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Chapter 6 

 

General discussion 
 

In order to perform a proper soil quality assessment, ecotoxicological data on a broad 

spectrum of taxa are necessary, which ideally represent a large range of the ecosystem. Next 

to earthworm species (annelids) therefore, the springtail Folsomia candida is a suitable 

indicator species, which represents the soil arthropods. Besides this, F. candida is easy, 

quick, and cheap to cultivate in laboratory, and probably therefore it is currently the most 

studied springtail found in literature. The aim of this thesis was to investigate the possibilities 

of new techniques, such as genomics, to improve springtail ecotoxicological research. Only 

just recently genomics have entered the domain of earthworm ecotoxicology (Gong et al., 

2007; Owen et al., 2008). It is therefore desirable for springtail ecotoxicology to keep up with 

these new methods and approaches in order to prevent obsoleteness. The major promise of 

ecotoxicogenomic research is that it can help in elucidating toxic mechanisms and modes of 

action of chemicals in the environment (Snape et al., 2004). Also, genomics could be used as 

an exploratory tool to e.g., identify new biomarkers for environmental monitoring. Others 

suggested that genomics could supplement soil toxicity assessment, because of the fast, 

sensitive, and compound specific nature of this technique (van Straalen and Roelofs, 2008). 

The study described in this thesis touches all aspects of the ecotoxicogenomic promises 

and expectations. New insight is gained into toxic mechanisms of metals (Chapter 2) and 

PAHs (Chapter 3) in springtails. Additionally, insight into the transcriptomic heat shock 

response of springtails was provided (Chapter 4). Furthermore, I investigated the fastness of 

genomic tools applied in soil ecotoxicology (Chapter 2), and showed that indeed the 

transcriptional response of springtails is faster detectable than traditional endpoints (e.g., 

reproduction after 28 days). Clear cadmium toxicity signatures were derived after only two 

days of exposure, and even earlier signs (after 24 hours) are seen in water fleas (Daphnia) 

exposed to metals (Poynton et al., 2007). However, in the study described in this thesis a two 

day exposure was chosen as the earliest time point to be sure that the springtails were able to 

make contact and acclimatize to the soil substrate. In contrast to aquatic ecotoxicology, 

springtails are able to avoid the test substrate temporarily (i.e., they are able to crawl on the 

glass surface of the test jars for a while).  
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The sensitivity of the technique was one of the issues examined in Chapter 3, where 

transcription profiles of low and high concentrations of the same compound (phenanthrene) 

showed similar as well as distinct patterns. The lowest concentration of phenanthrene that 

was used represented an EC10 on reproduction after 28 days. Other studies, again in 

daphnids, showed that even lower concentrations of compounds, that did not show chronic 

toxic effects (e.g., no observed effect concentration; NOEC), can already alter gene 

expression of some genes (Poynton et al., 2008). In the search for new biomarkers for 

environmental monitoring, however, only genes that are responsive to toxic concentrations 

are desirable. The transcription of genes (Fcc01289; monooxygenase, and Fcc02784; short-

chain dehydrogenase) which are proposed in Chapter 3 to be potentially suitable biomarkers 

for soil toxicity, seem to be dose-responsive. Nevertheless, further research is necessary to 

show no responsiveness at NOEC concentrations, before their true value as biomarkers can 

be determined. Additionally, in practice it seems almost impossible to find the transcriptional 

responses of a few genes as suitable biomarkers for environmental contaminants (Forbes et 

al., 2006). Ideal biomarkers would indicate toxicity in field animals, preferentially under 

every condition. In practice this is impossible, since age of the animals, duration of exposure, 

temperature (season), etc. vary in field situations, but may have an impact on gene 

expression. In the case of F. candida it is furthermore very hard to find enough material 

(animals) at field sites for gene expression analysis. The potential biomarkers in F. candida 

are therefore rather to be seen as additional (faster detectable) endpoints in controlled 

laboratory tests. Alternative methods focusing on a combination of genes, such as classifier 

analysis (Chapter 5), seem better approaches for ecotoxicological predicting purposes.  

The findings in Chapter 3 further showed that some of the phenanthrene (EC50) 

responsive transcripts had similar and others had distinct patterns to those of cadmium 

(EC50) responsive transcripts. This showed that genomics identified compound specificity as 

well. Also, in Chapter 5 it was shown that with the genomics approach even different 

compounds, belonging to the same group of pollutants (metals), can be distinguished. This 

chapter further described a potentially more applied manner of the microarray technology in 

environmental monitoring, but also pointed out the pitfalls, such as the lack of knowledge on 

the transcriptional response to different soil properties/characteristics and mixtures of 

contaminants. More research concerning transcriptomic responses of springtails exposed to 

different natural soils (T. E. de Boer, personal communication), and chemical mixtures (T. K. 

S. Janssens, personal communication) are underway. 
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The cadmium toxicity mechanisms described in Chapter 2 are partially in agreement with 

transcriptomic data from other organisms. Stress responsive genes (encoding e.g., heat shock 

proteins) and detoxifying genes (encoding e.g., cytochrome P450 enzymes, ABC-

transporters) were earlier described in e.g., yeast (Momose and Iwahashi, 2001), human cells 

(Koizumi and Yamada, 2003), and Drosophila (Yepiskoposyan et al., 2006). Furthermore, 

cadmium or other metals have been shown to affect immune responsive genes in e.g., human 

cells (Koizumi and Yamada, 2003), Drosophila (Yepiskoposyan et al., 2006), and Daphnia 

(Poynton et al., 2007). Additionally, in this study with F. candida new insight about this 

aspect was provided, namely, it suggested that especially genes from the “penicillin and 

cephalosporin biosynthesis pathway” are involved in springtail’s transcriptional response. 

The alpha-aminoadipyl-cysteinyl-valine (ACV) synthase gene was found to be expressed in 

F. candida’s gut tissue, which implies that this springtail can synthesize penicillin or 

penicillin-like antibiotics. More research is needed to confirm this, and is interesting since no 

other animals have ever been described to contain these putative penicillin producing genes. 

In case such new antibiotic compounds would be derived from F. candida, it might even 

interest medical science as well as pharmaceutical companies. New antibiotics, especially 

derived from animals, could possibly be used to treat bacterial infections in human. This is 

relevant in particular since many bacteria are becoming resistant nowadays to already known 

antibiotic compounds (Fischbach and Walsh, 2009). Moreover, the described transcriptional 

response indicative of hypoxia is not often reported in response to cadmium toxicity in other 

organisms, which suggests an organismal or environmental specific response. This underlines 

the importance of using environmentally relevant organisms for ecotoxicogenomic research. 

True transcriptomic (microarray) studies of the PAH phenanthrene in animals are not 

available in the current literature. Therefore, Chapter 3 described the first transcriptomic 

study of an animal exposed to phenanthrene. Much is already known about the toxic mode of 

action of PAHs other than phenanthrene, and microarray studies were performed with other 

PAHs in e.g., human cells (Castorena-Torres et al., 2008), nematodes (Reichert and Menzel, 

2005), and earthworms (Owen et al., 2008). In agreement with these studies, a clear 

indication of biotransformation takes place in F. candida. Many enzymes of phase I 

(cytochrome P450 monooxygenases), phase II (glutathione S-transferases, UDP-

glucosyltransferases), and phase III (ABC-transporters) of biotransformation and 

detoxification processes were induced in response of phenanthrene. Furthermore, upregulated 

genes encoding superoxide dismutase and catalase were an indication of oxidative stress 

caused by the generation of reactive oxygen species (ROS), which were probably formed 
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during phase I of biotransformation. The response to oxidative stress is also often described 

in PAH toxicity in other organisms, such as earthworms (Owen et al., 2008). More specific to 

phenanthrene or to F. candida are the upregulation of chitinases and chitin binding proteins, 

which imply dynamics in the peritrophic envelope composition. This is likely again caused 

by species-specific factors, such as uptake or elimination routes. 

In Chapter 4 a relative small number of genes in response to heat stress was identified, 

which implied a modest response. It was suggested that it could be caused by environmental 

and evolutionary factors, such as a relative stable soil habitat. More thorough research is 

needed on this subject, but the study described here could be a first step indicating towards 

this hypothesis. In general, it is difficult to compare different microarray gene expression 

studies addressing different species. Especially, since many factors may differ between the 

different studies. Comparison of different studies concerning chemical exposures, factors 

may vary such as different concentrations, and different exposure times. More species-

specific differences are effect of the examined concentrations (e.g., on reproduction or other 

endpoints), exposure routes, and elimination kinetics. In addition, technical factors may differ 

between studies, such as microarray platforms, statistical analyses, and different cutoff 

values. Comparison of heat stress studies, factors such as the duration of-, or the magnitude 

of the heat shock may vary. Nevertheless, it is important to compare different transcriptomic 

studies in order to translate biological processes found in e.g., classical model organisms, into 

the non-model (environmentally relevant) organisms. This way, more universal processes 

could be identified and distinguished from the more species- or environmental-specific 

processes. For further comparative transcriptomic studies it would therefore be advisable, to 

use similar effect concentrations of compounds, and exposure durations, followed by similar 

statistical analyses (equal number of replicates, similar cutoff values).    

 The study presented in this thesis only focused on gene expression (transcriptomics), but 

not at higher levels such as proteins or metabolites. The advantage of analyzing the 

transcriptome is that it is probably the fastest in response to external stress compared to the 

proteome and metabolome. Also, in most cases the transcriptome will influence the 

proteome, which subsequently influences the metabolome. However, in reality there are 

many feedback mechanisms and interaction between the three, which makes it very complex 

to unravel and understand (Feder and Walser, 2005). Another advantage of transcriptomics is 

that the microarray technique is very straightforward. The technique based on the simple and 

complementary nature of the DNA strand is very robust, compared to techniques used in 

proteomics and metabolomics. However, proteomics and metabolomics methods are 
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improving very fast and another important matter is that the proteome and metabolome are 

more correlated to function/phenotype compared to the transcriptome. Ideally, genomic 

analysis is performed on all three levels in order to understand the whole picture of the 

cellular responses to stress, which is also referred to as systems biology (Sauer et al., 2007). It 

is a challenge for future ecotoxicogenomic research to integrate all three, not only because of 

the expensive equipment involved in the generation of data, but also because of the 

complexness of the analysis of data. 

In conclusion, this thesis reports the first steps of springtails into the new field of 

ecotoxicogenomics. It gives more insight into the early transcriptional responses of F. 

candida to chemical stress and heat. Promising novel methods, such as classifier analysis, are 

described for environmental monitoring. However, many pitfalls and difficulties are still to be 

resolved which illustrate that springtail ecotoxicogenomics still has a long road to follow. 

Hopefully, the whole genome sequence of F. candida will be elucidated in the near future in 

order to get a more complete annotation of the genes, and perhaps this will enlarge the 

current springtail research community. 
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