of all five genes 

present in the beta-lactam gene cluster and found that ABC transporter was 

coregulated with IPNS after heat shock treatment. ABC transporters are known to 

efflux antibiotic compounds out of bacterial and fungal cells in order to attack 

potential pathogens (Ozcengiz & Demain 2013). Suring et al. (2017) speculated about 

a similar function for this gene in the context of β-lactam biosynthesis in the 

springtail. In the present study, the correlation strength between IPNS and ABC 

transporter decreased by CuO-NM exposure in a dose-related manner, with a 

decrease in correlation strength with increased exposure. This could indicate 

disturbance of the coordination of gene expression due to cellular stress. 

Interestingly, WCCo-NM exposure treatment did not affect the correlation between 

IPNS and ABC transporter.  Destabilization of co-regulatory networks has been 

observed in relation to mixture toxicity. For instance, De Boer et al. (2013) observed 

highly fluctuating correlation values among marker genes in their expression 

response upon exposure to cadmium and phenanthrene in soil. CuO-NM exposures 

may perhaps cause a mixture of NM particles and ionic Cu2+ molecules leaching from 

the NMs. Fluctuations between either of the two compounds with increasing 

exposure concentrations may have caused the increase of variance in gene 

expression, which could be responsible for a decrease in correlation between the 

expression profiles of the individual genes. These observations may be highly 

dependent upon specific NM characteristics. 
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We also found that Laminin A expression was significantly affected by historical 

exposures and generation time. This gene encodes a protein that is an integral part 

of the basal lamina of gut epithelia and other tissues. Metal stress potentially affects 

cell differentiation and adhesion in the basal lamina (De Araújo Vieira et al. 2017). A 

similar effect was observed in human fibroblasts, where collagen and laminin 

production decreased upon low-dose exposure to silver and gold nanoparticles at all 

tested concentrations (0.1, 1, and 10 μg/mL) (De Araújo Vieira et al. 2017). Laminin 

A gene expression was also affected in cadmium and phenanthrene exposed F. 

candida, irrespective of compound (De Boer et al. 2011); suggesting persistent 

differential gene expression as a result of metal stress. In the present study, a 

significant effect of the interaction History*Generation on gene expression was 

found in WCCo-NM exposed F. candida. Historical exposure to a high concentration 

resulted in an induced expression in the 4th generation, regardless of the level of 

current exposure to WCCo-NM. This could indicate that for WCCo-NM, Laminin A is 

a useful indicator of accumulative stress over multiple generations. Interestingly, this 

expression profile in animals that were previously exposed to a high concentration 

was reduced in the 7th generation, while there were no effects of the lower historical 

exposures. This could indicate that the recovery period is indeed successful in 

reducing the previously induces stress levels.  

5 Conclusion 

The current study showed that gene expression assays could detect physiological 

alterations in response to NM exposure without having phenotypic (reproduction) 

consequences in multi-generation ecotoxicological research. For F. candida, both 

CuO and WCCo NMs caused a significant alteration in expression of stress-related 

genes. Current exposures significantly affected expression levels of MTC, ABC 

transporter and IPNS, whereas significant effects of interactions between historical 

exposures and current exposures, as well as historical exposures and generation 

time were affecting the expression of Laminin A. The observed changes in gene 

expression suggest a general cellular stress response, with the affected genes 

indicating a function in maintaining cellular homeostasis, metal scavenging and 

antimicrobial defence.  

 

Supporting Information 

• Gene expression experimental set-up (Figure S1) 
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• Pearson’s product-moment correlation for stress response genes in CuO 
nanomaterial  
exposed Folsomia candida (Figure S2) 

• Pearson’s product-moment correlation for stress response genes in CuO 
nanomaterial  
exposed Folsomia candida (Figure S3) 
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Figure S1. Gene expression test set-up. The multi-generation ecotoxicity test with test concentrations 

ranging from 200-6400 mg/kg, is shown in the top row. From this setup, animals for the gene expression 

test were collected from three treatments (control, 800 and 3200 mg/kg dry soil) when they were 

approximately 12 days old. Subsequently, all animals were placed on clean soil for eight days allowing 

them to become approximately 20 days old, which is the standardized age of F. candida in gene 

expression analyses. Pools of 30-50 animals were then exposed for two days to each of the 

nanomaterials in jars containing 30 grams of either clean or polluted LUFA 2.2 soil, using five replicates 

per treatment. Animals were then extracted and deposited in microcentrifuge tubes to be snap frozen 

with liquid nitrogen. Samples were kept at -80°C prior to RNA isolation. The same setup was used for 

both CuO-NM and WCCo-NM. 
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Figure S2. Pearson’s product-moment correlation coefficient (r) to assess the relationship between the 

expression of stress-response genes (MTC, ABC transporter, IPNS, Laminin A) in CuO nanomaterial 

exposed Folsomia candida.  

* Correlation is significant at the 0.05 level 

** Correlation is significant at the 0.01 level 

*** Correlation is significant at the 0.001 level. 
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Figure S3. Pearson’s product-moment correlation coefficient (r) to assess the relationship between the 

expression of stress-response genes (MTC, ABC transporter, IPNS, Laminin A) in CuO nanomaterial 

exposed Folsomia candida. . The only significant correlation is between ABC transporter and IPNS (r = 

0.89).  

* Correlation is significant at the 0.05 level 

** Correlation is significant at the 0.01 level 

*** Correlation is significant at the 0.001 level 
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Abstract 

Accumulating evidence shows that epigenetics-mediated phenotypic plasticity plays a role 

in an organism’s ability to deal with environmental stress. However, to date, the role of 

epigenetic modifications in response to stress is hardly investigated in soil invertebrates. 

The main objective of this proof of principle study was to explore whether total cytosine 

and locus-specific CpG methylation are present in two important ecotoxicological model 

organisms, the springtail Folsomia candida and the potworm Enchytraeus crypticus, and if 

so, whether methylation patterns might change with increased toxicant exposure. LC-

MS/MS analyses and bisulfite sequencing were performed to identify the CpG methylation 

state of the organisms. We show here, for the first time, a total level of 1.4% 5-methyl 

cytosine methylation in the genome of E. crypticus, and an absence of both total cytosine 

and locus-specific CpG methylation in F. candida. In E. crypticus, methylation of CpG sites 

was observed in the coding sequence (CDS) of the housekeeping gene Elongation Factor 1α, 

while the CDS of the stress inducible Heat Shock Protein 70 gene almost lacked methylation. 

This confirms previous observations that DNA methylation differs between housekeeping 

and stress-inducible genes in invertebrates. DNA methylation patterns in E. crypticus were 

not affected by exposure to copper (II) sulfate pentahydrate (CuSO4·5H2O) mixed in with 

LUFA 2.2 soil at sublethal effect concentrations that decreased reproduction by 10%, 20% 

and 50%. Although, differences in CpG methylation patterns between specific loci suggest 

a functional role for DNA methylation in E. crypticus, genome-wide bisulfite sequencing is 

needed to verify whether environmental stress affects this epigenetic hallmark. 
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1  Introduction 

Many studies have shown that natural populations contain a significant amount of genetic 

variation upon which environmental stress factors may act (Roelofs et al. 2008). For 

instance, a study on the springtail Orchesella cincta showed distinct stress-induced gene 

expression in animals not acclimated to metals. In contrast, significantly elevated 

constitutive as well as cadmium-induced metallothionein expression was found in animals 

that gained tolerance to metals, suggesting adaptation through increased constitutive 

cadmium detoxification (Roelofs et al. 2008). For a long time scientists have been focusing 

on genetic adaptation due to changes in nucleotide sequence of protein-encoding genes or 

their promoter regions. However, recent studies indicate that environmental stress can 

influence not only DNA sequences as such, but also the epigenetic markers associated with 

the DNA (Kille et al. 2013; Pierron et al. 2014). Epigenetics is the study of changes in the 

expression and function of genes that cannot be attributed to changes in DNA sequence 

(Richards et al. 2010; Head et al. 2012). Epigenetic markers that are associated with these 

changes include DNA methylation, histone modifications, nucleosome remodeling, and 

non-coding RNA-mediated transcriptional regulation (Fuks 2005; Goldberg et al. 2007; 

Bossdorf et al. 2008). The most intensely investigated marker is DNA methylation, which 

consists of an addition of a methyl group (-CH3) to the fifth position at the cytosine 

nucleotide in DNA (Vandegehuchte & Janssen 2011; Head 2014). 

DNA methylation is associated with a number of key processes such as development, 

genomic imprinting and cell differentiation (Regev et al. 1998; Marhold et al. 2004; 

Vandegehuchte et al. 2009). A number of studies have provided convincing evidence that 

changes in DNA methylation patterns are associated with environmental stress and may 

result in physiological alterations. For example, exposure to soluble fractions of industrial 

waste resulted in significant DNA hyper-methylation and induced oxidative damage in Nile 

tilapia (Oreochromis niloticus). Furthermore, increased rates of malondialdehyde (indicates 

the process of lipid peroxidation) in O. niloticus erythrocytes suggested a disturbance in lipid 

membranes in response to the contamination (Flohr et al. 2012). Another study showed 

that a contaminated environment contributed to a decrease in total cytosine methylation 

in the flatfish Limanda limanda and enabled the development of hepatocellular adenoma 

tumors (Mirbahai et al. 2011). 

Adverse effects associated with altered methylation status have also been observed in 

invertebrates. For instance, genome-wide methylation analysis of Daphnia magna exposed 

to the toxic cyanobacterium Microcystis aeruginosa revealed a complex mechanistic 

response with differential methylation patterns enriched for serine/threonine amino acid 

codons and genes related to protein synthesis and transport (Asselman et al. 2017). 
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Serine/threonine amino acids play an important role in stress response as they regulate 

protein folding. In response to Microcystis stress, differentially methylated genes 

corresponded with genes that are likely to be alternatively spliced. The authors suggested 

that DNA methylation plays an important role in the animal’s response to toxicity as it is 

regulated by environmental stress (Asselman et al. 2017). 

To date, the role of epigenetic modifications in response to stress is hardly investigated in 

soil dwelling organisms. Kille et al. (2013) reported epigenetic effects of environmental 

contamination (i.e. arsenic) on the earthworm Lumbricus rubellus. Methylation sensitive 

AFLP (Me-AFLP) analysis revealed a distinction between two lineages within the sampled 

earthworms. Lineage A did not show any association with soil arsenic concentrations. 

However, DNA methylation patterns were correlated with soil arsenic levels in lineage B, 

suggesting a function for DNA methylation in the adaptation to environmental 

contamination at least in some lineages.  

In this proof of principle study, we aimed to explore whether total cytosine and locus-

specific CpG methylation can be detected under normal homeostasis in the soil dwelling 

organisms Folsomia candida and Enchytraeus crypticus, and moreover, if methylation 

patterns might change with increased toxicant exposure. In more detail, we assessed 

whether CpG methylation patterns could be associated with the stress response to copper 

exposure, a metal that has previously been reported to cause toxic effects in springtails 

(Bruus Pedersen & Van Gestel 2001) and enchytraeids (Gomes et al. 2012a). Total cytosine 

methylation was measured as the ratio between deoxy guanosines and deoxy 5 methylated 

cytosines after total digestion of genomic DNA using liquid chromatography tandem mass 

spectrometry (LC-MS/MS). Additionally, CpG methylation of specific loci of gene bodies in 

the housekeeping gene elongation factor 1 alpha (Ef1α) and the stress-inducible gene heat-

shock protein 70 (Hsp70) were investigated using bisulfite sequencing, as CpG methylation 

in invertebrates is mainly found in gene bodies (exons and introns), where housekeeping 

genes show in general elevated methylation levels associated with high constitutive 

expression (Lyko et al. 2010; Wang et al. 2013). Such data will indicate whether methylation 

could potentially vary between a housekeeping gene and a stress-response gene in our 

models. On the basis of these studies in invertebrates we hypothesize that housekeeping 

genes with high constitutive expression show high gene body methylation, while inducible 

stress response genes show lower levels of gene body methylation. Finally, we attempted 

to assess the influence of copper toxicity on the observed methylation patterns. 

 

2  Materials and methods 

2.1 Test compound and spiking of soil 
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Copper (II) sulfate pentahydrate (CuSO4·5H2O) (99% purity) was obtained from Merck 

(Darmstadt, Germany). LUFA 2.2 soil (Speyer, Germany) was used as a control/reference. 

This soil has a reported total organic carbon content of 2.09%, pHCaCl2 of 5.5 and a water 

holding capacity (WHC) of 46.5%. To obtain contaminated soils, LUFA 2.2 was spiked with 

dry powder using three effect concentrations (ECx) that affected reproduction by 10 (EC10), 

20 (EC20) and 50 (EC50) percent compared to the untreated control. For E. crypticus, EC10, 

EC20 and EC50 values for the effect of CuCl2 (literature data on CuSO4 exposure in E. 

crypticus is absent) of 111, 159 and 293 mg Cu/kg dry soil were established from a range 

finding test (0-35-70-120-300 mg Cu/kg dry soil) performed by Menezes-Oliveira et al. 

(2011). Literature on CuSO4 toxicity to F. candida showed an EC50 of 519 (CI: 21-13095) mg 

Cu/kg dry soil (Bruus-Pedersen et al. 2000). To narrow down the range of the confidence 

intervals we performed a toxicity test with F. candida ourselves; see below. This test 

provided EC10, EC20 and EC50 values of 188, 319 and 782 mg Cu/kg, respectively. These 

values were used for further analyses. All soil samples were moistened with deionized water 

to reach a moisture content equivalent with 50% of the WHC.  

 

2.2 Toxicity tests 

The parthenogenetic springtail F. candida (“Denmark strain”, VU Amsterdam) and the 

annelid worm E. crypticus (VU Amsterdam) were used as model organisms. The cultures of 

both species were kept in a climate room at 16 ± 0.5°C and a 16:8 h light:dark regime.  

A 28-day toxicity test with F. candida was performed following OECD guideline 232 (OECD 

2009), using 100 ml glass jars. Springtails were exposed to CuSO4·5H2O at concentrations of 

0-100-200-400-800-1600 mg Cu/kg dry LUFA 2.2 soil in order to determine EC10, EC20 and 

EC50. For each treatment (control and all concentrations) five replicates were prepared. 

Springtail juveniles of synchronized age (10-12 days old) were used for the experiment. 

After two days of soil equilibration, ten animals were introduced into each test jar, which 

was closed with a bakelite screw top. Once a week jars were aerated, soil was moistened 

with deionized water and animals were fed dried baker’s yeast. Springtails were harvested 

by adding 100 ml of deionized water to each test jar, gently stirring and transferring them 

to a plastic beaker, allowing springtails to float on the surface. Pictures were taken of the 

surface, used later to count all animals with the software program ImageJ (version 1.49) so 

as to determine reproduction (number of juveniles). EC10, EC20 and EC50 values were 

determined by using a logistic dose response model; corresponding 95% confidence 

intervals were calculated by using nonlinear regression analysis in IBM SPSS Statistics 23 

software (IBM Corp 2015). Subsequently, a second toxicity test was performed similar to 

the previous test using the same number of replicates, where springtails were exposed to 

concentrations corresponding to these effect levels. After 28 days, juveniles produced from 
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this second test were collected, snap frozen and stored at -80°C for later epigenetic 

analyses.  

The test with E. crypticus followed OECD guideline 220 (OECD, 2004). Animals were exposed 

to previously obtained effect concentrations (EC10, EC20 and EC50) (Menezes-Oliveira et 

al. 2011). Five replicates were prepared for each treatment (control, EC10, EC20 and EC50). 

Enchytraeids were selected based on their size (0.4 – 0.6 cm) and visible clitellum (indicating 

adulthood). Ten animals were introduced into each 100 ml glass jar containing 30 g of moist 

soil. Jars were closed with perforated aluminum foil and once a week all jars were aerated, 

soil moistened with deionized water and animals were fed with 2 mg oatmeal. After 3 

weeks, tap water was added to jars containing enchytraeids, after which the animals could 

be collected from the water using a small hook. Collected enchytraeid juveniles were snap 

frozen and stored at -80°C for later DNA analyses. 

All toxicity tests were performed in climate room at 20 ± 0.5°C, 75% relative humidity and a 

16:8 h light:dark regime. 

 

2.3 DNA isolation 

Genomic DNA was extracted from about 100 frozen springtails or enchytraeid juveniles per 

biological replicate (1.5 ml microcentrifuge tube) using The Wizard® Genomic DNA 

Purification Kit (Promega Corporation, Madison, WI, USA). Animals were crushed with 

microfuge tube pestles in 100 µl of PBS buffer. To enable lysis, tissues were disrupted in 100 

µl of Nuclei Lysis Solution and 2 µl of Proteinase K. Samples were incubated for 15 min at 

60°C in a water bath. After incubation, 170 µl of DNA lysis buffer was added to each tube 

and the samples were centrifuged at 14.000 rpm for10 min. After centrifugation, the 

supernatant was transferred to a DNA-binding mini-column and washed three times with 

500 μl Wizard SV Wash Solution, by centrifuging each time at 14 000 rpm for 1 min. Finally, 

the DNA was eluted in 50 μl Nuclease-Free water and its concentration measured on a 

NanoDrop ND-1000 spectrophotometer (Wilmington, DE, USA). 

 

2.4 Total cytosine methylation (LC-MS/MS) 

DNA samples were digested by diluting to 200 ng of genomic DNA in 10 µl TE buffer, adding, 

10 µl of a mixture of benzonase (50 U/mL), phosphodiesterase (60 mU/mL) and alkaline 

phosphatase (40 U/mL) (Sigma, Germany) in buffer (20 mM TRIS, 100 mM NaCl and 20 mM 

MgCl2, pH 7.9), with subsequent overnight digestion at 37°C. After digestion, 80 µl of MilliQ 

water and 100 µl of internal standard solution (690 nM C10N5 dG, 41.4 nM D3 mdC, 1.38 

nM D3 hmdC) were added to each sample. Finally, all digested samples were transferred to 

HPLC vials and injected in an Agilent 1200 µHPLC system, equipped with QQQ mass 

spectrometer (Agilent 6460). Single deoxynucleosides were separated with an Agilent 
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ZORBAX Eclipse Plus C18 column (ID 2.1 x length 100 mm, particle size 1.8 µM). Mobile 

phases (0.1% formic acid in methanol and 0.1% formic acid in MilliQ water) were used in a 

linear gradient from 5% to 15% methanol within 3 minutes, with an additional equilibration 

at 5% methanol for a final 7 minutes. The following source conditions were applied during 

a LC-MS/MS run: gas temperature 350 °C, gas flow rate 10 L/min, nebulizer pressure 40 psi, 

capillary voltage + 4500 V. Scanning of deoxynucleosides occurred with a dwell time of 50 

ms per compound using multiple reaction monitoring. The following mass transitions were 

used: 5mdC 242.1/126.1, D3mdC 245.1/129.1, dG 268.1/152.2, C10N5dG 243.3/162.2. The 

following fragmentation voltages were used: 76 V (5mdC and D3mdC), 65 V (dG and 

C10N5dG). A collision energy (voltage) of 8 V was used for 5mdC and D3mdC, whereas for 

dG and C10N5dG a collision energy of 4 V was used. A standard curve with increasing 

amounts of mC (0-2.07 µM, 0%-3%) was included against a fixed amount of dG (345 nM). 

Peak areas were acquired using manual integration in Agilent QQQ quantitative software. 

The amount of total cytosine methylation was determined by calculating the ratio to the 

corresponding internal standard, using the obtained peak areas ((Peak area mdC / peak area 

D3 mdC) / (Peak area dG / Peak area C10N5 dG)). These values were then interpolated with 

the calibration curve to actually derive a percentage of [mdC] / [dG]. 

 

2.5 Bisulfite sequencing 

For gene-specific CpG methylation analysis we chose specific loci of gene bodies from a 

constitutively expressed housekeeping gene and an inducible stressor gene. The 

housekeeping gene of choice was the eukaryotic elongation factor 1 alpha (Ef1α), which 

binds aminoacyl tRNAs to the ribosome as part of the translation of mRNA. As an inducible 

stress-response gene we chose heat shock protein 70 (Hsp70), which plays a role in protein 

folding cell protection from stress. For each treatment (control, EC10, EC20 and EC50), three 

biological replicates were used for DNA isolation. For bisulfite conversion of genomic DNA 

(turning unmethylated cytosines into uracil and to thymine after PCR) from F. candida and 

E. crypticus, the Zymo EZ DNA Methylation-GoldTM kit (Ehrich et al. 2007) was used, 

following the manufacturer’s protocol (Zymo Research, Orange, CA). Gene-specific primers 

were designed to target short fragments of Ef1α and Hsp70 for bisulfite treated (bs) 

genomic DNA and non-bisulfite treated (to verify the sequence) genomic DNA (Table S1). 

PCR reactions were set up as follows: 1 μl DNA template, 13.3 μl Nuclease-Free water 

(Promega), 5 μl 5x PCR buffer, 1.5 μl MgCl2, 2 μl dNTPs (2.5 mM of each dNTP), 1 μl forward 

primer (5 μM), 1 μl reverse primer (5 μM) and 0.2 μl GOTaq polymerase (Promega) for a 

final volume of 25 μl. The following PCR program was used with annealing temperatures 

ranging from 54-61°C: initial denaturation for 5 min at 95°C, followed by 35 amplification 

cycles (30s at 95°C, 30s at 54-61°C and 1 min at 72°C) and a final extension step of 1 minute 
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at 72°C. For bisulfite-treated genomic DNA, the obtained fragments were validated for 

correct amplicon size with gel electrophoresis. Validated PCR products were purified using 

the Wizard SV Gel and PCR Clean-Up System (Promega). DNA fragments were ligated into 

plasmid pGEM-T following the T4 DNA ligase protocol (Promega) and transformed into 

Escherichia coli XL-1 Blue following the Stratagene protocol (Stratagene). For each of the 

transformation reactions, positive transformation products were screened by PCR using the 

initial PCR primers to verify the insertion of the Ef1α and Hsp70 gene fragments. The 

fragments were visualized on a 1.5% (wt/vol) agarose gel. Positive transformants were 

cultured at 37°C overnight, after which the plasmid DNA was isolated with the Wizard Plus 

SV Miniprep DNA Purification System (Promega). The purified plasmid DNA was sent to 

Eurofins for sequencing. For both F. candida and E. crypticus we obtained two sequences 

per biological replicate per gene. For non-bisulfite treated genomic DNA, amplification 

products were verified by electrophoresis on 1.5% (wt/vol) agarose gels and by staining with 

ethidium bromide. Validated samples were then used for direct sequencing (Eurofins).  

 

2.6 Control DNA 

To assure successful conversion of DNA with sodium bisulfite, we produced a negative 

control (completely demethylated DNA) and a positive control (completely methylated 

DNA). Demethylated genomic DNA was generated using the Qiagen Repli-g Mini Kit. The 

input was either 100 ng of F. candida or E. crypticus DNA. First, DNA was denaturated with 

buffer D1 during 3 minutes at room temperature. Buffer N1 subsequently stops 

denaturation. To generate purified DNA, a mix of nuclease free water, Repli-g mini reaction 

buffer and Repli-g DNA polymerase was added to the denatured DNA. This reaction was 

then incubated for 16 hours at 30°C and finally stopped by increasing the temperature to 

65°C to inactivate the enzymes. To remove potential contamination, the DNA was purified 

with phenol-chloroform. Finally, the purified DNA was eluted in 50 µl and measured on the 

Nanodrop ND-1000 spectrophotometer (Wilmington, DE, USA). 

Completely methylated DNA was generated with a CpG methyltransferase (M.Sssl) and S-

adenosyl methionine (SAM), allowing total methylation (100%) of DNA. M.Sssl (40U/µl) and 

SAM (32mM) were used in a master-mix, which also contained 10x NEB buffer 2, nuclease 

free water and DNA template. This master-mix was incubated for 2 hours at 37°C. After 2 

hours, M.Sssl and SAM were re-added, as these components got exhausted during 

incubation. Finally, the mixture was incubated for 4 hours at 37°C. DNA was purified with 

phenol-chloroform to remove possible contamination and finally eluted in 50 µl and 

measured on the Nanodrop. 

 

2.7 Aligning sequences 
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CLC Genomic Workbench (Qiagen) was used to align non-bisulfite with bisulfite sequences 

for Ef1α and Hsp70 in both species. We used a very accurate (slow) progressive alignment 

algorithm designed by CLC, with the following parameters: Gap open-cost (10.0), Gap 

extension cost (1.0) and End gap cost (as any other place in the sequence). 

 

2.8 Statistical analysis 

For E. crypticus a One-way analysis of variance (ANOVA) followed by the post hoc Dunnett’s 

test was used to examine the significant effect of treatment (control, EC10, EC20 and EC50) 

on total cytosine methylation (IBM Corp 2015). 

 

3  Results 

3.1 Ecotoxicity of copper 

For F. candida the average number of juveniles in the controls was 1006 per test jar (100% 

survival) with a coefficient of variance (CV) of 34.8%. Reproduction was reduced in a dose-

related manner (Figure 1) and EC10, EC20 and EC50 values (including 95% CI) obtained were 

188 (0-426), 319 (28-610) and 782 (405-1159) mg Cu/kg dry soil, respectively. Effect 

concentrations for E. crypticus were previously established by Menezes-Oliveira et al. (2011) 

and EC10, EC20 and EC50 values including 95% CI were 111 (0.6-176), 159 (7.1-223) and 293 

(200-937) mg Cu/kg, respectively. 

 

 
Figure 2. Effect of CuSO4·5H2O on the reproduction (number of juveniles) of Folsomia candida after 28 days of 

exposure in LUFA 2.2 test soil. Line shows the fit of a logistic dose-response model to the data. 
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3.2 Total cytosine methylation 

LC-MS/MS chromatograms (Figure 2) show the presence of methylated cytosines in the 

genome (5-mC residues) of E. crypticus with a small peak at 2.96 min retention time. The 

large peak at 4.76 min retention time represents deoxy-guanosine (all dGs in the genome). 

In contrast, F. candida is void of 5-mC residues. Further analysis revealed total cytosine 

methylation (expressed as %[mC]/[dG]) in E. crypticus with (mean ± SE) 1.41% ± 0.015 in 

control animals, 1.41% ± 0.014 in EC10 copper treatment, 1.38% ± 0.006 in EC20 and 1.40% 

± 0.022 in EC50. Copper exposure did not significantly affect the rate of methylated 

cytosines in E. crypticus (ANOVA with Dunnett’s method for multiple comparisons, F = 0.95; 

p = 0.44).  
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Figure 3.  LC-MS/MS chromatogram revealing 5-mC (total cytosine) methylation in Enchytraeus crypticus and an 

absence of methylation in Folsomia candida. The high peak at 4.76 (E. crypticus) and 4.74 (F. candida) minutes 

retention time accounts for deoxy-guanosine (all G's in the genome). The small peak at 2.96 minutes retention 

time accounts for 5-mC (methylated C’s in the genome) in E. crypticus. 
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3.3 Bisulfite sequencing (PCR) 

First, we verified the efficiency of bisulfite conversion using a positive and negative control 

sample provided by the manufacturer. Bisulfite conversion of genomic DNA was 100% in 

positive control samples, while a negative control showed a completely demethylated 

pattern (data not shown). Subsequently, bisulfite converted sequences (Ef1α and Hsp70) 

were aligned with non-bisulfite gene sequences obtained from direct sequencing. In E. 

crypticus the sequenced Ef1α locus had 100% methylated CpG sites (9 sites per sequence) 

in 20 out of 24 sequences, whereas three sequences (k3.4, k12.5 and k12.8) showed 89% 

methylated CpGs and one sequence (k5.7) had 78% methylated CpG sites (Noordhoek et al. 

2017). These differences in methylation pattern were independent of copper treatment. 

The sequenced Hsp70 locus did not show methylation in 21 out of 24 sequences 

(Noordhoek et al. 2017). In 3 out of 24 cases some cytosines were still present after bisulfite 

sequencing but this is likely caused by an incomplete bisulfite conversion prior to 

sequencing. Again, all methylation patterns were independent of copper exposure. In the 

case of F. candida, both the Ef1α and the Hsp70 locus were void of CpG methylation 

(Noordhoek et al. 2017). On the Ef1α locus, sequences k6.2 and k8.1 did show the presence 

of cytosines after bisulfite sequencing, as well as k1.2 on the Hsp70 locus, however, this is 

probably due to incomplete bisulfite conversion, as these cytosines were converted to uracil 

and were read as thymines in all other sequences.  

In summary, for F. candida no peak of total cytosine methylation could be detected in the 

LC-MS profiles of copper-exposed animals. Also, no CpG methylation changes were 

detected in the gene sequences of Ef1α and Hsp70, again indicating that the measured 

methylation patterns are independent of copper toxicity in this study. 

 

4  Discussion 

A substantial number of studies have revealed an important role for DNA methylation in 

genome evolution and shifts in gene expression due to environmental stress (Gavery and 

Roberts 2010; Glastad et al. 2013; Marsh & Pasqualone 2014), mostly in vertebrate animals 

(Taudt et al. 2016). Therefore, the main objective for this study was to explore whether total 

cytosine and locus-specific CpG methylation are present in two invertebrate 

ecotoxicological model organisms and if so, whether methylation patterns might change 

with increased toxicant exposure.  

Results obtained in this study showed that CuSO4 affected F. candida reproduction with an 

EC50 of 782 (405-1159) mg Cu/kg dry soil. Effect concentrations that reduced reproduction 

(EC50 of 293 (200-937) mg Cu/kg) in E. crypticus were previously obtained by Menezes-
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Oliveira et al. (2011) and we observed a highly comparable decrease in enchytraeid 

reproduction at these concentrations in our study as well (data not shown).  

While our ecotoxicity data revealed a response to copper exposure (i.e. decreased 

reproduction with increasing toxicity) in F. candida, we did not find either total cytosine 

methylation or locus-specific CpG methylation. Thus, the effect of copper toxicity could not 

be related to methylation patterns in the current study. 

Although the LC-MS/MS method is able to measure methylated cytosines at trace levels, we 

cannot rule out that extremely scarce levels of cytosine methylation may be present in F. 

candida. Genome-wide bisulfite sequencing could eliminate this uncertainty. Although 

present in a substantial number of invertebrate taxa, DNA methylation and conventional 

DNA methyltransferases (DNMT1 or DNMT3) are absent in some invertebrates. A well-

known example is the nematode Caenorhabditis elegans (Lyko & Maleszka 2011). Despite 

the lack of this epigenetic machinery, recent papers report alternative epigenetic 

mechanisms in C. elegans, and suggest a role for histone modification (Vandegehuchte & 

Janssen 2014; Greer et al. 2015) and piwi-interacting RNAs (Batista et al. 2008).  

Another invertebrate, long assumed to lack DNA methylation, is the fruit fly Drosophila 

melanogaster. However, an increasing number of papers suggest that D. melanogaster 

actually does have cytosine methylation during early developmental stages, although these 

levels are low and difficult to detect (Glastad et al. 2011; Wang et al. 2013). Although low 

levels of cytosine methylation are found, D. melanogaster lacks DNA methyltransferase 1 

(DNMT1) and 3 (DNMT3) necessary for establishing and maintaining cytosine methylation 

(Wang et al. 2013; Luo et al. 2015). The indicated absence of total cytosine and locus-specific 

CpG methylation in F. candida found in this study may be explained by the fact that 

homologs for DNMT1 or DNMT3 were not identified in the genome sequence (Faddeeva-

Vakhrusheva et al.,2017). The near lack of DNA methylation or its complete absence in some 

invertebrates shows that methylation is not always essential for eukaryotic gene regulation 

(e.g., transcriptional regulation during development) (Glastad et al. 2011; Schübeler 2015). 

When DNA methylation is lost during evolutionary time, organisms could use other 

epigenetic mechanisms to regulate gene expression (Raddatz et al. 2013).  

As with F. candida, toxic effects of copper were observed in E. crypticus but in this case we 

did observe total cytosine methylation (~1.4%) in the genome. Although this level was 

considerably lower than described in other annelid species (e.g., 8.4% in the polychaete 

worm Nephtys ciliata and 13% in the earthworm Aporrectodea caliginosa) (Regev et al. 

1998), the level of total cytosine methylation found in E. crypticus is comparable to the 

methylation levels observed in most insects (e.g., Apis mellifera 0.7%, Schistocerca gregaria 

1.3-1.9%) (Regev et al. 1998; Lyko & Maleszka 2011; Vandegehuchte & Janssen 2014). We 

also found a high number of methylated cytosines in the gene body in a selected locus of 
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the housekeeping gene Ef1α, whereas the inducible stress response gene Hsp70 revealed 

no gene body methylation. This is in line with other recent studies showing high gene body 

methylation in housekeeping genes with high constitutive expression and low levels or 

absence of gene body methylation in inducible stress response genes in other invertebrate 

species (Lyko et al. 2010; Wang et al. 2013). In our study, measured patterns of total 

cytosine and locus specific CpG methylation in E. crypticus were not correlated with copper 

toxicity, despite reported findings of decreased reproduction in enchytraeids as a 

consequence of increased copper concentrations (Gomes et al. 2012a). Initially, we 

hypothesized that metals in general may affect methylation status, because this is 

supported by studies in vertebrates as well as invertebrates. Global DNA methylation 

patterns in D. magna were also not affected after exposure to increased concentrations of 

cadmium for two generations, despite reduction in reproductive output (Vandegehuchte et 

al. 2009a). However, in another study with zinc-exposed D. magna, a slight reduction in 

global DNA methylation was recorded (Vandegehuchte et al. 2009b). The fact that we did 

not observe such a relation between methylation and metal toxicity may be explained by 

the specificity of the stress response mechanisms induced by each metal. This was also 

suggested by transcriptome studies applying different metals at similar effect 

concentrations. For instance, Nota et al. (2010) used six different metals at EC10 and EC50 

toxicity levels and found hardly any overlap in the gene regulatory networks that were 

regulated by the different metals. Only the well-known metal detoxification protein 

metallothionein showed consistent transcriptional activation in response to all tested 

metals. Therefore, copper may elicit molecular events that are very different from cadmium 

or zinc, and therefore may not affect methylation patterns. Environmental stress-induced 

DNA hypo-methylation patterns were also observed previously in the red flour beetle 

(Tribolium castaneum). Strong DNA demethylation of centromere sequences was 

associated with heat stress in this animal, indicating a role for cytosine methylation in 

heterochromatin structure remodeling during heat stress response (Feliciello et al. 2013). 

This could subsequently result in changes of chromatin-boundary activity and 

transcriptional activity of this region (Wong et al. 2006). To date, stress-induced hyper-

methylation has not been observed in invertebrates. However, a number of studies have 

reported hyper-methylation in fish and plants. For example, increased global DNA 

methylation was observed in goldfish (Carassius auratus) exposed to cadmium, copper and 

zinc and was hypothesized to be involved in the organism’s defence mechanism against 

metal stress (Vandegehuchte & Janssen 2011).  
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5  Conclusion 

With this exploratory study we suggest that Folsomia candida lacks total cytosine and locus-

specific CpG methylation. We suggest that further investigation is necessary into alternative 

epigenetic mechanisms involved in gene regulation such as histone modifications. Total 

cytosine methylation (1.4%) and locus-specific CpG methylation were observed in 

Enchytraeus crypticus, but these methylation patterns did not change due to copper 

toxicity. Further research (i.e. genome-wide bisulfite sequencing) is necessary to obtain a 

global picture of DNA methylation in this model organism. This could also reveal the 

potential involvement of DNA methylation in the environmental stress response in these 

species. Finally, this study shows that DNA methylation differs not only between species but 

also between loci within a species, suggesting that epigenetic responses to environmental 

stress are not straightforward and cannot be generalised. 

 

Supporting Information 

• Primer sequences and parameters: Table S1 
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Table S1. Primer sequences and parameters for the PCR assays applied in this study to Folsomia candida and 

Enchytraeus crypticus. Note that "bs" indicates primers designed for bisulfite-treated genomic DNA. “Y” 

indicates a CpG site with uncertain methylation status (i.e. Y = C or T). 

 

 

Gene Species Sequence Amplicon 
size 

Annealing 
temp 

Ef1α F. candida Forward: TTCGAGGAGATCAAAAAGGAAGTCAG 
Reverse: GGTTTGATGATTCCAGTCTCAACTC 

323 bp 58°C 

Hsp70 F. candida Forward: GGGTCGTTTGTCCAAGGAAGAG 
Reverse: CAAGTTGTTGTCCAACCATCTCATC 

232 bp 58°C 

Ef1α E. crypticus Forward: CCATGTGCGTGGAGTCCTTC 
Reverse: GCACCGGTGGCCTTCTG 

157 bp 56°C 

Hsp70 E. crypticus Forward: GGCGCCTAAGGACAGCCTG 
Reverse: CACAAGCACTATCTCATGAATCCC 

235 bp 58°C 

Ef1α_bs F. candida Forward: TTYGAGGAGATTAAAAAGGAAGTTAGTAG 
Reverse: CCACCATTCCRAATTTAATAATTCCAATCTCAACTC 

334 bp 56°C 

Hsp70_bs F. candida Forward: TAAGGGTYGTTTGTTTAAGGAAGAG 
Reverse: CCAACAAATTATTATCCAACCATCTCATC 

239 bp 54°C 

Ef1α_bs E. crypticus Forward:  TTATGTGYGTGGAGTTTTTTTTTG 
Reverse:  ACACCRATAACCTTCTAAACAACC 

157 bp 61°C 

Hsp70_bs E. crypticus Forward: GGCGCCTAAGGACAGCCTG 
Reverse: CACAAGCACTATCTCATGAATCCC 

243 bp 58°C 
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6.1. Introduction 

With growing production and application numbers, engineered nanomaterials (NMs) will 

inevitably affect the environment. Because of their size-dependent behaviour, implications 

for fate, availability and toxic effects of engineered NMs in the environment are complex 

and need better understanding to facilitate predicting exposure of soil organisms and 

possible effects on the soil ecosystem (Savolainen et al. 2010; Hansen et al. 2013; McKee & 

Filser 2016). Therefore, the aim of this thesis was to expand our current knowledge on the 

potential environmental risks of engineered NMs to soil invertebrates. 

Since stress response can occur at the physiological as well as the genetic and even 

epigenetic level, I examined these three levels in different chapters of this thesis. 

Physiological effects were investigated in long-term multigeneration tests for NM effects on 

the survival and reproduction of Folsomia candida. Genetic effects were assessed by 

determining gene expression profiles of multiple generations of F. candida exposed to two 

selected NMs. Finally, epigenetic effects were explored by determining DNA methylation 

patterns in both F. candida and Enchytraeus crypticus. Together, these three approaches 

may help gaining a better understanding of the underlying mechanisms of stress response 

in soil invertebrates.  

 

6.2 Toxicity of selected engineered nanomaterials 

The number of studies describing effects of chronic NM exposures on soil invertebrates is 

increasing, but such studies are still quite scarce in the published literature. In Chapter 2, 

we therefore investigated the effects of five different engineered NMs. Standardized OECD 

tests were performed to measure the effects of multi-walled carbon nanotubes (MWCNTs), 

industrial paint pigment (OP), tungsten carbide-cobalt (WCCo), copper oxide (CuO) and iron 

oxide (Fe2O3) nanomaterials on the survival and reproduction of F. candida in LUFA 2.2 

natural soil. Copper (II), cobalt and iron chloride salts were taken along as positive controls. 

For the metal-based NMs, toxicity and availability were related to metal concentrations in 

soil and pore water. The results obtained in Chapter 2 revealed no adverse effects on the 

survival or reproduction of F. candida for any of the NMs tested at concentrations up to 

6400 mg/kg dry soil. The Cu, Co and Fe chloride salts, however, did affect springtail 

reproduction, with EC50 values of 981, 469 and 569 mg metal ion/kg dry soil, respectively. 

The absence of effects of the NMs could be explained from the low porewater metal 

concentrations, which suggest low solubility or slow solubilisation. Previous studies have 

also reported lower solubility and/or slower dissolution and absence of toxicity for NMs, 

compared to similar concentrations of readily soluble metal species (e.g. Notter et al. 2014; 

Bouguerra et al. 2016). This was explained by the slow release of metal ions after dissolution 
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of the nanomaterials (e.g. Waalewijn-Kool et al. 2013; Adam et al. 2015) and via aggregation 

and agglomeration processes, which affect fate, behaviour and bioavailability of NMs in the 

environment (Handy et al. 2008; Ottofuelling et al. 2011). 

In our study (Chapter 2), exposure to selected engineered NMs did not have any phenotypic 

consequences for F. candida. However, the fate of engineered NMs is rather complex and 

they are believed to be difficult to break down, potentially causing high persistence in the 

environment. But if they are slowly degraded or solubilised, they may also act like a slow-

release formulation, giving rise not only to long-term exposure to the parent material but 

potentially also to (increasing levels of) compounds released. Therefore, long-term, 

multigenerational exposures need to be conducted to better predict the impact of NMs on 

soil organisms. Moreover, investigating the long-term behaviour of NMs is crucial in 

understanding the effects of exposure over time, in terms of concentrations, chemical form 

or exposure forms (e.g. NMs, ions, mixed). 

 

6.3 Multigenerational assessment of CuO and WCCo nanomaterials 

For two of the NMs tested in Chapter 2, CuO and WCCo, we performed a multigenerational 

hazard assessment. These NMs are gaining commercial and industrial use and popularity. 

As the simplest member of the family of copper compounds and having a wide range of 

useful physical properties, such as high temperature superconductivity, electron correlation 

effects and spin dynamics, CuO-NMs are being increasingly used in batteries, gas sensors 

and surface coatings (Ren et al. 2009; Adam et al. 2015). WCCo-NMs are also commonly 

used due to their strength and are therefore increasingly applied in hard metal industries 

for the production of extremely hard and wear resistant tools (Kühnel et al. 2009). In 

Chapters 3 and 4 we provided, for the first time, a comprehensive analysis of multi-

generational nanomaterial exposure effects on F. candida, including recovery. We exposed 

F. candida to either CuO or WCCo nanomaterials for four consecutive generations, followed 

by an additional two generations in clean soil. We aimed to assess sensitivity to the 

compounds by measuring survival, reproduction, tissue damage and gene expression in F. 

candida, and to assess potential for recovery after relief from contaminant exposure for 

another two generations. 

 

 

Ecotoxicological effects of multigeneration exposure to CuO and WCCo NMs 

Currently, a limited, but increasing number of studies on the response of invertebrates to 

multigenerational NM exposure have been published, mostly focusing on daphnids (Maselli 

et al. 2017) and Caenorhabditis elegans (Schultz et al. 2016). In Chapter 3 we described that 

CuO-NM exposure concentration or generation time did not affect survival and 
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reproduction in F. candida up to concentrations as high as 6400 mg Cu/kg dry soil. Previous 

studies have described adverse effects of Cu-NM exposure in other soil invertebrates. For 

instance, reproduction in the potworm Enchytraeus albidus decreased upon exposure to 

CuCl2 and Cu-NM, with the latter being more toxic (EC50 of 251 and 95 mg Cu/kg, 

respectively) (Amorim & Scott-Fordsmand, 2012). Another potworm, E. crypticus, was also 

sensitive to Cu-NM exposure and showed reduced reproduction (EC50 of 421 mg Cu/kg) 

(Bicho et al. 2017). Studies like these indicate that marked differences in sensitivity are 

present among soil invertebrates. For instance, the body plan and route of uptake of 

potworms (e.g. Enchytraeus) is very different from springtails, which could explain in part 

the observed differences in NM toxicity. Another point contributing to differences in 

sensitivity is the variation of internal sequestration and elimination mechanisms between 

soil invertebrates (Crommentuijn et al. 1994; Vijver et al. 2004). While Collembola 

commonly eliminate metals from the gut epithelium by merocrine and holocrine secretion 

(Posthuma & Van Straalen 1993; Ardestani et al. 2014), earthworms accumulate them in 

the chloragogen tissue surrounding the gut, from which they are eliminated by 

coelomocytes and the kidney (Stürzenbaum et al. 2004). These different pathways imply 

different kinetics and sensitivities. 

F. candida survival was not affected in the first four generations of animals exposed to 

WCCo-NM. However, increased mortality was observed in animals from the 5th generation 

(the recovery phase) that were previously exposed to 6400 mg WCCo-NM/kg dry soil. It 

remains unclear why survival was affected only in the recovery phase and not during the 

actual exposures in the previous four generations. We suggest that F. candida’s gut tissue 

could have been seriously affected at a high concentration, as was observed in our 

histological analysis. This could result in a decreased nutritional status of the egg-laying 

adult. A previous study by Zizzari (2016) showed that the quality of the diet has a carry-over 

effect on maturation time and weight gain of female offspring in the springtail Orchesella 

cincta. Such carry-over effects, acting through energy reserves such as lipids and egg yolk 

could affect reproduction and survival of offspring for more than one generation, even if 

the animals are not exposed to the toxic compound anymore. Previous studies have also 

reported on tissue damage in chemical-exposed soil invertebrates. For example, Van Der 

Ploeg et al. (2013) tested the effects of buckminsterfullerene (C60) exposure in the 

earthworm Lumbricus rubellus and described an increased damage of tissue as well as 

changes in gene expression in exposed worms.  

Reproduction was not affected in the first two generations exposed to WCCo-NM (Chapter 

3). We previously already reported that these NMs did not cause any adverse effects on F. 

candida reproduction after 28 days of exposure (Noordhoek et al. 2018). However, in the 

current study, we found a dose-related effect on reproduction after exposure in the 3rd and 
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4th generation with EC50 values of 2463 and 3836 mg Co/kg, respectively. A less profound 

decline in reproduction was still observed during the recovery phase in the 5th generation, 

with an EC50 of 5659 mg Co/kg) (based on exposure concentrations) in previous 

generations.  

These results showed that multi-generation exposure to CuO-NM did not have observable 

phenotypic (reproduction) consequences for any of the springtail generations. Multi-

generation WCCo-NM exposure, however, revealed changes in survival and reproductive 

output in later generations, as well as seriously damage to the gut tissue. This could imply 

a carry-over effect from the parental generation to subsequent generations through an 

effect on energy reserves. These results emphasize the importance of focusing on multi-

generation NM exposure as adverse effects may appear during subsequent generations, 

and would otherwise be missed when only focusing on single generations.  

 

Genetic effects of multigeneration exposure to CuO and WCCo NMs 

Multigeneration exposure to WCCo-NM caused significant upregulation of stress response 

genes. Furthermore, despite the lack of phenotypic effects of CuO-NM exposure, stress 

response genes were significantly upregulated upon CuO-NM exposure (Chapter 4), 

suggesting physiological alterations at the molecular level.  

Exposure to CuO and WCCo NMs resulted in significantly induced metallothionein (MTC) 

expression. The structure of F. candida’s metallothionein differs considerably from other 

animals (including other springtails, however, its primary role as a protective agent involved 

in sequestering metal ions and stabilizing the cellular redox state seems to be universal. 

Previous studies have also reported on the induction of metallothioneins in response to 

metal stress. For instance, induced metallothionein expression was found in Drosophila 

(Yepiskoposyan et al. 2006) and in daphnids (Poynton et al. 2007) following metal 

exposures, confirming the protein’s protective role against metal toxicity. Besides the 

induction of MTC, we also observed induced ABC transporter gene expression in animals 

exposed to a low concentration of WCCo-NM; all this indicates a function in maintaining 

metal homeostasis. Yepiskoposyan et al. (2006) also observed induced ABC transporter 

expression in Drosophila melanogaster exposed to ionic copper, suggesting a function in the 

transport of metal solutes that may aid in elevated resistance to copper. Induced expression 

of isopenicillin-N-synthase (IPNS) suggests a role in general stress response, as was also 

reported in other studies describing that IPNS is inducible over a wide range of 

environmental stress factors (Suring et al. 2017). In Chapter 4 we showed a strong 

correlation between the IPNS and ABC transporter gene expression in F. candida exposed 

to either CuO or WCCo NMs. This could be due to the fact that these genes are positioned 

next to each other in the beta-lactam gene cluster of F. candida. Suring et al. (2017) 
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observed a similar co-regulation pattern when investigating all genes present in the beta-

lactam gene cluster of F. candida. They found an ABC transporter that was coregulated with 

IPNS after heat shock treatment. ABC transporters can efflux antibiotic compounds out of 

bacterial and fungal cells, so that they can attack potential pathogens (Ozcengiz and 

Demain, 2013). Suring et al. (2017) suggested a similar function for this gene in the context 

of β-lactam biosynthesis in F. candida. However, this has not yet been supported by 

experimental evidence yet. Finally, in Chapter 4 we observed differences in laminin A 

expression. Laminins are proteins that are a major part of the basal lamina, influencing cell 

differentiation and migration (Suzuki et al. 2005). De Boer et al. (2011) found that laminin 

A was a good indicator for chemical stress, when investigating the effects of cadmium and 

phenanthrene exposure on F. candida. Differences in gene expression found in the current 

study were likely to be a result of the experienced metal stress, as the processes of cell 

differentiation and adhesion could have been hampered by affected basal lamina. 

 

6.4  Exploring DNA methylation patterns in copper-exposed Folsomia 

candida and Enchytraeus crypticus 

In Chapters 2, 3 and 4, we described the effects of engineered NMs on the soil invertebrate 

F. candida. Results from these chapters validated the importance of testing in a 

multigeneration fashion as well as including gene expression analyses in standard 

ecotoxicological research in order to assess how organisms may deal with environmental 

stress. However, an increasing number of studies have shown that DNA methylation could 

also play a role in the environmental stress response of soil invertebrates and with that may 

add valuable information regarding their underlying mechanisms. Up to now, knowledge 

about DNA methylation in two important soil ecotoxicological models, the springtail F. 

candida and the enchytraeid worm E. crypticus, is completely lacking. To that end, an 

attempt was made in Chapter 5 to integrate DNA methylation analyses into the hazard 

assessment of pollutants to soil invertebrates. We applied this by using a standard LUFA 2.2 

soil mixed with copper (CuSO4), a metal that has previously been reported to cause toxic 

effects in springtails (Bruus Pedersen & Van Gestel, 2001) and enchytraeids (Gomes et al. 

2012a). A standard ecotoxicological test as well as total cytosine and locus-specific CpG 

methylation analyses based on both F. candida and E. crypticus were implemented.  

Copper was found to be toxic for both organisms, as reproduction was decreased with 

increasing exposure concentrations. LC–MS/MS and bisulfite sequencing revealed an 

absence of both total cytosine and locus-specific CpG methylation in F. candida. A level of 

1.4% total cytosine methylation was found in E. crypticus, with methylated CpG sites 

observed in the coding sequence (CDS) of the housekeeping gene Elongation Factor 1α. The 



Chapter 6 

101 
 

CDS of the stress inducible Heat Shock Protein 70 gene almost lacked methylation, which is 

in line with previous studies reporting different methylation levels and patterns for 

housekeeping and stress-inducible genes in invertebrates (Lyko et al. 2010; Wang et al. 

2013).  

Initially, we hypothesized that the DNA methylation status could be affected by metals in 

general, as was previously reported in studies on both vertebrates and invertebrates. 

However, Chapter 5 demonstrated that copper exposure at different sublethal effect 

concentrations did not affect DNA methylation patterns in E. crypticus. The reason why no 

relation was found between DNA methylation and metal toxicity could be that a specific 

metal would induce a specific stress response mechanism. For example, Nota et al. (2010) 

tested six different metals at concentrations corresponding with the EC10 and EC50 for 

effects on springtail reproduction and found hardly any connection between the gene 

regulatory networks that were regulated by the different metals. Therefore, we suggest that 

copper may affect other molecular processes that are very different from for instance 

cadmium or zinc, and therefore may not affect DNA methylation.  

 

6.5 Conclusions  

The first important conclusion of this thesis is that none of the tested engineered 

nanomaterials (WCCo, CuO, Fe2O3, Organic Pigment and MWCNT) had adverse effects in a 

standard 28-day test on Folsomia candida survival and reproductive success, at 

concentrations as high as 6400 mg/kg dry soil. In case of the metal-based NMs, this could 

partly be explained from the low porewater metal concentrations, which suggest low 

solubility or slow solubilisation. Furthermore, we observed that multigeneration exposure 

to CuO-NM did not affect springtail survival or reproduction in any of the four generations 

exposed nor in the two subsequent generations kept on clean soil.  

Another conclusion we can draw from this thesis, is that effects of WCCo-NM are not visible 

after one generation but rather become apparent after multiple generations. We observed 

a decline in adult survival and juvenile numbers in the 3rd generation of exposed animals, 

allowing to calculate EC50 values. Our histological analysis also revealed that F. candida’s 

gut tissue was seriously affected at a high concentration of WCCo-NM (3200 mg WCCo-

NM/kg dry soil) in the second generation and onwards (results of histological analysis in the 

4th generation are presented in this thesis). Such effects could result in a decreased 

nutritional status of the egg-laying adult and may affect reproduction and survival of 

offspring for more than one generation, even if the animals are not exposed to the toxic 

compound anymore, as was already described by Zizzari (2016). 

We also observed mortality in the recovery phase (5th generation) which contained animals 

that were exposed to the highest concentration of WCCo-NM in the previous four 
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generations. These results emphasize the importance of performing multigeneration tests, 

as potential effects would have been missed in single-generation studies. We can also 

conclude that stress response genes were significantly upregulated in response to both 

WCCo and CuO NM exposure, already at exposure levels that did not induce phenotypic 

effects. These changes in gene expression suggest some physiological alterations at the 

molecular level. We found that in most cases a new exposure was the most important cause 

of significant changes in the expression of MTC, ABC transporter and IPNS genes, whereas 

interactions of History*Exposure and History*Generation were the main cause of significant 

changes in the expression of the laminin A gene. Changes in laminin A expression were most 

likely the result of experienced metal stress. The observed alterations in the expression of 

the tested stress response genes suggest a function in maintaining metal homeostasis and 

immune balance. 

Finally, in this thesis we described for the first time, the presence of DNA methylation in the 

potworm E. crypticus and suggest that F. candida lacks total cytosine and locus-specific CpG 

methylation. For E. crypticus we noticed that methylation patterns did not change in 

response to copper toxicity. Since a number of studies have already reported a near lack of 

DNA methylation or even a complete absence in some invertebrates, DNA methylation 

seems not always essential for eukaryotic gene regulation (e.g. transcriptional regulation 

during development). Alternative epigenetic mechanisms such as histone modifications 

may instead be involved, but require further investigation. 

 

 

6.6 Critical reflection 

In response to an increased production and application of engineered nanomaterials (NMs), the 

field of nano-ecotoxicology was formed in order to assess the potential adverse effects to the 

environment. Tools, like standardised reproduction tests (e.g. for Collembola and enchytraeids), 

were already available for the ecotoxicological hazard assessments of non-nanosized materials, 

when the first questions regarding NM toxicity arose (Marquis et al. 2009). Currently, a number 

of studies have reported adverse effects of engineered nanomaterials on invertebrate survival 

and reproduction (Amorim & Scott-Fordsmand 2012; Bicho et al. 2017). Also, in this thesis, 

standardised reproduction tests were conducted in order to assess the toxicity of selected 

engineered NMs. Furthermore, standardised reproduction tests with a prolonged exposure 

period (i.e. 30 instead of 28 days) were used to assess NM toxicity to multiple generations of the 

springtail Folsomia candida. As became apparent from both the literature and our own results, 

survival and reproduction were not always affected by NM exposure or did depend on the model 

species. Sometimes, toxic effects could not be observed until a number of generations had 

already been exposed to a particular NM. This raises the question whether ecotoxicological 
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endpoints, such as (multi-generation) reproduction, would be the best parameters to test for NM 

hazard/risk assessment. Since there is a significant research gap concerning the behaviour of 

engineered NMs in the environment, more research is needed on the characterization and 

fate of NMs for understanding exposure and its consequent effects. Such assessments 

should also take account of the complex and dynamic (changing in time) mixtures of NMs 

and their conversion products (such as released metal ions, aggregates and agglomerates), 

which further increase the complexity of exposure and effects assessment.  

Modes of action of NMs might not be the same as those of similar non-nano sized materials 

or bulk materials of the same chemical composition. Cellular uptake and localization of NMs 

will be considerably different compared to the internalization of non-nanosized forms and 

will thus likely result in different modes of toxicity (Marquis et al. 2009). Currently, NM 

uptake and localization are not thoroughly investigated and, as a consequence, far from 

well understood.  

In our study, in most cases effects could not be observed at concentrations up to 6400 mg / kg 

dry soil. These concentrations are far above expected NM concentrations in the environment.  

Thus, results obtained in our study seem to take away the concerns about the potential 

environmental effects of NMs. A remaining concern, however, is that long-term NM exposure 

may have adverse environmental effects as a result of the uptake of NMs by organisms, fate of 

NMs in the environment and mixed toxicity as a result of conversion products. Also,  long-term 

effects of NMs may impact below-organism level effects such as gene expression, epigenetics and 

cell tissues, which could result in detrimental effects at the organism and perhaps population 

level. Considering the complexity of (long-term) NM fate and behaviour and subsequent toxicity 

effects, it is therefore suggested to perform more dissolution and bioaccumulation studies, rather 

than reproduction tests, as such studies would provide more information about NM fate and long-

term NM behaviour. 

This thesis showed that NM toxicity could not always be observed after a single generation 

when ecotoxicological endpoints such as survival and reproduction were considered. Since 

long-term behavior of NMs in the environment is practically unknown and the majority of 

NMs is expected to be undegradable (Romero-Franco et al.) and to persist in the 

environment for a long time, it is recommended to perform multi-generation ecotoxicity 

analyses for toxicants like NMs that are new and difficult to assess. In our study, multi-

generation toxicity tests were performed where every generation was exposed to freshly 

spiked soil, more or less representing continuous exposure. However, other studies 

performed multi-generation tests in which soil was spiked only once and different 

generations were exposed to the same soil. In this way, recovery or exposure to metabolites 

and the mixture of starting material and metabolites was implicitly determined (Ernst et al. 

2016).   
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Alternatively, molecular approaches, such as gene expression analyses, could be used as 

they provide a faster assessment of potential NM effects compared to multi-generation 

ecotoxicological tests with survival and reproduction as endpoints. Molecular approaches 

enable better understanding of the underlying mechanisms of action of chemicals and give 

more insight into an organism’s potential to acclimate or adapt to toxicant stress (Van 

Straalen et al. 2011; Van Gestel 2012). Roh et al. (2009) already described increased 

expression of stress-responsive genes in response to silver NMs in the nematode 

Caenorhabditis elegans. Also, in this thesis, we observed an induction of stress-responsive 

genes in CuO-NM exposed F. candida, while phenotypic effects could not be observed. This 

suggests that using molecular approaches, such as gene expression assays, would be an 

appropriate method to test whether organisms are actually affected by exposure to 

engineered NMs. 

 

6.7 Future directions 

The aim of this thesis was to expand our current knowledge on the potential environmental 

risks that engineered NMs may pose to soil invertebrates. We linked transcriptomic 

analyses with traditional ecotoxicological hazard assessments in a multigeneration fashion 

and we explored DNA methylation patterns as a potential new tool in the hazard 

assessment of environmental pollution.  

Based on the overall results obtained in this thesis, I would like to suggest some future 

directions that would be interesting to explore. For example, there is a significant research 

gap regarding the effects of multi-generation NM exposure. Future initiatives should focus 

on understanding how continuous NM exposure could affect populations over multiple 

generations and how animals respond when a NM is no longer present in the environment. 

For example, focusing on carry-over effects that may act through energy reserves such as 

lipids and egg yolk could be studied as they may affect reproduction and survival of offspring 

for more than one generation, even if the animals are not exposed to the toxic compound 

anymore.  

Also, there is a research gap concerning the behaviour of NMs in the environment. Insight 

into the fate of NMs is crucial for understanding exposure. Currently, there are a few studies 

that indicate that aggregation and agglomeration could affect fate, mobility and 

bioavailability of NMs in the environment (Phenrat et al. 2008; French et al. 2009; 

Ottofuelling et al. 2011) but more research is definitely needed, especially for soil systems, 

as such studies are currently absent from literature and the behaviour of NM in soil is very 

complex. Such studies are being conducted within the EU-funded project NanoFASE, 
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including column experiments, that should provide more insight into the behaviour and 

transport of Ag-NMs in the soil. Aggregation is one of the parameters taken into account in 

this work. 

In this thesis we explored the potential effects of copper exposure on DNA methylation 

levels in F. candida and E. crypticus. Copper did not affect DNA methylation in E. crypticus. 

This could be due to a specific metal stress response mechanism. Such an observation was 

already made by Nota et al. (2010), who found hardly any connection between the gene 

regulatory networks that were regulated by six different metals they tested for effects on 

F. candida. Therefore, we suggested that copper may affect other molecular processes that 

are very different from for instance cadmium or zinc, and therefore may not affect DNA 

methylation. It would be an interesting future direction to test other metals to see whether 

specific metals would cause a specific stress response mechanism in terms of DNA 

methylation pattern changes.  

Furthermore, since we only investigated methylation patterns for a limited number of 

genes, I suggest to perform a genome-wide bisulfite sequencing analysis to verify whether 

environmental stress could potentially affect this epigenetic mechanism. Since a number of 

studies have already reported a near lack of DNA methylation or its complete absence in 

some invertebrates, methylation seems not always essential for eukaryotic gene regulation 

(e.g., transcriptional regulation during development) (Glastad et al. 2011; Schübeler 2015). 

I therefore suggest to investigate alternative epigenetic mechanisms such as histone 

modifications. Such mechanisms have already been shown to be present in invertebrates 

(almost) lacking DNA methylation, such as the nematode Caenorhabditis elegans (Lyko & 

Maleszka 2011) and the fruit fly Drosophila melanogaster (Glastad et al. 2011; Wang et al. 

2013) and may be used for the regulation of gene expression (Raddatz et al. 2013). 

Moreover, a number of studies have already shown that histone modifications play a key 

role in environmental stress response. For example, in Drosophila, histone modifications 

played an important role in the induction of transcription during heat shock response 

(Nowak & Corces 2000) and drought induced expression of stress-response genes were 

associated with histone modifications in Arabidopsis (Kim et al. 2009).  

We are still far away from a complete understanding of multi-generational effects of 

nanomaterials in the environment. 
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The increased application of manufactured nanomaterials (NMs) and their potential release 

to the environment calls for an assessment of possible chronic effects on environmental 

targets including the soil ecosystem. Soil organisms play a crucial role in soil ecosystem 

processes such as decomposition and nutrient recycling, and are exposed to NMs ending up 

in soil through for example sewage sludge being used as fertilizers or via atmospheric 

deposition. Consequently, soil invertebrates such as earthworms, isopods, nematodes and 

springtails may be harmed. It is therefore essential to study the effects of NMs in this group 

of organisms in order to understand their potential effects in the soil environment. Since 

stress responses can occur at the physiological as well as the genetic and even epigenetic 

level, these three levels are examined in different chapters of this thesis. I examined these 

responses in the springtail Folsomia candida (Hexapoda, Collembola) and the potworm 

Enchytraeus crypticus (Oligochaeta, Enchytraeidae), both important model organisms 

within the field of ecotoxicology due to their ecological relevance, sensitivity to 

environmental stress, short generation times and ease of culturing in the laboratory. 

Physiological effects were investigated in long-term multigeneration tests for NM effects on 

the survival and reproduction of F. candida. Genetic effects were assessed by determining 

gene expression profiles in multiple generations of F. candida exposed to two selected NMs. 

Finally, epigenetic effects were explored by determining DNA methylation patterns in both 

F. candida and E. crypticus. Together, these three approaches may help gaining a better 

understanding of the underlying mechanisms of stress response in soil invertebrates.  

I investigated the toxicity of five different engineered nanomaterials (NMs): tungsten 

carbide-cobalt (WCCo), copper oxide (CuO), iron oxide (Fe2O3), organic pigment and multi-

walled carbon nanotubes (MWCNTs). These compounds were mixed in with the natural 

standard LUFA 2.2 soil as a powder in various concentrations. Soluble copper(II), cobalt and 

iron chlorides were taken as positive controls. Standardized tests according to the 

guidelines of the Organisation for Economic Co-operation and Development (OECD) were 

deployed to measure effects on survival and reproduction of the test organisms, and toxicity 

was related to total metal concentrations in soil and dissolved metal concentrations in pore 

water. None of the NMs exerted adverse effects on springtail survival and reproduction at 

concentrations up to 6400 mg per kg dry soil. The Cu, Co and Fe chlorides tested as ionic 

references caused a 50% decline in springtail reproduction at 981, 469 and 569 mg metal 

ion per kg dry soil, respectively. The absence of direct (short-term) toxicity of the NMs could 

partly be explained by the low porewater metal concentrations, suggesting low solubility or 

slow solubilisation (Chapter 2).  

In Chapter 3, I investigated the phenotypic response of F. candida associated with multi-

generation exposure to CuO and WCCo NMs, two metal-based NMs that are commonly 

used in commercial and industrial applications. Survival and reproduction were not affected 
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in any of four consecutive generations of F. candida exposed to CuO-NM at concentrations 

as high as 6400 mg Cu/kg dry LUFA 2.2. soil. On the other hand, WCCo-NM did affect 

springtail survival and reproduction and from the third generation onwards, with EC50 

values between 2400 and 5600 mg NM/kg dry soil. Subsequent recovery was observed in 

the 5th and 6th generation cultured in clean soil. Histological investigations showed that high 

concentrations of WCCo-NM (3200 mg/kg) induced tissue damage and disruption of 

microvilli from the gut epithelial cells. The fact that adverse effects of NMs are only detected 

after three generations of exposure without observable effects in the previous two 

generations, suggests that the damage inflicted by WCCo accumulated from one generation 

to the other, an effect that cannot be recognized in current risk assessment. 

Subsequently, I examined the transcriptional responses of F. candida associated with multi-

generation exposure to CuO and WCCo NMs. Expression of four target genes known to be 

responsive to stress were investigated by quantitative PCR at different exposure levels 

(control, 800 and 3200 mg/kg dry soil) over different generations. While the exposures were 

below toxic threshold concentrations, expression of all genes was significantly affected in 

response to NM exposure. Moreover, a significant interaction was observed between 

historical and current exposure and also between historical exposure and generation 

(Chapter 4). We suggest that gene expression assays could detect physiological alterations 

due to NM toxicity at exposure levels without having phenotypic (reproduction) 

consequences for any of the springtail generations exposed to CuO-NMs or the first 

generations exposed to WCCo-NMs.  

One way in which physiological effects of stress may be transferred from one generation to 

the next is through heritable epigenetic markers induced by stress. I therefore explored 

whether epigenetics-mediated phenotypic plasticity plays a role in the stress response of 

springtails and enchytraeids exposed to copper. Total cytosine and locus-specific CpG 

methylation were investigated in F. candida and E. crypticus, and the possible changes in 

methylation pattern under toxicant exposure were assessed. LC-MS/MS analyses and 

bisulfite sequencing were performed to identify the CpG methylation state of the 

organisms. We showed, for the first time, a total level of 1.4% 5-methyl cytosine 

methylation in the genome of E. crypticus, and an absence of both total cytosine and locus-

specific CpG methylation in F. candida. In E. crypticus, methylation of CpG sites was 

observed in the coding sequence (CDS) of the housekeeping gene Elongation Factor 1α, 

while the CDS of the stress inducible Heat Shock Protein 70 gene almost lacked methylation. 

This confirmed previous observations that DNA methylation differs between housekeeping 

and stress-inducible genes in invertebrates. DNA methylation patterns in E. crypticus were 

not affected by exposure to copper (II) sulfate pentahydrate (CuSO4·5H2O) mixed in with 

LUFA 2.2 soil at sublethal effect concentrations that decreased reproduction by 10%, 20% 
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and 50% (Chapter 5). Although differences in CpG methylation patterns between specific 

loci suggest a functional role for DNA methylation in E. crypticus, further genome-wide 

bisulfite sequencing is needed to verify whether environmental stress affects this epigenetic 

hallmark.  

The insights obtained in this thesis have elaborated our understanding of the environmental 

risks of different engineered NMs. We discovered that none of the selected NMs caused 

adverse effects on springtail survival and reproduction after single generation exposures up 

to a high concentration of 6400 mg/kg dry soil, an exposure concentration that is far higher 

than expected to be found in the environment. Thus, our results seem to take away the 

concerns about the potential effects of NMs on soil invertebrates. A remaining concern, however, 

is that long-term NM exposures may have adverse environmental effects as a result of the uptake 

of NMs by organisms and their fate in the environment. Also, long-term effects of NMs may have 

impacts at below-organism level, for instance on cell tissues, gene expression and epigenetics, 

which could result in detrimental effects at the organism and perhaps even the population level. 

For instance, our results have taught us that adverse effects may only appear after a number 

of subsequent generations of exposure without observable effects in previous generations, 

suggesting that damage by NMs accumulates from one generation to the other, an effect 

which is not normally recognized in current risk assessment. Thus, the possibility that 

damage can accumulate over several generations requires more attention in the risk 

assessment, not only of NMs but also  of other (persistent) substances. 

Furthermore, the observed induction of stress-responsive genes while phenotypic effects 

are absent suggests that the use of molecular approaches, such as gene expression assays, 

would be  appropriate to test whether organisms are actually affected by exposure to 

engineered NMs. I recommend to perform multi-generation ecotoxicity analyses for 

toxicants like NMs that are new and difficult to assess, since long-term behavior of NMs in 

the environment is practically unknown and the majority of NMs is expected to be 

undegradable and to persist in the environment for a long time. Considering the complexity 

of (long-term) NM fate and behaviour and subsequent toxicity effects,  I also suggest to perform 

more dissolution and bioaccumulation studies, rather than reproduction tests, as such studies 

would provide more information about NM fate and long-term NM behaviour. Finally, as an 

alternative approach in understanding environmental stress response in soil organisms, I 

investigated whether epigenetics-mediated phenotypic plasticity (i.e. DNA methylation) 

plays a role in the stress response of springtails and enchytraeids exposed to copper, a metal 

that has previously been reported to cause toxic effects in these organisms. We only 

observed DNA methylation in E. crypticus and found that this was not affected by copper 

exposure, potentially because copper may affect other molecular processes that are very 

different from for instance cadmium or zinc, and therefore may not affect DNA methylation. 
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It would be an interesting future direction to test other metals to see whether specific 

metals would cause a specific stress response mechanism in terms of DNA methylation 

pattern changes. I also recommend to investigate alternative epigenetic mechanisms such 

as histone modifications. Such mechanisms are not heritable, but have already been 

observed in other organisms that lack DNA methylation, and may instead be involved in 

environmental stress response.   

Although this thesis builds on our current knowledge regarding nano-ecotoxicity, we are 

still far away from a complete understanding of multi-generation effects of NMs in the 

environment. 



 

 
 



 

 
 

 

Samenvatting 
 

Lange-termijn effecten van gefabriceerde nanomaterialen: 

bodem ecotoxicologische en moleculaire benaderingen 
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Het toegenomen gebruik van gefabriceerde nanomaterialen en hun mogelijke verspreiding 

in het milieu vereist een beoordeling van mogelijke chronische effecten op ecologische 

doelwitorganismen, inclusief het bodemecosysteem. Bodemorganismen spelen een 

cruciale rol in processen binnen het bodemecosysteem. Het gaat hierbij om processen zoals 

decompositie en het recyclen van voedingsstoffen. Bodemorganismen worden blootgesteld 

aan nanomaterialen die in de grond terecht komen, onder andere door het gebruik van 

rioolslib als meststof (een toepassing die in Nederland overigens niet is toegestaan maar in 

de meeste andere Europese landen wel) of door atmosferische depositie. Het is daarom 

essentieel om de effecten van nanomaterialen in deze groep organismen te bestuderen, 

zodat we de potentiële effecten van deze materialen in het bodem milieu beter kunnen 

begrijpen. Hierdoor kunnen ongewervelde bodemorganismen zoals regenwormen, 

pissebedden, nematoden en springstaarten worden geschaad. Negatieve effecten van 

blootstelling aan nanomaterialen kunnen zowel op fysiologisch als op genetisch en zelfs 

epigenetisch niveau optreden. Daarom zijn deze drie biologische niveaus in verschillende 

hoofdstukken van dit proefschrift onderzocht. Ik heb deze effecten onderzocht in de 

springstaart Folsomia candida (Hexapoda, Collembola) en de potworm Enchytraeus 

crypticus (Oligochaeta, Enchytraeidae). Beide soorten zijn belangrijke modelorganismen in 

de ecotoxicologie vanwege hun ecologische relevantie, gevoeligheid voor omgevingsstress, 

korte generatietijden en het gemak van kweken in het laboratorium. Fysiologische effecten 

zijn onderzocht door middel van lange-termijn multigeneratie testen voor nanomateriaal 

(NM) effecten op de overleving en reproductie van F. candida. Genetische effecten zijn 

beoordeeld door het bepalen van genexpressieprofielen bij meerdere generaties van F. 

candida blootgesteld aan twee geselecteerde nanomaterialen. Ten slotte zijn epigenetische 

effecten verkend door het bepalen van DNA-methyleringspatronen in zowel F. candida als 

E.crypticus. Samen kunnen deze drie benaderingen helpen bij het verkrijgen van een beter 

begrip van de onderliggende stress respons mechanismen bij in de bodem levende 

ongewervelde dieren. 

Als eerste heb ik de toxiciteit van vijf verschillende gefabriceerde nanomaterialen 

beoordeeld voor de springstaart F. candida. Geselecteerde nanomaterialen waren: 

wolfraamcarbide-kobalt (WCCo), koperoxide (CuO), ijzeroxide (Fe2O3), organisch pigment 

en meerwandige koolstofnanobuisjes (MWCNT's). Oplosbare koper(II)-, kobalt- en 

ijzerchloride-zouten waren als positieve controles meegenomen in de testen. Een 

gestandaardiseerde test is gebruikt waarbij is gewerkt volgens de richtlijnen van de 

Organisatie voor Economsiche Samenwerking en Ontwikkeling (OESO)  om de effecten op 

overleving en reproductie te meten. Toxiciteit is gerelateerd aan totale metaalconcentraties 

in bodem en opgeloste metaalconcentraties in het poriewater. Geen van de nanomaterialen 

had nadelige effecten op de overleving en voortplanting van de springstaarten bij 
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concentraties tot 6400 mg per kg droge grond. Blootstelling aan de als ionische referenties 

geteste Cu-, Co- en Fe-chlorides veroorzaakte een daling van 50% in springstaartreproductie 

bij concentraties van respectievelijk 981, 469 en 569 mg metaal per kg droge grond. De 

afwezigheid van directe (korte termijn-) toxiciteit van de nanomaterialen kon gedeeltelijk 

worden verklaard door de lage poriewatermetaalconcentraties, wat een lage oplosbaarheid 

of langzame oplossnelheid suggereert (Hoofdstuk 2). 

In Hoofdstuk 3 onderzocht ik de fenotypische respons van F. candida geassocieerd met 

blootstelling gedurende meerdere generaties aan CuO en WCCo nanomaterialen. Dit zijn 

twee nanomaterialen op metaalbasis, die veel worden gebruikt voor commerciële en 

industriële toepassingen. Overleving en reproductie werden in geen van vier 

opeenvolgende generaties van F. candida beïnvloed door CuO-NM in concentraties tot 

maar liefst 6400 mg Cu per kg droge LUFA 2.2. grond. WCCo had echter wel degelijk invloed 

op de overleving en reproductie vanaf de derde generatie, met EC50-waarden tussen 2400 

en 5600 mg NM per kg droge grond. Echter, populatieherstel werd waargenomen in de 5e 

en 6e generatie die in schone grond werden gehouden. Histologisch onderzoek toonde aan 

dat hoge concentraties WCCo-NM (3200 mg/kg) weefselschade en verlies van microvilli van 

de darmepitheelcellen induceerden. Dat de negatieve effecten van WCCo-NM pas tot uiting 

komen in de derde generatie, terwijl bij de twee voorgaande generaties geen 

waarneembare effecten genoteerd werden, suggereert dat de toegebrachte schade 

accumuleert van de ene generatie op de andere. Zulke multigeneratie-effecten worden niet 

meegenomen in de gangbare risicobeoordeling. 

In Hoofdstuk 4 onderzocht ik de transcriptionele respons van F. candida geassocieerd met 

blootstelling aan meerdere generaties aan CuO en WCCo NM’s. Expressie van vier 

doelgenen waarvan bekend is dat ze reageren op stress, is onderzocht met behulp van 

kwantitatieve PCR op verschillende blootstellingsniveaus (controle, 800 en 3200 mg/kg 

droge grond) en gedurende verschillende generaties. Hoewel de blootstellingsniveau ’s 

onder de toxische drempelconcentraties lagen, werd de expressie van alle genen significant 

beïnvloed als reactie op NM-blootstelling. Bovendien werd een significante interactie 

waargenomen tussen historische en huidige blootstelling en ook tussen historische 

blootstelling en generatie. We suggereren dat genexpressie-testen fysiologische 

veranderingen kunnen detecteren als gevolg van NM-toxiciteit bij blootstellingsniveaus 

zonder fenotypische (reproductie) gevolgen voor de springstaartgeneraties blootgesteld 

aan CuO nanomaterialen of de eerste generaties blootgesteld aan WCCo nanomaterialen. 

Een van de mogelijke manieren waarop effecten van stress doorgegeven kunnen worden 

naar een volgende generatie is via overerving van epigenetsiche merkers. Daarom 

onderzocht ik of fenotypische plasticiteit veranderingen veroorzaakt in epigenetische 

effecten tijdens de stress-respons van springstaarten en enchytraeën die blootgesteld zijn 
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aan koper. We wilden onderzoeken of totale cytosine en locus-specifieke CpG-methylering 

aanwezig zijn in F. candida en E. crypticus. Tevens wilden we achterhalen of 

methyleringspatronen, indien aanwezig, beïnvloed worden door blootstelling aan toxische 

concentraties. LC-MS/MS-analyses en bisulfietsequencing werden uitgevoerd om CpG-

methylering van de organismen te bepalen. We toonden voor de eerste keer een totaal 

niveau van 1,4% 5-methylcytosine methylering aan in het genoom van E. crypticus en 

afwezigheid van zowel totaal cytosine als locus-specifieke CpG methylering in F. candida. In 

E. crypticus werd methylering van CpG-sites waargenomen in de coderende sequentie (CDS) 

van het huishoudgen elongatiefactor 1-alfa (Ef1α), terwijl cytosine-methylering in de CDS 

van het stress-induceerbare Heat Shock Protein 70-gen (HSP70heel laag was. Dit bevestigde 

eerdere waarnemingen dat cytosine-methylering verschilt tussen huishoud- en stress-

induceerbare genen in ongewervelde dieren. Deze patronen werden echter niet beïnvloed 

door blootstelling van E. crypticus aan koper (II) sulfaatpentahydraat (CuSO4·5H2O) 

gemengd met LUFA 2.2. grond bij sub-letale effectconcentraties die de reproductie met 

10%, 20% en 50% verminderden (Hoofdstuk 5). Hoewel verschillen in CpG-

methyleringspatronen tussen specifieke loci een functionele rol suggereren voor DNA 

methylering in E. crypticus, is genoom-brede bisulfietsequencing nodig om te verifiëren of 

omgevingsstress dit epigenetische mechanisme daadwerkelijk beïnvloedt. 

Met dit proefschrift is onze kennis over toxiciteit en milieurisico’s van verschillende 

gefabriceerde nanomaterialen voor het bodem-ecosysteem belangrijk toegenomen. Verder 

draagt dit proefschrift bij aan een beter begrip van de effecten van langdurige NM-

blootstelling door een uitgebreide analyse van de fenotypische en transcriptionele 

responsen die zijn geassocieerd met NM-blootstelling over meerdere generaties. We 

hebben ontdekt dat geen van de geselecteerde gefabriceerde nanomaterialen nadelige 

effecten heeft op de overleving en reproductie van springstaarten na blootstelling 

gedurende een enkele generatie. Nadelige effecten waren zelfs niet zichtbaar bij 

concentraties zo hoog als 6400 mg/kg droge grond: een concentratie die aanzienlijk hoger 

is dan de te verwachten concentratie in het milieu. Hiermee lijken onze resultaten de zorgen  
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over mogelijke effecten van nanomaterialen op de bodemfauna weg te nemen. Echter, een 

blijvende zorg is dat blootstelling aan nanomaterialen op de lange termijn (bij blootstelling 

over meerdere generaties) wel negatieve milieueffecten kan hebben als gevolg van de 

opname van nanomaterialen door organismen en de lotgevallen van nanomaterialen in het 

milieu. Lange-termijn effecten van nanomaterialen kunnen ook van invloed zijn op lagere 

niveaus zoals celweefsels, genexpressie en epigenetica. Dit kan vervolgens leiden tot 

schadelijke effecten op organismeniveau en wellicht zelfs op populatieniveau. Onze 

resultaten hebben ons bijvoorbeeld geleerd dat nadelige effecten van nanomaterialen soms 

pas optreden na een aantal opeenvolgende generaties zonder dat er hierbij waarneembare 

effecten waren opgetreden in eerdere generaties. Dit suggereert dat de toegebrachte 

schade accumuleert van de ene generatie op de andere. Zulke multigeneratie-effecten 

worden niet meegenomen in de gangbare risicobeoordeling van stoffen. De mogelijkheid 

dat schade zich over meerdere generaties kan ophopen, vereist dus meer aandacht bij de 

risicobeoordeling van (persistente) stoffen. 

Verder suggereert de waargenomen inductie van stress-respons genen bij 

blootstellingsniveau ’s waarbij nog geen fenotypische effecten optraden, dat het gebruik 

van moleculaire benaderingen zoals genexpressie-testen, geschikt is om te testen of 

organismen daadwerkelijk worden beïnvloed door blootstelling aan gefabriceerde 

nanomaterialen.  

Ik raad aan om multigeneratie-testen uit te voeren voor toxische stoffen zoals 

nanomaterialen, die nieuw en moeilijk te beoordelen zijn, aangezien lange-termijn gedrag 

van nanomaterialen in de omgeving vrijwel onbekend is en omdat de meeste 

nanomaterialen naar verwachting niet afbreekbaar zijn en gedurende langere tijd in het 

milieu aanwezig zullen blijven. Gezien de complexiteit van de (lange-termijn) lotgevallen 

van nanomaterialen in het milieu en de daaropvolgende toxische effecten, stel ik ook voor 

om meer dissolutie- en bioaccumulatiestudies te doen in plaats van reproductie-testen, 

omdat dergelijke studies meer informatie zullen verschaffen over het lot en gedrag van 

nanomaterialen op de lange termijn.   

Ten slotte, als alternatieve benadering op bovenstaande genoemde onderzoeksmethoden, 

heb ik onderzocht of epigenetica-gemedieerde fenotypische plasticiteit (d.w.z. DNA 

methylering in dit proefschrift) een rol speelt in de stressrespons van springstaarten en 

enchytraeën blootgesteld aan koper, een metaal waarvan eerder is aangetoond dat het 

toxische effecten veroorzaakt bij deze organismen. Ik nam alleen DNA methylering waar in 

E. crypticus en merkte hierbij op dat dit niet werd beïnvloed door blootstelling aan koper. 

Een mogelijke verklaring hiervoor is dat koper andere moleculaire processen kan 

beïnvloeden, die heel anders zijn dan de processen die optreden na blootstelling aan 

bijvoorbeeld cadmium of zink en dat koper daarom mogelijk geen invloed lijkt te hebben op 
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DNA methylering. Het zou interessant zijn om in de toekomst andere metalen te testen om 

te zien of specifieke metalen een specifiek stressrespons mechanisme veroorzaken met 

betrekking tot veranderingen in DNA methyleringspatronen. Ik raad ook aan om 

alternatieve epigenetische mechanismen, zoals histon-modificaties, te onderzoeken, omdat 

dergelijke mechanismen al zijn waargenomen bij andere organismen die geen DNA 

methylering hebben. Hoewel niet overdraagbaar naar de volgende generatie, kunnen zulke 

alternatieve mechanismen mogelijk betrokken zijn bij de stressrespons van organismen. 

Hoewel dit proefschrift voortbouwt op onze huidige kennis over nano-ecotoxicologie, zijn 

we nog ver verwijderd van een volledig begrip van multi-generatie effecten van 

nanomaterialen in de omgeving. 
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