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Stellingen 

1. Het gebruik van hsp60 als biomarker kan niet leiden tot een valide uitspraak omtrent 
het ecotoxicologische effect van chemische stoffen; een goede interpretatie kan alleen 
verkregen worden indien hsp60 wordt opgenomen in een reeks van andere 
biomarkers. 

Dit proefschrift 

2. Het verloop van de hsp60 respons bij toenemende stress wordt correct beschreven 
door een optimum curve en niet door de klassieke dosis/concentratie respons curve. 

Dit proefschrift 

3. De termen stress eiwitten en heat shock proteins worden vaak -ten onrechte- door 
elkaar gebruikt. 

Hightower (1993) Marine Environ. Res. 35: 79-83. 

4. Voor ecotoxicologische risico-analyses hebben multigeneratie experimenten een 
duidelijke meerwaarde vergeleken met de enkele generatie experimenten door de 
detectie van mogelijke trade-offs tussen levenscyclusonderdelen en fitness 
consequenties op langere termijn. 

Dit proefschrift 

5. Mensen en een aantal pathogenen hebben gemeenschappelijk dat ze hun 
leefomgeving eerst koloniseren, dan exploiteren ten behoeve van zichzelf en 
uiteindelijk in een deplorabele staat achterlaten. 

6. No one sees the man who climbs the mountain until he reaches the top 
Shona Ama 

7. A man who knows how little he knows is well, a man who knows how much 
he knows is sick. 

Lao Tzu 

8. Voor de meeste d.j.'s op radio 3 is het ten gehore brengen van muziek slechts een 
bijzaak. 

Stellingen behorend bij het proefschrift getiteld: 'Metal stress in free-living 
nematodes', door Marie-Jose Arts. 

Wageningen, 21 december 2001 
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CHAPTER 1 

Introduction 

The term 'ecotoxicology', as introduced in 1977 by Truhaut, reflects a growing concern 
about the effects of environmental chemicals upon species other than man. Ecotoxicology 
roots from several disciplines like toxicology, ecology, biochemistry and environmental 
chemistry and aims to detect, monitor and predict the effects of contaminants on ecosystems 
(Forbes and Forbes, 1994). Whereas classical toxicology focuses upon effects of xenobiotics 
on the individual level and their sites of action, ecotoxicology is concerned with the ultimate 
effects at higher organisational levels such as populations and ecosystems. 

Short-term acute toxicity tests provide information on mortality effects. However, these 
tests have little or no predictive value for chronic exposure at lower dose levels. Realising 
that mortality is too coarse a measure for toxicity, alternatives have been explored and new 
methodologies developed. Apart from sublethal effects on organisms, such as inhibition of 
growth or reproduction, biomarker responses are now often used as ecotoxicological 
endpoints. 

1.1 The use of biomarkers 

Detection of biomarkers provides a powerful tool for the early assessment of exposure and/or 
effect of environmental contaminants at the below-individual level (Van Gestel and Van 
Brummelen, 1996). Changes at the biochemical level are usually the first detectable 
responses to environmental perturbation. Because these alterations underlie all effects at 
higher organisational levels (see Fig.l), they can be helpful tools in ecotoxicological risk 
assessment. In line with the ecotoxicological literature, we focus the term biomarker further 
to the detection of molecular, biochemical, physiological or cellular alterations in organisms 
following exposure to pollutants (Peakall and Shugart, 1992; Deplegde and Fossi, 1994). 

Biomarkers of exposure are those that indicate exposure of the organisms to xenobiotic 
agents, but do not give information about the degree of adverse effect that this change causes. 
Biomarkers of effect are those which demonstrate an adverse effect on the organism or can be 
associated with an established or possible health impairment or disease. The fact that the 
relationship between the biomarker of exposure and an adverse effect is not clear-cut does not 
invalidate the use of that biomarker. A biomarker can answer the question if there is an 
environmental pollutant or pollutants present at a sufficiently high concentration to cause an 
effect. If the answer is positive, further investigation to assess the nature and degree of 
damage and the causal agent or agents is justified. If negative, it means that additional 
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resources do not have to be invested. In this way biomarkers can act as an important 'early-
warning' system. Both specific and non-specific biomarkers are valuable in environmental 
risk assessment. Non-specific biomarkers can assess the health of the organism in general 
(Walker et al, 1996). 

effect 
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Figure 1: Schematic representation of different organisational levels in ecotoxicology, varying from very low 
(biomarker) to the highest (ecosystem) with increasing ecological relevance. 

A major advantage of the application of biomarkers is that they tend to be more sensitive, 
more highly conserved and often easier to measure than stress indices commonly examined at 
the organismal level, such as inhibition of growth, changes in rate of development and 
reduced reproduction (Sanders, 1990). Biomarkers have the advantage of measuring the 
actual effective fraction of pollution that affects an organism by integrating multiple exposure 
routes over a given time interval and for any given number of pollutants (Bierkens, 2000). 
However, there are some limitations, inherent in the use of biomarkers as indicators of toxic 
stress, such as (i) the sensitivity of the biomarker response to various natural biotic and 
abiotic conditions, which are referred to as confounding factors, and (ii) the transiency of the 
biomarker response. After exposure to contaminants, the initial induction of some biomarkers 
may fade away, thus obscuring the applicability of biomarkers in the field to assess the 
history of exposure or effect. On the other hand, other biomarkers may be induced for 
extended periods as long as the exposure continues, thus enhancing field applicability. Most 
research on biomarkers focuses on understanding the responses at lower levels of biological 
organisation such as molecules, cells and individuals. However, contaminants can exert their 
effects at all levels of biological organisation from molecules to ecosystems (see Fig. 1). 
Because it is very difficult to make a substantive linkage between biomarker responses and 
changes at higher orders of biological organisation, it is advocated that one seeks for probable 
correlations between a biomarker response and an individual- or population-level effect 
(Kammenga et al, 2000). For instance, a relationship was found between biomarker 
responses and demographic parameters under laboratory conditions (Kohler et al, 1998). In 
the field these correlations are extremely difficult to reveal, because one should recognize the 
biomarker response transiency, its normal fluctuation under ambient conditions and the 
influence of climatic variations and life stage (Kammenga et al, 2000). 
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1.2 Stress proteins 

If we select as biomarker cellular and biochemical events which are intimately involved in 
protecting and defending the cell from environmental insults, we have ideal candidates for 
biomarkers of exposure and possibly of effect (Sanders, 1990). Cells dramatically alter their 
gene expression in response to environmental stress, attempting to protect themselves from 
damage and to repair existing damage (Schlesinger et al, 1982). This response is called the 
cellular stress response and it can be elicited by a variety of chemical, physical and biological 
stressors. Changes in gene expression associated with the stress response are extremely rapid 
and result in the induced synthesis and accumulation of stress proteins. 

The stress proteins can be divided into three major groups: (i) the heat shock proteins (hsps) 
whose synthesis is dramatically increased by temperature shock and a variety of other 
stressors, (ii) the glucose regulated proteins (grps) whose synthesis is increased in cells 
deprived of either glucose or oxygen, (iii) stressor-specific stress proteins, induced by a 
specific set of chemical or physical conditions and not substantially increased by heat. Hsps 
and grps are closely related, having similar biochemical and immunological characteristics 
and sharing considerable homology between families. In many instances, the synthesis of 
these two groups of stress proteins seems to be inversely regulated, e.g. cells deprived of 
glucose have increased synthesis of grps and a concomitant decreased synthesis of hsps. 
Stressor-specific stress proteins are part of the cell's immediate stress response, but not part 
of the cell's protective system in response to general cellular damage. As a consequence, this 
group of stress proteins does not encompass a homologous group of proteins and is not 
related functionally or structurally to either of the two other groups of stress proteins. To the 
stressor-specific stress proteins belong the metallothioneins and the enzyme heme oxygenase 
(Sanders, 1990). 

1.3 Heat shock proteins (hsps) 

The majority of papers published on hsps deal with diagnostic or prognostic studies in the 
medical field. The heat shock response is a fundamental aspect of cellular physiology in 
which exposure to a stressor results in a dramatic redirection of metabolism, such that this 
suite of stress proteins is rapidly synthesized and the synthesis of other cellular proteins is 
repressed (Lindquist, 1986). The heat shock response was initially discovered in the fruit fly 
Drosophila melanogaster salivary glands upon exposure to elevated temperature (Ritossa, 
1962) and identified by Tissieres et al. (1974). It has been found in all organisms examined to 
date and the genes which encode the hsps and the hsps themselves are remarkably conserved, 
from bacteria to man (Schlesinger et al., 1982). Collectively, the hsps comprise a group of 
stress proteins whose rates of synthesis rise sharply following an increase in temperature to 3-
10°C above the ambient temperature of the organism involved (heat shock). However, most 
hsp families can be induced by a variety of stressors including heavy metals, xenobiotics, 
teratogens, uv radiation (an overview can be found in Nover, 1991 and Sanders, 1993). Many 
hsps are constitutively expressed. Their presence in unstressed cells suggests that they play a 
role in the cell's basic physiology (Sanders, 1990). Some of these constitutively expressed 
hsps (sometimes called heat shock cognates (hscs)) are upregulated proportionately to the 
degree of stress (e.g. Sato et al, 1993). Other isoforms (hsp72 being the most prominent 
among them) are believed to be synthesized only when the cell is exposed to adverse 
conditions and yet others show a stress-modulated expression (e.g. Mizzen and Welch, 1988; 
Chen et al, 1992). Both cognates and stress-inducible hsps share common functions as 
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molecular chaperones (Ellis, 1987). They for example assist in the transport (in an unfolded 
state across intracellular membranes), folding and assembly of newly synthesized proteins. 
The same or similar hsps also help to rescue damaged or misfolded proteins and to refold 
them correctly, while severely damaged proteins are escorted away for proteolysis (Parsell 
and Lindquist, 1993). The common signal elicited by all hsp-inducing stressors involves an 
abnormally high concentration of damaged/aggregated proteins within cells, a phenomenon 
generally referred to as 'proteotoxicity' (Hightower, 1993). Hsp biomarkers give an 
integrated response summarizing the total proteotoxic damage caused within the target 
organism or organism tissue. The involvement of chaperones in so many key cellular 
functions renders the hsp system exquisitely sensitive to many different pertubations. 

Although the number of hsps induced by a certain stressor and the exact size of hsps are 
both tissue and species specific, most classes are found in all eukaryotes. Based on their 
molecular weight, hsps can be classified into different families: A heterogeneous group of 
low molecular weight hsps (LMW; 15-40 kDa), a group of about 60 kDa called chaperonins 
(hsp60, stress-60, cpn60; 55-65 kDa), the family of about 70 kDa (hsp70, stress-70; 66-78 
kDa), 90 kDa (hsp90, stress-90; 79-98 kDa) and high molecular weight stress proteins 
(HMW; 100-110 kDa). Additionally, a small protein of 7 kDa, ubiquitin, which is involved in 
nonlysosomal degradation of intracellular proteins and a protein of 10 kDa, associated with 
hsp60, are usually assigned to the hsps. In eukaryotes, each hsp is the member of a multigene 
family, regulated by different promotors and coding for closely related protein isoforms 
(Lindquist, 1986). 
Below the hsp90, hsp70 and LMW hsps will be briefly discussed. The emphasis will lay on 
the hsp60 family, because this family plays the major role in the present thesis. 

Hsp90 (stress-90; 79-98 kDa) 

Under normal conditions, hsp90 modulates many cellular activities by binding to target 
proteins, forming an inactive or unassembled complex (Gething and Sambrook, 1992). These 
target proteins include enzymes, hormone receptors and components of the cytoskeleton. 
Upon exposure to environmentally stressful conditions, the synthesis of hsp90 increases and 
may redirect cellular metabolism to enhance tolerance. However, the specific mechanisms 
involved have not been identified (Sanders, 1993). Given the normal abundance of hsp90 and 
its limited induced synthesis upon exposure to stress, it may not have a great deal of potential 
as a biomarker for general stress (Sanders, 1990). 

Hsp70 (stress-70; 66-78 kDa) 

The ubiquitous hsp70 family is the most highly conserved and the largest of all the hsp 
families; it also has been the most extensively studied. Members of the hsp70 family are 
found in several subcellular compartments. Primarily, they bind to target proteins to modulate 
protein folding, transport and repair (Sanders, 1993). In addition to these roles in protein 
homeostasis, hsp70 is also involved in gene regulation through interactions with transcription 
factors (Panniers, 1994). Under adverse environmental conditions, the hsp70 synthesis 
increases and some hsp70 members are newly induced (e.g. hsp72) (Mizzen and Welch, 
1988). Hsp70 is an excellent candidate for a biomarker for general stress (Sanders, 1990) and 
has been subjected to many environmental studies. 

10 
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Hsp60 (stress-60, chaperonin(-60), cpn60; 55-65 kDa) 

The chaperonin family is found in eubacteria and in eukaryotic cells, almost exclusively in 
organelles which are probably of endosymbiotic origin (mitochondria, chloroplasts) 
(Hemmingsen et al, 1988). Hsp60 is homologous to the bacterial GroEL and the Rubisco 
Subunit Binding Protein (RuSBP) of chloroplasts (Reading et al, 1989). It is a nucleus 
encoded, constitutively expressed protein. As a molecular chaperone, hsp60 also binds target 
proteins to facilitate folding and assembly (see Fig. 2); however, unlike hsp70, binding seems 
to involve side-chain hydrophobicity (Flynn et al, 1991). As a consequence, the same 
peptide binds to chaperonin in a conformation different from that of hsp70, suggesting that 
these two hsp families perform different folding functions. Furthermore, unlike hsp70, which 
binds to target proteins as a monomer, chaperonin forms an oligomeric complex which is 
arranged as two stacked heptameric rings of identical or closely related rotationally 
symmetric 60 kD subunits that form a central cavity (Hendrix, 1979; Hohn et al. 1979; 
McMullin and Hallberg, 1988). Under normal conditions, this complex binds incompletely 
folded proteins in its central cavity, directs the folding peptide to the correct conformation 
and prevents aggregation of incompletely folded proteins until they are competent for 
oligomer assembly (Gething and Sambrook, 1992). In most cases, ATP and a single 
heptameric ring of 10 kDa subunits (hsp 10) are required for folding of the polypeptide 
intermediates and release from the chaperonin (Martin et al, 1991). Under adverse 
environmental conditions that cause an increase in protein denaturation, the synthesis of 
chaperonin increases. It takes on an additional role during protein repair by binding to 
damaged proteins to help refold them to their native conformation. Increased levels of 
chaperonin also can protect against protein denaturation and aggregation (Martin et al, 
1992). However, unlike hsp70, chaperonin is not able to break up existing aggregates 
(Gething and Sambrook, 1992). Hsp60 also facilitates the translocation of oligomeric proteins 
into the mitochondria and chloroplasts of eukaryotes (Cheng et al, 1989). Because it is 
highly conserved and its synthesis is increased in stressed cells, it is a good candidate as a 
biomarker for general stress (Sanders, 1990). 
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Figure 2: Illustration of the putative roles of chaperonin and hsp70 molecules during the import of mitochondrial 
precursors, their subsequent folding in the mitochondrial matrix and their reexport to the intermernbrane space 
(Gething and Sambrook, 1992). 
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The expression of the mitochondrial hsp60 has been subject to biomarker studies concerning 
soil invertebrates. Sanders et al (1994) mentioned the elevation of the chaperonin level by 
increased temperature in the earthworm Eisenia fetida. Marino et al. (1999) reported 
upregulation of hsp60 in transplanted but not in resident populations of the earthworm 
Lumbricus rubellus in metal contaminated soils in laboratory experiments. Exposure to 
metals (zinc, lead and cadmium) slightly increased the hsp60 level in the supernatant of 
homogenates of the slug Deroceras reticulatum, the diplopod Julus scandinavius and the 
isopods Oniscus asellus and Porcellio scaber, but in comparison to hsp70 the biomarker 
response to metal exposure was much less sensitive (Eckwert et al, 1997). 

Sometimes another protein family that may participate in protein folding in the cytoplasm is 
assigned to the chaperonin family. Two members of this family have been identified: one is a 
major heat-inducible protein referred to as TF55, whose synthesis correlates with 
thermotolerance in the thermophilic archaebacterium Sulfolobus shibatae. The other member 
of this family, t-complex polypeptide 1 (Tcp-1), is an ubiquitous eukaryotic cytoplasmic 
protein involved in mitotic spindle formation. Remarkably, although there is little amino acid 
sequence similarity with chaperonin, Tcp-1 forms a large oligomeric complex of two nine-
membered rings comprised of identical 55-kDa subunits that is highly reminiscent of the 
chaperonin complex (Gupta, 1990; Trent et al, 1991). Although the similarity in quaternary 
structure to chaperonin lends strong support that this protein family may play a role in protein 
folding and assembly, Tcp-1 synthesis is not induced by heat and at this point it cannot be 
classified as a cytoplasmic chaperonin (Ursic and Culbertson, 1992). 

Low molecular weight hsps (LMWs; 15-40 kDa) 

This group of hsps is more diverse, more species specific and less highly conserved 
compared to the other major hsp families (Nover, 1991). However, all members of this hsp 
family examined share homology to the a-crystalline lens protein and share with that protein 
the ability to form higher order structures of approximately 500.000 kDa (Arrigo and Welch, 
1987). Unlike hsp90, hsp70 and hsp60, the LMW hsps are not synthesized under normal 
conditions. Their synthesis is strictly induced under adverse environmental conditions and is 
regulated during development and differentiation by several hormones (Lindquist, 1986). 
However, little is known regarding their specific cellular function (Sanders, 1993). Since they 
are highly species specific and regulated by a number of factors besides exposure to stressors, 
their use as a biomarker for general stress may be misleading and of limited value (Sanders, 
1990). 

The sensitivity of the hsp response to induction by a wide variety of chemical and/or 
physical stressors makes it attractive to ecotoxicologists. However, screening for only one 
particular hsp family may not provide a sufficiently sensitive bioindicator for a wide range of 
pollutants, because different agents induce different hsp families and with widely differing 
efficiencies. Furthermore, some physiological extremes can activate hsp genes, leading to 
elevated expression of hsps in the absence of any deleterious chemical/physical stressors. 
Therefore, hsp biomarkers need to be evaluated alongside other biomarkers to determine their 
predictive value and ecological relevance (De Pomerai, 1996). Except for the problems of hsp 
biomarkers concerning confounding factors, also transiency is a reason not to apply the hsp 
biomarker solely but rather to include it in a suite of other biomarkers. The inclusion of hsps 
in a biomarker set is necessary if the aim is also to register the adverse effects of nonchemical 
stressors (e.g. temperature), which in concert with the chemical pollution determine the actual 
and therefore ecologically relevant stress situation in field sites (Kammenga et al, 2000). 

12 
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1.4 Nematodes as target organisms 

Terrestrial invertebrates offer meaningful targets for assessing the potential adverse effects 
of chemicals on soil ecosystems. Invertebrates play a major role in the functioning of the soil 
ecosystem by enhancing the soil structure, mineralization and the decomposition of organic 
material. Furthermore, they are an important chain in the foodweb, because they cover many 
trophic levels: From protozoan, algae, bacterial, fungal and plant feeders to predators. 
Usually, they serve as a food source for (other) predators. Furthermore, they represent a 
major component of all animal species in soils and often are present in high population 
densities (Kammenga et al, 2000). 

The most dominant group of terrestrial invertebrates, in fact of all multicellular organisms 
on earth, are nematodes, also called threadworms or roundworms. Nematodes are usually 
small (0.2-2 mm), transparent and present in almost every habitat on earth. In soil, they 
usually occur in high abundances (several million per m2) and a considerable species 
diversity (20-60 per sample), depending on soil structure (including organic matter content 
and pH), texture and vegetation (Sohlenius, 1980). They are representative of soil samples in 
which they are found as a consequence of their low mobility. Although the main interest in 
terrestrial nematodes originates from the harmful effects some plant parasitic nematodes can 
exert on agricultural crops, there are many other nematode species contributing to soil 
fertility by influencing decomposition and mineralization (Anderson et al, 1981; Ingham et 
al, 1985). Nematodes play a prominent role in terrestrial food webs (De Ruiter et al, 1995). 

Nematodes belonging to the terrestrial bacterial feeders inhabit the interstitual water of soil 
particles (Houx and Aben, 1993). Therefore, they are subjected directly to the dissolved 
fraction of contaminants in soils, apart from being subjected indirectly via the foodsource. 
This means that as an indicator of exposure, the biomarker response in these free-living 
nematodes is predominantly directly related to the bioavailable fraction of pollutants in soils. 
After extraction from the soil, many of these terrestrial bacterivorous nematodes can easily be 
reared in the laboratory in growth media or on agar plates with bacteria as foodsource. 

One of the examples of such a free-living terrestrial bacterivorous nematode species, easy 
to rear in the laboratory, is Plectus acuminatus (Nematoda, Torquentia, Plectidae) Bastian 
1865. This is a parthenogenetic species, though males do very rarely occur, with an egg-to-
egg period of approximately 3 weeks and a life span of about 3 months. It is ubiquitous in the 
moderate regions of the world and occurs in soils in the Netherlands (Bongers, 1988) and the 
UK (Arts, unpublished). It is a suitable species for toxicity tests (Kammenga et al, 1996a). 
This nematode species has already been used in studies focusing on the lethal and sublethal 
effects of toxicants, including the metals copper and cadmium (Kammenga et al, 1994; 
Kammenga and Riksen, 1996; Kammenga et al., 1996a and 1996b). So far, there are no 
reports on hsp responses in this nematode species, except for the ones deriving from this 
thesis. 

Another example of a free-living terrestrial bacterivorous nematode species, easy to rear in 
the laboratory, is Caenorhabditis elegans (Nematoda, Secernentea, Rhabditidae) Maupas 
1899, the most investigated nematode species in laboratory experiments that exists. C. 
elegans strain N2 has originally been extracted from soil from the area of Bristol, UK. It has 
been reared and maintained in the laboratory for decades with E. coli as foodsource. C. 
elegans can also be reared axenically in liquid media. It is a self-fertilizing hermafrodite, 
though males do occur in low frequency. It is homozygous and doesn't suffer from any 
inbreed depression. Its life cycle is very short with an egg-to-egg period of nearly 3 days and 
a total life span of about 20 days at 20°C (Wood, 1988). Therefore, this nematode species is 
very suitable to study life-cycle traits and perform multi-generation experiments. 

13 
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1.5 The BIOPRINT II project 

The main part of the present research was incorporated in the BIOPRINT II project funded 
by the European Union. The main objective of this project was the validation of biochemical 
fingerprint techniques for assessing the exposure and effect of toxicants on soil invertebrates 
in the field (Kammenga and Simonsen, 1997; Kammenga et al, 2000). To achieve this goal, 
the induction of biomarker responses in several soil invertebrate species of different trophic 
levels was studied in (i) field populations and (ii) translocated laboratory specimens exposed 
to polluted soils on site using a range of developed and novel bioassay techniques. The 
selected polluted field area where all biomarkers were evaluated simultaneously was the 
Avonmouth area, situated in the UK near the Severn estuary not far from Bristol (see Fig. 3). 
The Avonmouth area is subject to high levels of aerial metal input, principally from a primary 
cadmium, lead and zinc smelter (see Fig. 4). This area is very suitable for invertebrate 
biomarker testing due to the extensive knowlegde of the status of invertebrate populations 
from past (and present) studies and the presence of suitable field sites. Previous studies of soil 
contamination in the Avonmouth area have indicated that there is an elevation of metal 
concentrations in soils at sites up to 15 kilometers downwind of the smelter, with the degree 
of metal contamination decreasing exponentially with distance from the factory (Spurgeon 
and Hopkin, 1995 and 1996)(see Fig. 5). The most important pollutants are zinc, cadmium, 
copper and lead. For the BIOPRINT II project, seven sites were selected along the metal 
gradient, located in grassland areas and oak stands. For an extensive description of the area, 
the selected sites, their properties and contaminant concentrations see Filzek et al. (in press). 

To incorporate a potential suitable nematode biomarker in the suite of biomarkers of the 
BIOPRINT II project, we first have selected an hsp biomarker in a free-living bacterivorous 
nematode species upon metal exposure in laboratory experiments. This biomarker in this 
nematode species should be applicable in metal polluted field situations both in the 
Netherlands and in the UK. Because C. elegans has not been found in soils in the Netherlands 
yet (Bongers, 1988), P. acuminatus has been selected for this purpose. In order to measure 
the hsp response in a nematode species in field experiments, transplantation of the animals is 
necessary, because it is impossible to determine nematodes to the species level without 
killing or at least heavily stressing them. C. elegans has not been retrieved after 
transplantation into the field (see chapter 4), making this species unsuitable for the in situ bio-
assays in the field. C. elegans has been chosen, however, for the multi-generation experiment, 
because of its fast generation time. In this experiment, the effect of cadmium on fitness after 
consecutive generations is studied to assess long-term population level effects imposed by 
this metal. 

* 

Figure 4: The pollution source: A primary cadmium, 
lead and zinc smelter 

- Figure 3: Location of the Avonmouth area in the UK 
indicated by the black arrow 
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Figure 5: Metal concentrations in surface soils in the Avonmouth area (UK). Metal concentrations are in ugg 
dry weight surface soil, distances in kilometers. A: zinc, B: lead, C: copper, D: cadmium. 

Scope of the thesis 

The purpose of this thesis is to evaluate metal stress in free-living terrestrial bacterivorous 
nematodes by measuring the response on the one hand at a very low organisational level 
(biomarker response) and on the other hand at a high organisational level (fitness 
consequences at the population level after consecutive generations). 

For the biomarker response, first, the most sensitive hsp biomarker for metal exposure in 
the nematode species P. acuminatus is selected in the laboratory. Because both the hsp70 and 
hsp60 family are generally the most promising as potential biomarkers for monitoring 
environmental pollution (Sanders, 1990), our attention is focused on analyzing the response 
of these two hsp families in P. acuminatus (chapter 2). In this chapter these responses are 
determined qualitatively by two dimensional gel electrophoresis and Western blotting. After 
identifying the potentially most sensitive hsp response to metal exposure and the most 
suitable antiserum to detect this protein response, in chapter 3 the selected hsp60 response 
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has been further investigated quantitatively, at the protein level as well as at the mRNA level 
after exposure to various metals. The mRNA response may be more sensitive and 
reproducible compared to the protein response and is therefore worth considering. In this 
chapter, also the hsp60 mRNA sequence and its deduced amino acid translation are 
elucidated for P. acuminatus. In chapter 4, the application of the hsp60 biomarker in P. 
acuminatus is evaluated in an in situ bio-assay in the field experiment along the metal 
gradient near Avonmouth. 

However, the outcome of short-term toxicity studies, such as the hsp responses described in 
this thesis, may not be used for predicting long-term demographic effects. Because effects at 
the population level are mediated through effects on fitness, the change in fitness under metal 
stress in a multi-generation experiment is studied using the nematode C. elegans (chapter 5). 
The strong advantage of testing multiple generations instead of one generation is the 
detection of possible trade-off mechanisms among life-history traits and fitness 
consequences, thus eliciting the probable course of the final consequences of chronic metal 
stress on the existence of the population. 
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CHAPTER 2 

Hsp60 as a potential biomarker of toxic stress in the nematode 
Plectus acuminatus* 

ABSTRACT - The induction of heat shock proteins (hsps) in the nematode Plectus 
acuminatus (Nematoda; Plectidae) was studied following exposure to heat, to copper chloride 
and to cadmium chloride. Mini two-dimensional polyacrylamide gel electrophoresis was used 
for protein separation. Poly- and monoclonal antibodies raised against hsp70 or hsp60 in 
various organisms were used to detect the respective hsps by immunoblotting. Both hsp60 
and hsp70 could be identified after exposure of the nematodes to heat, indicating the broad 
cross reactivity among species to the antibodies used. The monoclonal antibody LK-2 was 
selected for further investigation with the hsp60 response to metals. The induction of hsp60 
in P. acuminatus was related to increased concentrations of cadmium and copper chloride. 
For copper chloride, the induction of hsp60 was 3 orders of magnitude more sensitive than 
was the EC20 for reproduction; for cadmium chloride, the hsp60 induction was 2 orders of 
magnitude more sensitive. The hsp70 response in P. acuminatus was also elevated after 
exposure of the nematodes to cadmium and copper chloride, but this response was relatively 
weak compared to the hsp60 response. The results point out that hsp60 induction occurred at 
concentration levels that are realistic for the field situation. It is therefore suggested that 
hsp60 may be suitable as a potential biomarker to metal stress in P. acuminatus. 

•Based on: Kammenga, J.E., Arts, M.S.J, and Oude-Breuil, W.J.M. (1998). HSP60 as a 
potential biomarker of toxic stress in the nematode Plectus acuminatus. Archives of 
Environmental Contamination and Toxicology 34, 253-258. 
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2.1 Introduction 

Increased attention is paid to the application of heat shock proteins (hsps) as versatile 
biomarkers to toxicant stress in various organisms. The hsps are a group of proteins within 
the large family of stress proteins which, apart from hsps, include metal binding proteins, 
heme oxygenase and glucose related proteins (Sanders, 1990). The hsps are relatively small 
proteins and can be classified according to their apparent molecular weight of which hsp90 
(79-98 kDa), hsp70 (66-78 kDa) and hsp60 (55-65 kDa) are well known representatives 
(Sanders, 1993). Within the cell, hsps are molecular chaperones that mediate the correct 
assembly of other polypeptides (Ellis and Van der Vies, 1991). The mitochondrial hsp60 was 
shown by Martin et al. (1992) to form complexes with various polypeptides in organelles 
exposed to heat stress. They suggested a general mechanism in which hsp binding to a native 
reductase in the course of denaturation prevented its aggregation and restored the refolding at 
increased temperatures. 

The value of hsps as suitable biomarkers in ecotoxicology was pointed out by various 
authors and, depending on the species studied, both hsp60 and hsp70 appeared to be useful. 
Sanders et al. (1991) and Cochrane et al. (1991) reported on the induction of hsp60 to copper 
in the blue mussel Mytilus edulis and the rotifer Brachionus plicatilis respectively. Kohler et 
al. (1992; 1996) found hsp70 induction by heavy metals in the isopod Oniscus asellus and the 
slug Deroceras reticulatum. Also Williams et al. (1996) reported on the accumulation of 
hsp70 in gills of rainbow trout exposed to metal-contaminated water. 

Few papers have focussed on the use of hsp induction in nematodes as a potential 
biomarker for toxic stress. Nematodes play a vital role in decomposition processes and are 
widely abundant in many different soil types. Within ecotoxicology, different nematode 
species have been used to assess the impact of toxicants on either lethal or sublethal 
parameters (Donkin and Dusenbery, 1993; Kammenga et al., 1996a; Van Kessel et al, 1989). 
At present, the nematode Caenorhabditis elegans has been used as a model organism for hsp 
detection after exposure to various stressors. Differential expression of hsp70 to heat and 
cadmium has been recorded in transgenic strains carrying a lacZ reporter gene fused to a hsp 
promoter sequence (Stringham and Candido, 1994; Guven and De Pomerai, 1995). 

To further assess the suitability of the hsp response in nematodes, we investigated the hsp60 
and hsp70 induction in Plectus acuminatus (Nematoda; Plectidae) Bastian 1865. P. 
acuminatus is a free-living species (i.e. not associated with plant roots or fungi) and is 
ubiquitous in various soils (De Goede et al., 1993). It feeds on bacteria and reproduces 
parthenogenetically. P. acuminatus has already been used in studies focussing on the 
sublethal effect of toxicants at the population level and recently a soil toxicity test was 
developed in standardised soil (Kammenga et al, 1996b). 

In this chapter we investigate the suitability of the hsp response as a potential biomarker in 
P. acuminatus exposed to heat stress, copper and cadmium using mini two-dimensional 
polyacrylamide gel electrophoresis (2D-PAGE) and antibody staining. Mini 2D-PAGE has 
succesfully been used to identify a large number of proteins in plant-parasitic nematodes (De 
Boer, 1996). The use of 2D-PAGE enabled us to study possible isoforms of the hsps induced. 
The application of immunological techniques for measuring stress protein induction appears 
to be very versatile and offers a direct method for studying stress in organisms (Sanders et al, 
1994). 
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2.2 Materials and methods 

2.2.1 Nematode culturing 

The nematode P. acuminatus was originally extracted from the top mineral layer of arable 
soil at the Binnenhaven in Wageningen, The Netherlands. Stock cultures have been kept in 
the laboratory for three years and have subsequently been used for supply of complete life-
cycle and toxicity experiments. The cultures of nematodes were kept on 0.5 % technical agar 
mixed with 0.05% proteose pepton and fed with Acinetobacter johnsonii, a soil inhabiting 
bacterium, at a density of 2.10 cells/ml. Bacterial densities were measured with a 
spectrophotometer (Shimadzu, UV-160, 560 nm). To obtain individuals of known age, 
females taken from the stock culture were allowed to lay eggs for two hours after which the 
adults were removed. The eggs were then allowed to hatch to obtain a synchronized 
population. 

2.2.2 Hsp detection 

Hsp induction was assessed in adult 3-weeks-old females after exposure to heat, to cadmium 
chloride or to copper chloride in water. The water contained a defined mixture of minerals 
with concentrations resembling those found in interstitial water of sandy forest soils 
(Schouten and Van der Brugge, 1989). Heat shock experiments were conducted in water 
where 110 females were kept at 20°C (control, 24 hours) and 5 or 60 minutes at 37°C. In a 
separate experiment, 110 females were exposed for 2 hours at 20°C to the following range of 
metal concentrations: 0.004, 0.04 and 0.4 mg CuCl2T

1, and 0.007, 0.07, 0.7 mg CdCl2-l . 
The highest CdCb concentration was 1% of the LC50 (24 hours) in water (Kammenga et ai, 
1994). This percentage was the same for CuCh (the LC50 for copper, however, was 
determined in a separate experiment). 

Mini 2D-PAGE was conducted according to De Boer et al. (1992) using the Mini Protean II 
2-D Cell system of Bio-Rad Laboratories (Hercules, USA). Iso-electric focussing (IEF) was 
performed in capillary tubes (length 77 mm, inner diameter 1.1 mm). The IEF gels contained 
3.78% (w/v) acrylamide, 0.22% (w/v) bis-acrylamide, 9.15 M urea, 1.6% (w/v) ampholytes 
pH 5-7, 0.4% (w/v) ampholytes pH 3-10, 0.013% (w/v) ammonium persulphate, and 0.10% 
(v/v) TEMED. The tubes were filled by capillary action with gel solution. They were then 
pressed with one side in plasticine and the gel was allowed to polymerize for 1 hour. 

Protein samples from a pool of 110 females (approximately 6.6 ug protein according to the 
method of Bradford (1976)) per gel were prepared as described by Bakker and Bouwman-
Smits (1988) and De Boer et al. (1992). Protein samples were applied on top of the focussing 
gel with a Hamilton syringe (type #705, Hamilton Company, Nevada, USA). The remaining 
space in the tube was filled with a solution containing 5.2 mM Tris-HCl pH 7.4, 8.41 M urea, 
0.85% (w/v) ampholytes pH 5-7, and 0.21% (w/v) ampholytes pH 3-10. The cathode buffer 
contained 20 mM NaOH, the anode buffer 10 mM phosphoric acid. Focussing was 
accomplished with the following voltage schedule: 16.5 h 10 V, 90 min 180 V, 30 min 270 V 
and 80 min 603 V using a D.C. power supply (Buchler instruments, nr. 51506, 115 V.A.C.). 
After focussing, the gels were extruded in an equilibration buffer containing 62.7 mM Tris 
HC1 pH 6.8, 2.3% (w/v) SDS and 7.8% (v/v) glycerol. Further details can be found in De 
Boer et al. (1992). 

Second dimension electrophoresis was performed using a Biorad model 1000/500 power 
supply, 20 min, 10 mA/gel and 60 min 20 mA/gel. The proteins were transferred to PVDF 
(Poly-Vinylidene Di-Fluoride) membrane and blotted for 60 min (0.8 mA/cm2 gel, maximum 
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voltage) at 20°C in 48 mM Tris, 39 mM glycine in 100 ml methanol and 400 ml bidest. 
Subsequent blocking occurred in PBS buffer + 0.1% Tween 20 + 5% skimmed milkpowder. 
After removal of the blocking solution with PBS buffer + 0.1% Tween 20 for 2 x 5 min, 
primary antiserum (1:1000 dilution) in PBS buffer +0.1% Tween 20 + 1 % skimmed milk 
powder was added and left for 2 hours. After washing with PBS buffer + 0.1% Tween 20 for 
3 x 5 min incubation of the second antibody (alkaline phosphatase-conjugated rat anti-mouse 
(dilution 1:5000) or anti-rabbit (1:1000)) took place for 1 hour. The membrane was washed 
with water 5 times for 5 min and transferred to substrate buffer (0.1 M ethanolamine-HCl (pH 
9.6) + 4mM MgCk) to allow for substrate binding for approximately 2 hours. Subsequently, 
the membranes were washed with distilled water and air dried. 

As described, following 2D-PAGE, hsp induction was revealed by subsequent Western 
blotting employing mono- and polyclonal antibodies. The following six anti hsp antibodies 
raised in mouse or rabbit (Stressgen, Biotechnologies corp., Victoria, BC, Canada or others as 
indicated) were used. Monoclonals: mouse anti-human hsp60 (clone LK-2), mouse anti-
bovine hsp70 (clone BRM-22, obtained from Sigma), mouse anti-human hsp70 (clone 
C92F3A-5), anti guinea pig hsc70 (directed against the constitutive form of hsp70, clone 
1B5). Polyclonals: rabbit anti-moth (Heliothus virescens) hsp60, rabbit anti-cyanobacterium 
{Synechococcus sp., strain PCC7942) GroEl, which is equivalent to hsp60. For all data, three 
replicates were examined. 

The following molecular weight markers were used: phophorylase B (112 kDa), bovine 
serum albumin (84 kDa), ovalbumin (53.2 kDa), carbonic anhydrase (34.9 kDa), soybean 
trypsin inhibitor (28.7 kDa) and lysozym (20.5 kDa). The markers were run in one lane of the 
second dimension. 

2.3 Results 

Exposure of P. acuminatus to a heat shock of 37°C resulted in the induction of various 
protein spots. Figure 1 (A-H) shows the immunoblots for various antibodies. The central area 
of each blot is shown and numbers were assigned to the major spots. 

Mouse anti-bovine hsp70 (clone BRM-22) staining resulted in one small spot (1) at 
approximately 75 kDa and two small spots (2, 3) at about 73 kDa in the control treated 
animals after 24 hours of exposure at 20°C (Fig. 1A). The spots could be assigned to be 
different members and isoforms of the hsp70 family. Spot x is regarded as an artefact due to a 
small air bubble in the gel. Protein spots 1, 2 and 3 were also identified after 5 minutes of 
exposure to 37°C, only expression was more pronounced (Fig. IB). In addition, a new weak 
spot (4) appeared at about 73 kDa and two new spots were found at about 40 kDa (5, 6). 
After 60 minutes of exposure, the spot pattern was not more pronounced (Fig. 1C). Both 
exposure periods at 37°C resulted in a strong induction compared to the control at 20°C. 
Staining with mouse anti-human hsp60 (clone LK-2) in control females resulted in one 

small protein spot (7) at about 58 kDa, which could be designated to the hsp60 family, and 
one weak spot (8) at 35 kDa (Fig. ID). Two new spots (9, 10) were found at about 60 kDa 
and one spot at 58 kDa (7) after 5 minutes of exposure to 37°C. A fourth weak spot (8) was 
found at approximately 35 kDa (Fig. IE). After 60 minutes, induction was more pronounced 
(Fig. IF), the spots 9 and 10 overlapped and the spot at 35 kDa became more pronounced. 
Both exposure periods at 37°C resulted in a strong induction compared to the control. 

Rabbit anti-moth hsp60 polyclonal showed a strong increase in protein spot pattern after 60 
minutes at 37°C (Fig. 1H) compared to 24 hours at 20°C (Fig. 1G). Spots 11-15 had a weight 
of about 54 kDa, 16 was 59 kDa and all could be assigned to be members of the hsp60 
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family. All other weak spots were caused by non-specific binding to other proteins because of 
the polyclonal being less specific than a monoclonal antibody. Spot 17 was 44 kDa and 18 
(Fig. 1H) was about 35 kDa. 

All other antibodies tested (mouse anti-human hsp70 (clone C92F3A-5), anti-guinea pig 
hsc70 (clone 1B5), and the polyclonal rabbit anti-cyanobacterium (strain PCC7942) showed 
coss reactivity with various proteins in the nematode, however, there was no consistent 
relationship with increased temperature exposure. 
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Figure 1: Two dimensional immunoblots of pooled 110 adult P. acuminatus females exposed for 5 and 60 min 
to 37°C and 24 h to 20°C (control) in water. Mouse anti-bovine hsp70 (clone BRM-22), control (A), 5 min (B), 
60 min (C); mouse anti-human hsp60 (clone LK-2), control (D), 5 min (E), 60 min (F); rabbit anti-moth hsp60 
polyclonal, control (G), 60 min (H). 

Since the use of both mouse anti-human hsp60 (clone LK-2) and mouse anti-bovine hsp70 
(clone BRM-22) appeared to be successful in revealing hsp60 and hsp70 induction 
respectively in P. acuminatus to heat stress, these antibodies were selected for further 
investigation in a biomarker applicability study for metal stress using 2D-PAGE and antibody 
staining. Figure 2 shows the two dimensional immunoblots of metal-induced hsp60. Numbers 
1-3 and 4-6 refer to increasing concentrations of copper and cadmium chloride, respectively. 
In the control (CO), a weak spot was identified. This spot was weaker than the one shown in 
the control after 24 hours (Fig. ID). Exposure to the metals resulted in hsp60 induction 
compared to the control and the induction increased at higher exposure concentrations. Two 
distinct spots could be identified of the same weight but with different grey density. Both 
spots resembled spots 9 and 10 which have been found after the heat shock treatment (Fig. 
IE, F). 
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