
VU Research Portal

New tools for assessment of soil toxicity: towards the bio-based economy

Chen, G.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Chen, G. (2016). New tools for assessment of soil toxicity: towards the bio-based economy. [PhD-Thesis -
Research and graduation internal, Vrije Universiteit Amsterdam]. Off-page BV.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/131697be-3f2b-4c7e-9d0f-907d13f48c0a


New tools for assessment of soil toxicity:
towards the bio-based economy

Guangquan Chen
陈光全

1



The research was funded by BE-BASIC grants within project F08.001. 
The research also receive additional funding from EU FP7 program 
Sustainable Nanotechnologies (SUN), grant agreement number 
604305.

Thesis 2015-01 of the Department of Ecological Science, VU University 
Amsterdam, The Netherlands

Layout is done by Min Kong, printing by Off-page BV NL

ISBN:978-94-6182-659-6



VRIJE UNIVERSITEIT

New tools for assessment of soil toxicity:
towards the bio-based economy

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad Doctor aan
de Vrije Universiteit Amsterdam,

op gezag van de rector magnificus
prof.dr. V. Subramaniam,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie

van de Faculteit der Aard- en Levenswetenschappen
op woensdag 23 maart 2016 om 15.45 uur

in de aula van de universiteit,
De Boelelaan 1105

door

Guangquan Chen

geboren te Gansu, China

 



promotor: prof.dr. N.M. van Straalen
copromotor: dr.ir. T.F.M. Roelofs



先天下之忧而忧 后天下之乐而乐
——范仲淹 《岳阳楼记》

One should be the first to concern for the future and development of the whole 
society, the last to claim personal share of happiness.

--Fan Zhongyan Poetry on the Yueyang Tower





Table of contents

Chapter 1: Introduction /9
Chapter 2: Ecotoxicogenomic assessment of diclofenac toxicity in soil /19 
Published: Environ. Pollut. 2015 Apr;199:253-60. doi:10.1016/j.envpol.2015.01.032. 
Epub 2015 Feb 16.

Chapter 3: Safety screening of 2,5-furandicarboxylic acid (FDCA), a 
candidate bio-based green chemical building block, using a multi-
endpoint test panel /33 
Submitted to Chemosphere

Chapter 4: Ecogenomic assessment of soil toxicity associated with the 
production chain of 2,5-furandicarboxylic acid (FDCA), a candidate 
bio-based green chemical building block /49
Chapter 5: Integrating transcriptomics into triad-based soil-quality 
assessment /61 
Published: Environ. Toxicol. Chem. 2014 Apr;33(4):900-9. doi: 10.1002/etc.2508. 
Epub 2014 Feb 26.

Chapter 6: Validation of stress biomarkers for soil quality assessment, a 
case study on contaminated soil from Nieuwkoop, the Netherlands /81 
Submitted to Environ. Toxicol. Chem.

Chapter 7: General discussion /95
Reference /104
Summary /115
Samenvatting /117
Acknowledgements /121
Curriculum Vitae /123





9

Introduction



For more than a hundred years, the chemical industry has been producing all 
kinds of chemical products from coal, gas and oil. However, fossil resources are 
non-renewable, limited and probably will be even more rapidly depleted with the 
increasing consumption rates in modern society. Fossil raw materials have been 
formed by natural processes such as anaerobic decomposition of buried plants. This 
process reached a peak in the Carboniferous period and the formation took up to 
650 million years (Mann 2003). Beside their limited repository, the usage of fossil 
resources leads to worldwide environmental problems by emitting large amounts of 
CO2 to the atmosphere. Thus, there is an obvious need for a transition towards a 
bio-based economy in which chemicals are produced from renewable resources.

Green chemistry is the design of chemical products and processes that reduce or 
eliminate the use and generation of hazardous substances (Poliakoff, Fitzpatrick et al. 
2002). Over the past decades, green chemistry has demonstrated how fundamental 
scientific insights can be applied to produce chemicals that safeguard human health 
and the environment. Bio-based production of chemicals is one aspect of green 
chemistry. In bio-based production of chemicals, materials and energy used are 
derived from renewable resources using enzyme-catalyzed reaction chains (Figure 
1.1). Nature offers a wide range of resources available for bio-based synthetic 
processes. This biomass derives mainly from plants with a fast biomass build-up 
and available with low effort, e.g. agricultural waste and non-edible crop remains. 
Consequently, the production of bio-based synthetic materials such as polymers, 
lubricants, and fibers has grown continuously in the past decades. In the year 2008, 
biomass already provided 10% of the feedstock of the European chemical industry 
(Rothermel 2008). Bio-based materials save, on average, 55 gigajoule (GJ) per metric 
ton, an amount that exceeds eight times the worldwide average per capita primary 
energy consumption in the year 2000 (Weiss, Haufe et al. 2012). Furthermore, since 
bio-based materials are produced by extraction of CO2 from the atmosphere, green 
chemicals save on average, 3 tons of carbon dioxide (CO2) equivalents of greenhouse 
gas emissions relative to conventional materials. This amount of CO2 is 37% of the 
worldwide average per capita greenhouse gas emission in the year 2000 (Weiss, 
Haufe et al. 2012).

Figure 1.1: Schematic overview of a bio-based chemical production plant, in which resources, 
materials and energy are not based on fossil fuels but on bio-based renewable resources.
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The production of chemical products from renewable feedstock is considered to be 
more sustainable (Anastas and Kirchhoff 2002). However, this does not guarantee 
that no environmental and human safety issues arise from bio-based production. 
Compounds that remain in a bioreactor within an encapsulated production facility do 
not pose a risk to the environment, but compounds released to the environment may 
cause problems like traditional chemicals. For example, the compound terephthalic 
acid, a building block for the synthesis of polymers used in fibers, is released to the 
aquatic ecosystem via wastewater treatment plants (Zhang, Sun et al. 2010). Phthalate 
esters are emitted to terrestrial ecosystems as a component of pesticide formulations 
or by leaching from plastic films used in agricultural fields to cover the soil (Niu, Xu 
et al. 2014). In addition to the products themselves, residues from the production 
processes or intermediate products may also affect human or the environment 
health. For example, the bio-based production of cellulose fibers comes with chemical 
emissions to fresh water and terrestrial ecosystems, the greatest contributors to 
toxicity being intermediate chemicals such as caustic soda, magnesium oxide and 
chlorine dioxide (Shen and Patel 2010). In this thesis, the research focused on the 
impact of bio-based chemicals to soil quality.

Soil quality is very important to the terrestrial ecosystem. Pollution is one of the 
major threats to soil function (Rodrigues, Pereira et al. 2009). An impaired functioning 
of soil will lead to failure in the support of vegetation and biomass production, 
disturbance of the ecosystem impairment of biological cycling of nutrients, and loss 
of filtering and buffering capacity affecting groundwater or aquatic ecosystems. If 
the contaminants in the soil are firmly bound to the solid phase of the soil, they 
will not be toxic for the soil organism. Only the mobile fraction, which is often equal 
to the fraction dissolved in pore water, may have an impact on soil organisms. The 
mobile fraction or bioavailable fraction is highly dependent on soil properties and the 
duration of contact between pollutant and soil (Van Straalen and Roelofs 2008).

In soil quality assessments, one important discipline is ecotoxicology, the science 
that investigates the ecological effects of pollutants. In an ecotoxicological test, an 
ecologically relevant species is exposed to a medium containing the compound in 
different concentrations. Endpoints like reproduction, survival and growth are then 
evaluated and used to define dose-response relationships. Values such as 10% (EC10) 
and 50% (EC50) effect concentrations are estimated from the data. In risk assessment, 
these estimates are used to predict the maximal acceptable concentration limits 
in the field, i.e., the concentration thresholds of chemicals that are safe for the 
environment.

Normally, standardized field soils, such as LUFA 2.2 or artificial soils, such as the sand-
clay-peat mixture recommended by OECD, are applied in toxicity tests. However, 
field soils generally have properties different from the soils used in the toxicity 
experiments. Soil properties such as pH, clay content and organic matter content can 
significantly influence the bioavailability of toxic compounds and will thus confound 
ecotoxicological endpoints such as EC50 and the derived toxicity threshold values 
of pollutants. To add ecological relevance to soil quality assessment, an alternative 
approach is applied: a bioassay that evaluates the actual soil samples taken from 
potentially contaminated field sites and compares the biological responses in 
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organisms exposed to these samples with those seen in clean reference soils.

In a soil quality bioassay, ecologically relevant species, such as earthworms, 
enchytraeids, mites, woodlice, nematodes and springtails, are employed as indicator 
species. In the terrestrial ecosystem, the collembolans are among the most abundant 
arthropods. Most of the species feed on fungi and leaf litter and have a role as 
detritivores contributing to soil fertility and cycling of nutrients (Fountain and Hopkin 
2005). The abundance and diversity of Collembola have been used widely to assess 
community changes in the field, induced by soil pollutants (Straalen 2001, Van Straalen 
2003). In recent decades, the springtail Folsomia candida has received increasing 
attention as a test animal in a standardized protocol published by the International 
Standards Organization (ISO). In the test, the number of juveniles produced by ten 
females over 4 weeks is used as an endpoint (ISO 1999) (Figure 1.2). Due to the short 
reproductive cycle and its parthenogenetic mode of reproduction, F. candida is easy 
to culture in the laboratory. Like all other collembolans, F. candida has a pair of thin-
walled, closely apposed, eversible vesicles on the ventral side of the abdomen. These 
structures, which exchange fluids with the external environment, form the proximal 
part of the ventral tube, an unpaired appendage of the first abdominal segment, 
seen only in Collembola (Fountain and Hopkin 2005). As mentioned above, soil 
pollutants dissolved in the pore water (bioavailable fraction), will be taken up by the 
vesicles on the ventral tube and thus easily enter the haemolymph. For water-soluble 
compounds this is considered to be the main exposure route (Lock and Janssen 2003), 
while badly soluble compounds could be taken up from the food or by permeation 
through the cuticle. F. candida has been used in many research projects to determine 
the ecotoxicological effects of soil pollutants (Sandifer and Hopkin 1997, Smit and Van 
Gestel 1998, Cortet, Gomot-De Vauflery et al. 1999, Eom, Rast et al. 2007). 

Recently, innovative genomics tools were proposed to be integrated into existing 
standardized ecotoxicological testes to enhance the assessment (Snape, Maund et al. 
2004, Van Straalen and Roelofs 2008). The term ecotoxicogenomics was suggested by 
Snape et al. (Snape, Maund et al. 2004) to describe the integration of genomic research 
into ecotoxicology. Gene regulation is one of the very first measurable responses 

Figure 1.2: Adult female Folsomia candida. The living animal‘s furca (here swung outwards) 
is held in place under the body by the tenaculum (ten). The first thoracic segment is reduced 
dorsally compared with the second (th2) and third (th3). The last three abdominal segments 
(abd4–6) are fused. d, dens; m, manubrium; mu, mucro; PAO, post-antennal organ; vms, ventral 
manubrial setae; VT, ventral tube (Figure from Fountain et al. 2005).
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when an organism is exposed to a stressful condition. In any living organisms, the 
metabolic machinery requires continuous adjustment to maintain homeostasis of the 
internal environment (Van Straalen and Roelofs 2008). Korsloot et al. (2004) reviewed 
the cellular stress defense responses with an emphasis on arthropods (Korsloot, van 
Gestel et al. 2004). This author distinguished five different systems:

(i) basal signal transduction systems (MAPK etc.)

(ii) stress proteins (e.g. HSPs)

(iii) the oxidative stress responses (CAT, SOD, HIF, etc.)

(iv) metallothionein and associated systems, and

(v) mixed-function oxygenase (CYP genes, phase II conjugation enzymes)

A theme common to all stress-induced gene expression is that stress signals will trigger 
the activation of transcription factors, which bind to promoters of stress-induced 
genes. Many promoters are activated by different stress-responsive pathways, so 
the various systems are intimately connected to each other. Korsloot et al. therefore 
argued that they may jointly be considered an integrated cellular stress defense 
system (Korsloot, van Gestel et al. 2004). The interconnectedness and cross-talk also 
supports the view that the cellular stress response is a genome-wide phenomenon 
and can be suitably studied by genome-wide detection tools (Van Straalen and Roelofs 
2008). The cellular stress response (CSR) includes species-specific as well as chemical-
specific pathways, but also a core of at least 300 genes shared by all organisms, from 
bacteria to humans (Kultz 2005). 

By introducing genomic and gene expression tools in ecological studies, the mode of 
action of the pollutant and the nature of adverse disturbances of the physiological 
state of the organism can be determined. Many aquatic species have been 
subjected to ecotoxicogenomic research before, such as fish (Gagne, Douville et al. 
2012), crustaceans (Watanabe, Kobayashi et al. 2008) and aquatic invertebrates, 
e.g. water fleas (Watanabe, Takahashi et al. 2007). Among soil-dwelling animals, 
worms were used before (Gong, Guan et al. 2007, Owen, Hedley et al. 2008). For 
the springtail F. candida, transcriptome sequencing has provided a good database 
for ecotoxicogenomic studies (Faddeeva, Studer et al. 2015). Recently, F. candida 
was used in several ecotoxicogenomic researches to shed more light on common or 
species-specific toxic mechanisms of soil pollutants (Nota, Timmermans et al. 2008, 
Nota, Bosse et al. 2009, Nota, Verweij et al. 2010, Janssens, Giesen et al. 2011). So 
by introducing genomic technology into the traditional risk assessment process, 
the underlying mechanism of stress factor(s) can be elucidated. This will give more 
insights about the interaction between the organism and the chemicals or stressors 
to which it is exposed. Genetic markers can be selected for stress diagnosis or as 
measurable endpoints in risk assessment.

Ecological risk assessment is a complex process with many variables to be taken into 
account. To deal with different stakeholders in a clear and consistent way, a Decision 
Support System (DSS) can be used. Rutgers et al. developed three stages in such a DSS 
for soil quality assessment (Rutgers, Faber et al. 2000). Stage I is a site characterization 
and description of land use, which is a definition of desired land-use in relation to the 
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planned use of the site (consultation between administrators planners and experts). 
Stage II is a determination of ecological aspects, which means drafting of ecological 
aspects in relation to land-use (landscape classification, nature value, ecological 
functions). Stage III consists of site-specific measurements, which deploy a set of site-
specific indicators and parameters (chemistry/toxicity/ecology). Stage III is supported 
by the Triad system, which is a powerful weight of evidence approach originally 
developed for evaluating sediment quality (Long and Chapman 1985) (Figure 1.3). 
The Triad approach includes three lines of evidence (LoE): chemistry, (eco)toxicity, 
and ecology. For each LoE in the Triad, several approaches and tests can be chosen. 
For example, for chemistry, the concentration of contaminants in the environment 
(total, bioavailable), or the concentration accumulated in biota. For (eco)toxicology, 
there are different bioassays and biomarkers for different test organisms. For ecology, 
field observations of vegetation, soil fauna, micro-organisms, etc. can be employed. 
Finally, the integration of all the results and conclusions can determine whether the 
sites need to be remediated or whether more detailed data for further ecological risk 
assessment are necessary.

Jensen et al. introduced the Triad for site-specific assessment of contaminated 
soil (Jensen, Mesman et al. 2006). In the current research, we tried to integrate 
transcriptomic tools into triad-based soil-quality assessment by enhancing the 
overlap part of toxicology and ecology (Figure 1.3). Only few studies have addressed 
ecotoxicogenomics tools on complex environmental samples. Menzel and colleagues 
studied exposure of nematodes to polluted and clean river sediments and showed 
that several biological processes, such as oxidative phosphorylation, development and 
xenobiotic metabolism were significantly affected in response to the most polluted 
samples (Menzel, Swain et al. 2009). After exposing collembolans to long-term copper-
contaminated agricultural soil, De Boer et al. showed that gene expression profiles of 
F. candida are associated with the current level of bioavailable copper (De Boer, Tas 
et al. 2012). Roelofs et al. demonstrated that essential detoxification pathways were 

Figure 1.3: Schematic presentation of the integration of chemistry, toxicology and ecology in 
the Triad.
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significantly induced in F. candida after being exposed to both soil and soil extract 
from a municipal landfill (Roelofs, de Boer et al. 2012). These studies suggested 
that ecotoxicogenomics could be used in current environmental risk assessment by 
mainly elucidating the underlying mechanisms exerted by stress or pollutants to the 
organism. In the current thesis, integration of ecotoxicogenomics into Triad based 
soil-quality assessment is considered as an extra LoE tool that may improve the 
scientific underpinning of decisions on soil protection and soil remediation

Aim of the thesis

The main purpose of this thesis is to further develop the tools for soil quality assessment 
in the bio-based economy based on innovative gene expression measurements. We 
have applied toxicogenomic approaches on both traditionally produced chemicals, 
polluted field sites and bio-based chemicals. The concepts and procedures developed 
in traditional risk assessment are applied to bio-based chemicals to demonstrate the 
continuity in risk assessment.

A case study conducted in the context of the BE-Basic (Biotechnology-based 
Ecologically Balanced Sustainable Industrial Consortium, http://www.be-basic.org/) 
focused on investigating toxicity levels of intermediate chemicals generated during 
lignocellulose breakdown (e.g. HMF, as well as the final products (e.g. FDCA) that 
are expected to be released into the environment as a consequence of bio-based 
chemical production (Figure 1.4). The goal of this case study was to apply the tools 
in environmental setting related to bio-based chemical production and the transition 
towards a bio-based economy. Generally, the tool includes a standardized ISO test, 
which measures the reproduction and survival in F. candida after 28 days of exposure 
to polluted or chemically spiked soil, and a transcriptional analysis, which determines 
the physiological condition of the test animal after short-term exposure. Comparing 
the gene expression profiles of the animal to the animals in unstressed condition 
can elucidate the underlying mechanisms of the chemical’s toxicity. By doing this, we 
would like to answer the question whether bio-based chemicals are also ecologically 
sustainable, i.e. do not harm the functions of soil. 

The current ecological risk assessments of polluted soils still have some bottlenecks. 
Since chemical analysis of pollutants in soil ecosystems often reveals an extensive list 
of potentially hazardous material (Legler, van Velzen et al. 2011), it is always difficult 
to determine whether single or multiple pollutants are causing the effects observed in 
traditional ecotoxicological assessment. In the case of remediation or redevelopment 
of contaminated lands for bio-based production, it is important to identify major 
toxicant classes to tailor a more effective remediation towards the biologically active 
compounds. This research also aimed to validate that whether ecotoxicogenomic 
tools can identify the type of the most active stress factor in complex field soil 
samples. By doing this, we would like to provide the information and knowledge how 
ecotoxicogenomic tools of F. candida can help soil quality assessment for bio-based 
chemicals and real field soils.
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Outline of the thesis

In chapter 2, an ecotoxicogenomics study is presented of the nonsteroidal anti-
inflammatory drug diclofenac, which is considered a pharmaceutical produced using 
conventional fossil carbon sources and well known to exert adverse effects on vultures. 
However, hardly any information is available on its effect on the soil ecosystem. 
Diclofenac may be suitable for transition towards bio-based production. Diclofenac 
leaves residuals in soil by daily usage. We evaluated the effect of diclofenac on the 
survival and reproduction of F. candida in soil. A microarray experiment was also 
applied to measure the transcriptome-wide response. The gene regulation profiles 
and molecular response pathways invoked by diclofenac were unraveled. The mode of 
action of diclofenac in this soil invertebrate was shown to include biotransformation, 
oxidative stress and genotoxicity..

Chapter 3 describes the safety screening of 2,5-furandicarboxylic acid (FDCA), a 
biomass-derived chemical, developed as alternative for the production of plastics, 
together with its intermediate compound 5-(hydroxymethyl) furfural (HMF). The 
study applied four bioassays covering different aspects of environmental and potential 

Figure 1.4: Scheme showing how genomics tools can support soil quality assessment in 
a bio-based chemical production chain. Folsomia candida is exposed to a soil spiked with a 
chemical. Traditional soil assessment evaluates soil by means of whole-body endpoints, such 
as survival, growth and reproduction. Genomic analysis will give more detail by generating a 
transcriptional profile of the test animal to help determine the affected physiological processes, 
such as development, signal transduction, stress defense, immune responses, metabolic energy 
generation, reproduction, etc. 
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human health: the F. candida reproduction (FCR) test, the zebrafish embryo-toxicity 
test (ZFET), a battery of CALUX human cell reporter assays and HepG2 transcriptomics. 
By analyzing and discussing all the results, we demonstrated that FDCA could be a 
green and safe replacement of TPA as a chemical building block via more sustainable 
resources. 

Followed the chapter 3, we elucidated toxic the mode of action of the bio-based 
chemicals (FDCA, HMF) in F. candida by using toxicogenomics tools in chapter 4. The 
results of the study explained why these bio-based chemicals can generate toxicity in 
sterilized soil without biodegradation.

In chapter 5, we validated how transcriptomic tools can be included in a triad-based 
soil-quality assessment in a pre-bio-based environmental context. Complex field 
samples were collected from riverbanks polluted by metals. The chemical properties 
of the soils were measured, following by the standardized ecotoxicological test 
and transcriptomic analysis in the indicator soil arthropod F. candida. This study 
demonstrated the feasibility and advantages of integrating transcriptomics into triad-
based soil-quality assessment for field soil samples.

In chapter 6, ten promising genetic markers of F. candida were selected from chapter 
5 and other previous studies (Nota, Timmermans et al. 2008, Nota, Bosse et al. 2009, 
Nota, Verweij et al. 2010, Janssens, Giesen et al. 2011, Roelofs, de Boer et al. 2012, 
Chen, den Braver et al. 2015) for quick soil pollution diagnosis. Ten gene markers 
were validated in field soil samples from a dumping site containing mixture species of 
soil pollutants. Few biomarkers of the soil invertebrate were validated and proposed 
to be important and efficient for early soil pollution diagnosis. The results also rise 
the discussion about the feasibility and difficulty of the soil pollution biomarkers 
selection. 

Finally, chapter 7 is the general discussion about the results and finding from previous 
chapters. Considerations and suggestions for future research are also made.
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Ecotoxicogenomic Assessment of Diclofenac 
Toxicity in Soil



Abstract
Diclofenac is widely used as nonsteroidal anti-inflammatory drug leaving residues 
in the environment. To investigate effects on terrestrial ecosystems, we measured 
dissipation rate in soil and investigated ecotoxicological and transcriptome-wide 
responses in Folsomia candida. Diclofenac dissipated exponentially in soil with half-
lives of a few days, depending on the initial concentration. Exposure for 4 weeks to 
diclofenac reduced both survival and reproduction of F. candida in a dose-dependent 
manner. Microarrays examined transcriptional changes at low and high diclofenac 
exposure concentrations. The results indicated that development and growth were 
severely hampered and immunity-related genes, mainly directed against bacteria and 
fungi, were significantly up regulated. Furthermore, neural metabolic processes were 
significantly affected only at the high concentration. We conclude that diclofenac is 
toxic to non-target soil invertebrates, although its exact mechanistic basis still remains 
to be elucidated. The genetic markers proposed in this study may be promising early 
markers for diclofenac ecotoxicity.

Capsule: This study shows diclofenac, despite a short half-life in soil, is toxic to 
non-target soil invertebrates, although its mode of action is clearly different from 
mammalian toxicity.

Keywords: Diclofenac, Folsomia candida, Dissipation, Transcriptomics, Ecotoxicology, 
Soil

Guangquan Chen, Michiel W den Braver, Cornelis A. M. van Gestel, Nico M. Van 
Straalen and Dick Roelofs
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2.1. Introduction
In recent decades, the global consumption of pharmaceuticals and personal care 
products (PPCPs) has led to increased levels of these compounds in the environment 
and possible adverse effects on wildlife. In North America, Europe and Asia, PPCPs 
have been detected in surface water and in the solid end products of wastewater 
treatment (biosolids) (Kinney, Furlong et al. 2006). Non-steroidal anti-inflammatory 
drugs (NSAIDs) are among the list of the most commonly detected PPCPs in surface 
water (Buser, Poiger et al. 1998, Corcoran, Winter et al. 2010). The NSAID diclofenac 
(2-[(2,6-dichlorophenyl)amino] benzene acetic acid) is consumed in hundreds of tons 
annually (Buser, Poiger et al. 1998). This pharmaceutical agent is applied to reduce 
inflammation and pain by blocking the enzyme cyclooxygenase, which catalyzes 
the synthesis of prostaglandins from arachidonic acid (Vane and Botting 1998). As 
a consequence of its wide-spread use, diclofenac has been detected in many waste 
treatment plant effluents and biosolids (Stulten, Zuhlke et al. 2008, Rosal, Rodriguez et 
al. 2010). Diclofenac will also end up in soils amended with sewage sludge. Moreover, 
diclofenac may be released into soil from the corpses, feces and urine of livestock 
containing diclofenac residues (Oaks, Gilbert et al. 2004).

Diclofenac seems to have the highest level of acute toxicity among the NSAIDs tested 
(Fent, Weston et al. 2006). The lowest observed effect concentration (LOEC) at 
which both renal lesions and alterations of the gills occurred was 5 µg/L in rainbow 
trout (Schwaiger, Ferling et al. 2004). Moreover, populations of Indian vulture (Gyps 
indicus) have collapsed due to bioaccumulation of diclofenac residues taken up from 
cattle corpses (Oaks, Gilbert et al. 2004). However, little is known about the potential 
effects of diclofenac on non-target species in the terrestrial ecosystem, such as soil 
invertebrates. To address this, we report ecotoxicological effects and gene expression 
data on diclofenac-exposed springtails in this paper.

Springtails (Collembola) are soil-dwelling arthropods which have a role as detritivores 
in the soil ecosystem and contribute to decomposition processes and the recycling 
of nutrients. Since they are abundant in soil and sensitive to soil pollutants, the 
springtail species Folsomia candida is often used as an indicator species in soil 
ecotoxicological tests to assess the effects of soil pollutants (Fountain and Hopkin 
2005). A standardized protocol has been developed for assessing the toxicity of 
(single) chemicals as wells as for soil-quality assessment using this species (ISO 1999). 
Recently, new genomics tools are integrated into existing standardized toxicity tests 
to enhance the assessment (Snape, Maund et al. 2004, Van Straalen and Roelofs 
2008). By measuring gene expression, we can elucidate the mode of action of the 
pollutant and determine the nature of adverse disturbances of the physiological state 
of the organism. F. candida was employed in several ecotoxicogenomics studies using 
spiked soil samples as well as natural polluted soils (Nota, Timmermans et al. 2008, 
Nota, Bosse et al. 2009, Roelofs, de Boer et al. 2012, Chen, de Boer et al. 2014).

In the present study we evaluate the effect of diclofenac on the survival and 
reproduction of F. candida in soil. Moreover, a microarray experiment was applied to 
measure the transcriptome-wide response, in order to unravel molecular response 
pathways invoked and to identify the biological processes affected by diclofenac. The 
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concentrations of diclofenac used in our transcriptomic analysis are 50 and 200 mg/kg soil 
which corresponded with low and high exposure levels, approximately equal to the 
EC10 and EC50 in long-term bioassays. Combining measurements on key life-history 
traits (survival and reproduction) and transcriptional profiles, we aim to elucidate the 
modes of action of diclofenac in this soil invertebrate. 

2.2. Material and methods
2.2.1 Experimental soil, compound and spiking
For all experiments, the natural LUFA 2.2 soil (Speyer, Germany) was used. Diclofenac-
sodium (CAS Number 15307-79-6, Sigma-Aldrich) was spiked into the soil as a solution 
in deionized water, to reach concentrations ranging from 50 to 3200 mg per kg dry 
weight soil. Moisture content of the soil was adjusted to 22% (w/w), corresponding 
to 50% of the maximum water hold capacity. The spiked soils were thoroughly mixed 
and exposures started immediately afterwards. All the exposures were performed in 
a climate room at 20°C, 75% relative humidity and a 12/12 h light/dark cycle.

2.2.2 Measuring dissipation in soil
Actual diclofenac concentrations were determined in soils spiked with 3200 and 
1600 mg/kg soil, 7, 14, and 21 d after initial spiking. At each time point, five gram of 
soil was thoroughly mixed with 15 g formic acid-acidified water for 3 to 5 minutes. 
Then the water phase was transferred into a new tube and mixed with diethyl ether 
in a 1:1 ratio. After thoroughly mixing, the diethyl ether layer was collected. This step 
was repeated twice. Consequently, liquid nitrogen was employed to evaporate the 
diethyl ether layer in the collecting tube. After evaporation, 250 µl of 50% methanol 
was added in the collecting tube. Samples from the collecting tube were applied to 
a high performance liquid chromatography (HPLC) system employing a C-18 column 
(Phenomenx) which was eluted isocratically with a binary gradient consisting of 
solvent A (acetonitrile 1%, formic acid 0.2%, water 98.8%) and solvent B (acetonitrile 
99%, formic acid 0.2%, water 0.8%). The gradients ran for 40 minutes with a flowing 
speed of 0.5 mL/min. The UV detector was adjusted to 254 nm with a sensitivity of 
0.01 absorbance unit. From the estimated concentrations as a function of time the 
half-life of diclofenac in soil was estimated by fitting an exponential curve to the data 
according to C(t) = C0 exp [- (ln2 /T1/2) t], where C0 is the initial concentration (mg/kg) 
and T1/2 the half-life of diclofenac in soil (d).

2.2.3 Ecotoxicity experiment
The parthenogenetic collembolan Folsomia candida (Berlin strain, VU University 
Amsterdam) was used for all experiments. In mass cultures, maintained in our 
laboratory for many years, the animal was fed baker’s yeast (Dr Oetker, The 
Netherlands) ad libitum. Age-synchronized animals were obtained by transferring 
adults to new containers where they could lay eggs for 2 days. Two days later, the 
adult animals were removed. The eggs laid in this period hatched after around 10 
days. The hatchlings were used for experiments when they were 10-12 days old.

Toxicity tests were performed following the ISO standard (ISO 1999). Concentrations 
of diclofenac of 0-50-100-200-400-800-1600-3200 mg/kg dry soil were spiked to 
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soils and portions of 30 g moist soil were transferred to 100 mL glass jars. In total, 
five replicates for each treatment were evaluated and each replicate contained ten 
age-synchronized collembolans. Jars were incubated in a climate room at 20 °C, 
and opened twice per week for aeration. The moisture levels were adjusted once 
a week using demineralized water. At the beginning and halfway the experiment, a 
small amount of food (a few grains of baker’s yeast) was added. After 28 d the glass 
jars were filled with 100 mL water to extract the animals from the soil by means of 
flotation. The water was decanted in a glass beaker and digital photographs were 
taken of the water surface. After that, the number of juveniles was counted with CellD 
software (Olympus, Germany). Dose-response curves relating juvenile counts to the 
concentrations of diclofenac were determined by nonlinear regression to estimate 
effect concentrations The logistic dose-response model described by Haanstra et al. 
(Haanstra, Doelman et al. 1985) was applied to fit the data.

2.2.4 Microarray experiments
For gene expression assessment, LUFA 2.2 soils were spiked with two concentrations of 
diclofenac, which are 50 and 200 mg/kg soil representing low and high exposure levels, 
approximately corresponding to the EC10 and EC50 in the 4-week ecotoxicological 
test. Four independent replicates were used for each treatment. Thirty adult (23 d 
old) collembolans were exposed for 2 d in a jar with 30 g moist soil. After 2 days, 
the animals were extracted from the soil by means of flotation using 100 mL water, 
collected in an Eppendorf tube, and snap-frozen in liquid nitrogen. Total RNA was 
extracted from the pool of 30 animals for each replicate using the SV Total RNA 
Isolation System (Promega). Then, a Nanodrop ND-100 spectrophotometer (Fisher 
Scientific) and a Bioanalyzer (Agilent Technologies) were employed to determine 
the quality and quantity of RNA samples. Five hundred ng total RNA per sample was 
used as input for amplification and labelling with the Low-Input Fluorescent Liner 
Amplification Kit, two colors (Agilent Technologies), according to the manufacturer’s 
guidelines. Labeled and amplified complementary RNA was purified using RNeasy 
(Qiagen) and hybridized by using the Gene Expression Hybridization Kit (Agilent 
Technologies). Hybridization was performed at 65°C for 17 h rotation at 10 circulations 
per minute in an incubator. The RNA samples from different pools of animals were 
kept separately and considered as biological replicates. For hybridization, a replicated 
reference design was employed. The four low diclofenac samples and the four high 
diclofenac samples were mixed with 8 unique non-spiked reference samples in the 
design. For each diclofenac concentration or reference, half of the samples were 
labeled with the fluorescent dye cyanine 3 and the other half with cyanine 5. The total 
microarray experiment generated eight hybridizations of sixteen unique samples. 
After hybridization, the microarray slides were washed using Gene Expression 
Wash Buffer Kit (Agilent Technologies) and scanned on a DNA microarray scanner 
(Agilent Technologies). The custom microarray contains 5069 unique F. candida gene 
fragments in triplicate on an 8 x 15K format (Agilent Technologies), and is described 
in a previous study (Nota, Bosse et al. 2009). 

2.2.5 Microarray data analysis
Microarray fluorescent intensities were quantified with Feature Extraction software 
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(version 9.5.1, Agilent technologies). The data can be accessed by Gene Expression 
Omnibus (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE59589). 

Preprocessing and normalization of the raw intensity data were performed using 
the Limma package (Smyth 2004) in R (version 2.15.1). This consisted of Edward’s 
background correction (offset = 30) (Edwards 2003) and quantile normalization 
between all the arrays (Yang, Dudoit et al. 2002). By contrasting each treatment 
against the LUFA 2.2 reference, an average log2 expression ratio and a Benjamini-
Hochberg adjusted p value (adjusted p < 0.05 was considered significant) were 
calculated (Benjamini and Hochberg 1995) for each gene in each treatment. MA-plots 
and boxplots were used for quality control of the data for each array. The significant 
genes for each treatment were subjected to the Gene Ontology (GO) analysis using 
the TopGO package in R (Alexa, Rahnenfuhrer et al. 2006) to elucidate the significantly 
affected biological processes, by taking the mapped GO terms of the 5069 gene objects 
represented on the microarray as reference set. The relationship between the genes 
on the microarray and GO terms which were used in the Gene Ontology Enrichment 
Analysis are shown in Table S2.1. Hierarchical clustering analysis was performed with 
log2-transformed gene expression ratios (treatment/ reference) conducted in TIGR 
MEV version 4.9 (Saeed, Sharov et al. 2003), using Euclidean distance algorithm with 
complete linkage.

2.3. Results and discussion
2.3.1 Dissipation of diclofenac in natural soil
Recovery rates of diclofenac varied between 43.7 and 56.2% based on the starting 
concentrations of 3200 or 1600 mg/kg soil. Diclofenac dissipated exponentially (Figure 
2.1), with half-lives (with corresponding 95% confidence intervals) estimated as 2.6 
(2.4-3.0) days for 1600 mg/kg dry soil and 6.3 (6.2 - 6.5) days for 3200 mg/kg dry soil. 
Al-Rajab et al.(Al-Rajab, Sabourin et al. 2010) showed similar dissipation patterns in 
natural soil spiked with diclofenac, with an estimated half-life of diclofenac of 3.8 (± 
2.7) days in a sandy loam soil whose physicochemical properties were similar to those 
of the LUFA2.2 soil. This indicates that diclofenac is rapidly degraded in natural soil. 
In heat-sterilized soils the dissipation of diclofenac was much slower, indicating that 
dissipation is mostly due to biodegradation (Al-Rajab, Sabourin et al. 2010). In fact, 
a strain of Actinoplanes sp. (Actinobacteria) was found to hydroxylate diclofenac to 
various products involving the activity of a cytochrome P450 enzyme (Prior, Shokati 
et al. 2010).

We found that the half-life of diclofenac in LUFA 2.2 soil was dependent on the starting 
concentration, with a longer half-life observed at a higher soil concentration. Similar 
concentration-dependent dissipation patterns were found with isothiocyanate in 
natural soil (van Ommen Kloeke, Jager et al. 2012). This may be due to saturation 
of the degradation capacity of the soil microbial community at high diclofenac 
concentrations. Toxicity to the soil microbial community could also have hampered 
diclofenac degradation capacity at the higher soil concentration. 
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2.3.2 Toxicity of diclofenac in soil
Dose-response curves for the effect of diclofenac on the survival and juvenile 
production of F. candida after 28 days exposure in LUFA 2.2 soil are presented in 
Figure 2.2. On average, adult survival of F. candida was (±SE) 72 ± 4.9% and F. candida 
produced 219 ± 34 juveniles in the control. Diclofenac proved to be rather toxic to F. 
candida (Figure 2.2). At the highest concentration, 3200 mg/kg soil, mortality reached 
100% and no juveniles were recovered after 4 weeks. EC50 and LC50 were estimated 
as 170 and 1099 (811 - 1387) mg/kg soil (with 95% confidence interval for the LC50). 
However, due to the scatter in the reproduction data (Figure 2.2), no confidence interval 
for EC50 could be calculated. The irregularity is due to the treatment of 50 mg/kg soil 
which generated an unexpected low number of juveniles. Therefore the same logistic dose-
response model was reapplied without the data of the 50 mg/kg treatment. The remodeled 
estimates for EC50 and LC50 were 321 (161 - 481) and 1215 (925 - 1505) mg/kg soil (with 
95% confidence intervals for both parameters). 

Although diclofenac dissipated with a half-life of a few days, a diminished number of 
juveniles was still be observed after 28 days of exposure. A plot of juveniles per adult 
over the treatments provided a more detailed insight in the toxic effect of diclofenac 
(Figure 2.3). Except for 50 mg/kg no significant difference in numbers juveniles per 
adult could be observed between each of the exposure concentration (Fisher’s least 
significant difference test, p < 0.05, Figure 2.3). When the treatment of 50 mg/kg 
was excluded, the reproduction rate of the adult animals is stable with increasing 
concentrations up to highest diclofenac concentration exerting 100% mortality. This 
suggests that fertility of F. candida is not a primary target of diclofenac toxicity even 
at high concentrations. Most likely, diclofenac exerts its effect on juveniles introduced 
in the test systems only in the first week of exposure. Any juveniles that survive the 
first week will develop into adult and start laying eggs in the second week, when most 
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Figure 2.1: Dissipation of diclofenac as a function of time (day) in moist LUFA 2.2 soil at 20 °C for 
two different initial concentrations. Lines show fits of first-order degradation kinetics
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of the toxic effect of diclofenac has disappeared. Thus any effect on the total number 
of juveniles should be due to mortality during the first days of exposure. A similar 
observation was done by Lee et al. (Lee, Ji et al. 2011) in diclofenac exposed Japanese 
medaka fish (Oryzias latipes).  Fertility of the parent generation was not affected, 
despite significantly decreased hatching success and delay in hatching at 10 mg/L 
diclofenac. This is comparable to our case in F. candida, where diclofenac causes 

Figure 2.2: Effects of diclofenac on the survival (A) and juvenile production (B) of Folsomia 
candida after 28 d exposure in LUFA 2.2 soil, as a function of the initial exposure concentration. 
Lines show the fit of the logistic dose response model to the data. Because the 50 mg/kg 
treatment gave an extraordinary low number of juveniles, the curve fitting for juvenile 
production was done with and without this exposure. The line shows the curve fit without the 
50 mg/kg data.
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direct mortality instead of effect on reproduction system in adults. Demographic 
models have also shown that in such cases, the effects of toxin on population growth 
will be limited, since the survived invertebrates could sustain heightened rates of 
reproduction, which could compensate for the losses of adults (Walthall and Stark 
1997). Transcriptional profile analysis can give more insight into metabolic alterations 
associated with this type of toxicity. 

2.3.3 Effects of diclofenac on gene expression in F. candida
To study transcriptional alterations in F. candida as a consequence of exposure to 
diclofenac, we applied gene expression microarray analysis after exposure to 50 and 
200 mg/kg soil for 2 days. The concentration of 200 mg/kg was chosen to represent a 
high exposure level, while 50 mg/kg aimed to represent a low exposure level. There 
was no mortality (over 2 days) at these exposure concentrations.

A total of 193 genes were differentially expressed (135 down regulated and 58 
up regulated) at the low exposure level and 98 genes (19 down regulated and 
79 up regulated) at the high exposure level (Table S2.2). When comparing the 
transcriptional profiles between the two exposure levels, a Venn diagram showed 
that 21 genes (7% of the total number of significant genes across the two treatments) 
were significantly regulated both at the low and high exposure levels (Figure 2.4, 
Figure 2.5 and Table S2.3), indicating that most of the differentially expressed genes 
were specific for the effect-level. All the significantly differently expressed genes of 
the two exposure levels were subjected to a Gene Ontology enrichment (GO) (Alexa, 
Rahnenfuhrer et al. 2006) analysis to reveal the biological processes involved in 
diclofenac toxicity (Table S2.4). A substantial part of significantly enriched GO terms 
are only represented by a single significantly regulated gene. Furthermore, over 60% 

Figure 2.4: Venn diagram showing the overlap in the total number of significantly differentially 
responding genes (Benjamini-Hochberg adjusted, p < 0.05) in Folsomia candida after 2 
days exposure to diclofenac in LUFA 2.2 soil at concentrations 50 and 200 mg/kg soil which 
representing low and high exposure levels.
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of the total number of genes on the microarray could not be annotated and do not 
participate in GO term enrichment. Therefore, information on biological processes 
and pathways should be interpreted with caution. Nevertheless, the significantly 
differentially expressed genes could be categorized to belong to several biological 
processes, which will be described below.

Transcriptional response at low exposure level

At the low exposure level, diclofenac significantly affected several biological processes 
in F. candida. Processes related to transcriptional processes were clearly affected in 
the up-regulated gene-set (Table S2.4_1). For example, the terms “mismatch repair” 
(GO:0006298) and “negative regulation of translational initiation” (GO:0045947) 
were all significant. Transcriptional control was clearly influenced, which resulted 
from significantly induced expression of transcription factors, such as transcription 
termination factor 2 (Fcc04551) and eukaryotic translation initiation factor 4e 
binding protein (Fcc03428). Related enzymes were also regulated. For example, 
DNA topoisomerase type I (Fcc06037) was significantly induced, a protein that 
catalyzes and guides the unknotting or unkinking of DNA by creating transient breaks 
allowing the DNA to be untangled or unwound during DNA replication, transcription, 
recombination and chromatin remodeling (Champoux 2001).

A dominant signature of animal development and morphogenesis processes can 
be observed among the GO terms of down-regulated genes (Table S2.4_2). For 

Figure 2.5: Heatmap for common differentially expressed genes in response to low and high 
diclofenac concentrations. For microarrays were used for each exposure concentration. 
Hierarchical clustering was performed using log2-trasformed gene expression value ratios 
(treatment/reference). Red indicates upregulation and green downregulation compared to the 
reference. The gene names are followed by their predicted function. Height is a measurement 
of the maximum distance between clusters. 

CHAPTER 2

28



example, “embryonic digit morphogenesis” (GO:0042733), “eye photoreceptor cell 
development” (GO:0043583) and “neural tube formation” (GO:0001841) were all 
affected. This indicates that diclofenac has a direct effect on growth and development 
of the test animals at sublethal, low exposure levels. 

Both “immune response” (GO:0006955) and “somatic hypermutation of 
immunoglobulin genes” (GO:0016446) were in the significantly up-regulated 
biological processes group (Table S2.4_1). The associated genes were indeed highly 
up-regulated. For instance, genes encoding gastrodianin-VGM proteins (Fcc02343), 
which are gastrodianin-like mannose-binding proteins with antifungal properties 
(Wang, Bauw et al. 2001), and the antimicrobial knottin protein btk-3 (Fcc05968), 
which is a key element of the innate immunity against bacteria and fungi in insects 
(Barbault, Landon et al. 2003), were all significantly up-regulated. Meanwhile, some 
genes regulating defense systems were down-regulated. The gene encoding pacifastin-
related serine protease inhibitor precursor (Fcc01941), which inhibits the endogenous 
proteolytic activation cascade of prophenoloxidase (Simonet, Claeys et al. 2002), was 
significantly down-regulated with a large fold change. The enzyme phenoloxidase 
controls the encapsulation and melanization of pathogens and damaged tissues, which 
is an important function of the innate defense system in invertebrates (Cerenius and 
Soderhall 2004). Also, genes encoding C-type lectins (Fcc02832, Fcc03071), presumed 
to be involved in the innate immune response pathway of arthropods (Franc and 
White 2000), were all down-regulated. These observations suggest that diclofenac 
dramatically disturbs the normal physiological state of the test animals. It indicates 
that the animal reorganizes the immune response pathway by regulation of individual 
genes to maintain its defense against pathogens present in the soil. Similar patterns 
were found in F. candida under cadmium stress (Nota, Timmermans et al. 2008). 

In the human liver, diclofenac can be biotransformed by cytochrome P450-
mediated hydroxylation to form 4-hydroxy-diclofenac (King, Tang et al. 2001). 
During hydroxylation several reactive oxygen species may be produced (Lim, Lim et 
al. 2006, Islas-Flores, Gomez-Olivan et al. 2013). Among the genes regulated in the 
low concentration group, one gene encoding a cytochrome P450 (Fcc00299) was 
significantly up-regulated with a mild fold change in F. candida. 

Transcriptional response at high exposure level

Transcriptional changes generated by diclofenac at the high exposure level significantly 
involved many biological processes. Among the GO terms of significantly up-
regulated genes a clear signature of neuronal metabolic processes could be observed, 
including for instance “synaptic transmission, cholinergic process” (GO:0007271), 
“neurotransmitter receptor metabolic process” (GO:0045213), and “neuropeptide 
signaling pathway” (GO:0007218) (Figure 2.6, Table S2.4_3). In contrast, among 
the GO terms of significantly down-regulated genes, processes like animal growth, 
development and morphogenesis, were identified, for example “positive regulation 
of body size” (GO:0040018), “molting cycle, collagen and cuticulin-based cuticle” 
(GO:0018996), and “regulation of vascular endothelial growth factor receptor 
signaling pathway” (GO:0030947). Notably, four of the down-regulated GO terms are 
related to neural development in vertebrates, including neural crest cell migration 
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(GO:0001755), neural tube formation (GO:0001841), dorsoventral neural tube 
patterning (GO:0021904), and oligodendrocyte development (GO:0014003). Although 
the neural development of Collembola does not involve neural tube formation and 
neural crest cell migration, the significance of these GO terms does suggest that 
diclofenac affects the nervous system of Collembola. Anyway, animals exposed to 
a high dose of diclofenac are seriously hampered in development and growth. The 
large effects on the nervous system and essential metabolic processes could be the 
prime cause of mortality. Interestingly, no effects on biological processes related to 
reproduction were observed. This observation indicates that the reproduction of 
individual adult animals might not be affected. This confirmed our findings based on 
data from the toxicity experiment, already indicating that the reduction of juvenile 
production was due to mortality of the adults. 

The therapeutic use of non-steroidal anti-inflammatory drugs, such as diclofenac, 
is to reduce inflammation and pain by blocking the enzyme cyclooxygenase, which 

Figure 2.6: Hierarchical gene ontology (GO) tree resulting from the enrichment analysis. This 
tree shows the neuron related metabolic processes were significantly affected in Folsomia 
candida after 2-d exposure to a high concentration of diclofenac in soil. Each sphere contains 
a GO identifier, biological process description, significance values of Fisher's exact test (red 
color represent significant level, p value < 0.05), and ratio under p value representing number 
of significant genes divided by number of total genes belonging to the GO term and present 
on the array.

CHAPTER 2

30



catalyzes the synthesis of prostaglandins from arachidonic acid (Vane and Botting 
1998). Prostaglandins are involved in many physiological processes, for instance 
pain mediation, neurotransmission, regulation of systemic circulation vascular 
permeability, ion transport across cell membranes and the function of the renals 
(Arkhipova, Grishin et al. 2006). At both diclofenac exposure concentrations, no 
significant transcriptional effect was observed related to inhibition of cyclooxygenase 
or prostaglandin metabolism. However, a strong transcriptional effect on neurological 
pathways was detected in the high effect concentration exposure treatment. 
Particularly, one gene (Fcc00279) encoding a nicotinic acetylcholine receptor (nAChR) 
and a gene (Fcc05034) encoding nAChR subunit alpha 4 (van Nierop, Keramidas et al. 
2005), were significantly up-regulated. The nAChR protein family, which belongs to 
the extracellular neurotransmitter-gated ion-channel ligand binding domain (Nury, 
Bocquet et al. 2010), plays a prominent role in the fast cholinergic transmission in the 
central nervous system of snails (van Nierop, Bertrand et al. 2006). The up-regulation 
of nAChR protein could contribute to up-regulated neural metabolic processes, such 
as synaptic transmission and neurotransmitter receptor. Therefore we speculate that 
diclofenac alters the normal neural metabolic processes in F. candida by directly 
inducing nAChR protein family rather than inhibiting cyclooxygenase enzymes.

It is worth mentioning that the top three significantly up-regulated genes with the 
largest fold change are all related to immune response proteins at high exposure level. 
These include the gastrodianin-VGM protein gene (Fcc02343) and the antimicrobial 
knottin protein btk-3 gene (Fcc05968).These two genes were also significantly 
regulated the low concentration exposure.  The third gene encodes prepro actinohivin 
(Fcc01429), which is reported to be a novel anti-HIV protein (Inokoshi, Chiba et al. 
2001). It is well known that arthropods do not contain an adaptive immune system 
(Loker, Adema et al. 2004), so that this gene most probably confers a different function 
(paralogs) despite its homology to anti-HIV protein.. This indicates that the immune 
response system of the test animals is significantly up-regulated by exposure to high 
concentrations of diclofenac, which is supported by the responses at the low effect 
concentration. 

Transcriptional profiles shared across dose levels 

Only 21 genes were differentially expressed in response to both exposure 
concentrations. Three groups can be roughly distinguished (Table S2.3_1, Figure 2.5). 
The first group contains two genes that are down-regulated under low diclofenac 
exposure and up-regulated under high exposure, however, they are all unknown 
genes. The second group contains nine genes that are all induced. The third group 
contains ten genes that are all suppressed. Genes from the second and the third 
group were subjected to GO analysis focusing on biological processes separately. In 
the GO terms that were significantly up-regulated in both treatments no clear pattern 
could be observed (Table S2.3_2). However, we found a clear signature of animal 
growth and molting responses among the GO terms of down-regulated genes (Table 
S2.3_3). For example, the terms “positive regulation of body size (GO: 0040018)”, 
“developmental growth (GO: 0048589)”, “replacement of collagen and cuticulin-
based cuticle in molting cycle (GO: 0018996)” were all significantly down-regulated. 
These results indicate that diclofenac exerted a large effect on the animal’s crucial 
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life-cycle physiological processes, especially hampering its development, growth and 
molting. 

Although no clear functional patterns were observed at the unitary level in the up-
regulated gene set, some genes and GO terms are worth mentioning. Two genes 
(Fcc02343, Fcc05968) related to immune response were highly up-regulated in both 
treatments, as mentioned above. With such significant responses at both exposure 
concentrations, these two genes are potential biomarkers for the relevant diclofenac 
concentration in soil or degree of soil toxicity. Regarding to the regulation of immune 
response genes, the GO analysis showed that “T cell activation (GO: 0042110)”, which 
is assumed to play a role in the invertebrate immune system (Van Parijs and Abbas 
1998, Hori, Nomura et al. 2003), is also induced in both treatments. 

So from the analysis of shared genes, the results indicate that after exposure to 
diclofenac crucial life-cycle traits and the innate homeostasis of the animal were 
hampered and disturbed, increasing the susceptibility to the pathogenic microbial 
community in the soil. To compensate for this, F. candida up-regulates its innate 
immune system.

A larger number of differentially expressed genes were observed in response to the 
lower concentration of diclofenac, compared with the high concentration. Previous 
studies speculated this is caused by the animal relocating and redistributing the 
available energy, investing more energy for detoxification processes at higher toxic 
levels leaving less energy for less essential processes (Nota, Bosse et al. 2009, 
Roelofs, de Boer et al. 2012). However, in this study we didn’t observe substantial 
detoxification activity in the test animals in response to the high concentration of 
diclofenac. It is speculated that the lower number of differentially expressed genes is 
due to weakness of the animal, generated by severe fatal effects at the high diclofenac 
concentration that greatly hampered the animal’s health.

2.4. Conclusions
We demonstrate that diclofenac can exert severe effects on survival of adult F. candida, 
thereby limiting the reproductive potential of the population. We did not observe 
direct effects on reproduction. The transcriptional profiles provide insight into the 
underlying mechanisms that lead to mortality. We showed that effect of diclofenac 
on the neural system may be different in soil invertebrates compared to vertebrates, 
as it shows direct induction of nicotinic acetylcholine receptor, rather than inhibiting 
cyclooxygenase. We report several new potential biomarkers for diclofenac toxicity 
in F. candida, for example, the significantly regulated immune responsive genes at 
both low and high exposure concentrations (Fcc02343, Fcc05968). By combining 
ecotoxicological and genetic technologies, we elucidated the toxic mode of action of 
diclofenac on an ecologically important soil invertebrate. This may help environmental 
risk assessment studies for the soil compartment. The biomarkers proposed in this 
study can be used as early markers for diclofenac toxicity.
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Safety screening of 2, 5-furandicarboxylic acid 
(FDCA), a candidate bio-based green chemical 

building block, using a multi-endpoint test 
panel



Abstract
Chemicals produced by bio-based processes, like traditionally produced chemicals, 
should be assessed for their potential effects on environmental and human health, 
before they can be qualified as contributing to a sustainable economy. The present 
study considered 2,5-furandicarboxylic acid (FDCA), a biomass-derived chemical, 
developed as an alternative for the production of plastics, together with its intermediate 
compound 5-(hydroxymethyl) furfural (HMF). We applied four bioassays covering 
different aspects of safety screening: the Folsomia candida reproduction (FCR) test, 
the zebrafish embryo-toxicity test (ZFET), a battery of CALUX human cell reporter 
assays and HepG2 transcriptomics. The data were compared with traditional materials 
like crude-oil-derived terephthalic acid (TPA). FDCA, HMF and TPA exerted no toxic 
effects on development (ZFET) or reproduction (FCR). FDCA and TPA did not induced 
significant adverse effects on cytotoxicity or endocrine system in vertebrate bioassays 
(CALUX panel, HepG2 transcriptomics). Moreover, FDCA, HMF and TPA showed to be 
readily degradable by soil microbial communities. This research demonstrates that 
FDCA could be a green and safe replacement of TPA as a chemical building block in 
industrial production. We propose that future effect assessments should include a 
diverse test panel, targeting different levels of biological organization. An important 
challenge is to further define the added value and limitations of each assay.

Keywords: Ecotoxicology, Toxicogenomics, Cytotoxicity, 2,5-furandicarboxylic acid 
(FDCA), Green chemistry, Risk assessment

Guangquan Chen, Barbara van Vugt-Lussenburg, Rachel Cavill, Jessica Legradi, Bart 
van der Burg, Jacob Jan Briedé, Nico M. van Straalen and Dick Roelofs 
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3.1. Introduction
The switch from fossil resources to biomass for the production of fuel and bulk 
chemicals will require the development of new technologies and insights. The 
production of such products from renewable feedstock is often considered to be 
more sustainable(Anastas and Kirchhoff 2002). However, this does not guarantee 
that no environmental and human safety issues arise from bio-based production. 
A precautionary approach is needed in which all stages of production should be 
evaluated regarding potentials risk for man and environment. Tools for testing this 
are available, but should focus on a small subset of tests covering effects from the 
molecular pathway level op to the organismal level. Here, we apply such a tool set 
on a promising chemical building block derived from biomass: 2,5-furandicarboxylic 
acid (FDCA) and its production intermediate 5-(hydroxymethyl) furfural (HMF) to get 
more insight into the actual sustainability of this green chemical for man and the 
environment. 

Several plastic ingredients, like certain phthalic acids, phthalates and bisphenols have 
been associated with health risks, in particular reproductive effects (Chen, Ike et al. 
2002, Swan 2008, Ball, McLellan et al. 2012). FDCA could serve as a “green” substitute 
for terephthalic acid (TPA) in the production of polyethylene terephthalate (PET) of 
which 1.8 million tons is produced on an annual basis (Moreau, Belgacem et al. 2004). 
TPA showed to be toxic for vertebrates, at very high concentrations(Ball, McLellan et 
al. 2012). For instance, Zhang et al. showed that the number of viable spermatogenic 
cells were reduced in male mice exposed to TPA wastewater, indicating reproductive 
toxicity (Zhang, Sun et al. 2010). Furthermore, chronic dietary administration of 
TPA caused kidney inflammation in rats fed 1000 mg/kg TPA daily (Ball, McLellan 
et al. 2012). At the molecular level genes involved in biotransformation and signal 
transduction seemed to be transcriptionally affected by TPA (Zhang, Ma et al. 2010). 
Although effect concentrations are high, potential risks may be generated in highly 
exposed persons, e.g. workers involved in bulk synthesis of plastics, dyes, pesticides 
and chemical fibers. Regarding the huge market potential of PET building blocks and 
its broad potential as versatile platform chemical, FDCA was listed one of the top-12 
value added chemicals derived from biomass (Werpy 2004). FDCA can be synthesized 
from 5-(hydroxymethyl) furfural (HMF) produced from fructose or glucose (Casanova, 
Iborra et al. 2009). The final product, as well as the intermediates could potentially 
reach the environment. Just like in the case of TPA production, FDCA and related 
intermediates can be released by wastewater treatment into the aquatic ecosystem, 
or through the application of agricultural plastic films which could reach the terrestrial 
ecosystem system (Zhang, Sun et al. 2010, Niu, Xu et al. 2014).

We deployed four assays to cover different aspects of environmental toxicological 
testing, covering both the aquatic and terrestrial environment: Folsomia candida 
reproduction, zebrafish embryo toxicity. Moreover, CALUX cell reporter assays 
and genome wide transcriptomics in the human hepatocellular cell line HepG2 
were applied to gain mechanistic information. The zebrafish embryo test and the 
Folsomia reproduction test are supported by international (OECD, ISO) guidelines 
and are accepted by (inter) national legislation. The cell-based assays (CALUX cell 
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reporter assay and the HepG2 transcriptomics assay) provide information on well-
established pathways including stress response, genotoxicity, endocrine disruption 
and reproductive toxicity (CALUX) as well as cellular transcriptome-wide mechanistic 
information on human liver toxicity (HepG2 assay). Finally, we anticipate that the 
stability of chemicals in the environment is an important issue in environmental risk 
assessment. Persistent chemicals may become detrimental due to their accumulation 
in the environment (Fernandez-Luqueno, Valenzuela-Encinas et al. 2011). Therefore 
we included a soil dissipation test as a proxy for environmental degradation. All test 
systems are briefly introduced below.

To evaluate the ecotoxicological issues, Folsomia candida is frequently used as an 
indicator species representing soil-living invertebrates (Fountain and Hopkin 2005). 
For this species standardized protocols are available for soil ecotoxicology test (ISO 
1999). The test has been used in many ecotoxicological and ecological genomics studies 
(Chen, de Boer et al. 2014, Chen, den Braver et al. 2015). Alongside, dissipation rates 
of chemicals in soil are determined to elucidate the fate of the chemicals in soil. In 
this way, multiple aspects are addressed, such as compound stability, bioavailability, 
ecotoxicological effects.

As a more apical test able to detect developmental effects during early vertebrate 
development, the zebrafish embryo toxicity test (ZFET) was included. The zebrafish, 
which combines small body size and large clutch sizes, is one of the most important 
models to study vertebrate development, widely used for toxicity screening and rapidly 
emerging as a model for human health. The ZFET is a widely applied assay used to 
identify teratogenic substances and has been recently adopted as an OECD guideline 
(OECD 2013). The ZFET monitors teratogenic effects like body malformations in head 
and tail, differences in developmental progression, death and sublethal effects like 
oedema.

Risk assessment of chemicals should consider a thorough evaluation of the route 
and extent of exposure and should provide information on the relevant potential 
effects on environmental and human health (Gutsell and Russell 2013). Uncertainties 
are inherent in risk assessment practices, due to interspecies extrapolation, inter-
individual variation and shifts from one route of exposure to the other. Usually, this 
is taken into account by applying uncertainty factors on risk assessment models. 
Still, the challenge remains to gain better insight into these uncertainties, and to 
integrate toxicological information on different levels of biological organization 
and to relate the outcomes to each other (Blaauboer, Barratt et al. 1999). Recent 
advances in our understanding of the mechanisms of action of toxicants have 
allowed the development of relatively simple cellular assays that aim to reveal the 
activation of toxicity pathways by chemicals. This measurement allows the prediction 
of chemical toxicity by establishing the impact on specific pathways in vitro. These 
assays contain a luciferase gene coupled to a specific nuclear receptor pathway or 
regulatory signal transduction pathway. If the receptor or pathway is activated by a 
chemical or complex mixture of chemicals, a light signal is produced (Van der Linden, 
Von Bergh et al. 2014). A panel of 25 human cell-based CALUX reporter gene assays 
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was included in our study. These tests were recently submitted to be included in 
OECD guidelines (OECD, 2013). Among the most important toxicological endpoints 
are endocrine disruption, genotoxicity and carcinogenicity. In addition, the HepG2 
transcriptomics assay is based on the tumorigenic HepG2 hepatocyte cell line (Lopez-
Terrada, Cheung et al. 2009), dedicated to provide accurate predictions and in-depth 
mechanistic knowledge on genotoxicity and carcinogenicity in vitro. 

In this study we aim to evaluate the safety of this FDCA, using a combination of 
traditional ecotoxicological testing and more advanced cellular and transcriptomics 
assays. As a ultimate objective we want to assess whether this promising “green 
chemical” shows any adverse effects to environmental and potential human health 
that might prevent its further consideration as a bio-based building block for the 
production of polymers.

3.2. Material and methods
3.2.1 Test chemicals
The chemicals FDCA (CAS number 3238-40-2), HMF (CAS number 67-47-0), TPA 
(CAS number 100-21-0), dibutyl phthalate (CAS number 84-74-2) and benzyl butyl 
phthalate (CAS number 85-68-7) were ordered from Sigma-Aldrich (Schnelldorf, 
Germany). The chemicals were subjected to different experiments by spiking them 
into soil, water or cell-culture solutions.

3.2.2 Soil ecotoxicological test 
3.2.2.1 Measuring dissipation in soil 

To measure the soil dissipation rate, 5 g samples were taken from sterilized- and 
natural soils spiked with 1000, 100 mg/ kg soil of FDCA, HMF and TPA, respectively. 
The compounds were spiked into the soil using 1 mL acetone (98% purity, Sigma-
Aldrich) for each g dry weight (Brinch, Ekelund et al. 2002). Ten percent of the total 
amount of soil for each treatment was spiked with the desired concentration, shaken 
thoroughly and incubated for 24h in preservation glass jars to equilibrate. Then, the 
glass container was opened for 24 hours to let the acetone evaporate. The remainder 
of the soil (90%) was added before moisturizing. Moisture content was adjusted to 22% 
(w/w), corresponding to 50% of the water holding capacity. Finally, the spiked soils 
were thoroughly mixed upon the start of the experiment. All tests were performed in 
a climate room at 20 OC, 75% relative humidity and a 12/12 h light/dark cycle. Time 
intervals were: (hydrated soil, time 0) 0, 2, 4, 8, 24, 48 hours for nature soil and 0, 
4, 8, 24, 48 hours for sterilized soil. The samples were extracted by adding 10 mL 
DMSO to FDCA and HMF samples, whereas 10 mL dimethyl acetamide used to TPA 
samples which were then stored at -18 degree in darkness. Prior to analysis, samples 
were thawed, shaken on a vortex. Afterwards the clear solvent phase was transferred 
on top of Pasteur pipettes packed with quartz wool (inactivated, silica treated) in the 
bottom and 2.0 g Na2SO4 above to filter and dry the samples. The purified sample 
eluate was collected in a 10 mL test tube. The eluate was then analyzed by high-
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pressure liquid chromatography (HPLC). The HPLC system for FDCA and HMF samples 
were operated following the methods described in Koopman 2010 (Koopman, Wierckx 
et al. 2010) and for TPA samples following method showed in Park 2008 (Park, Lee 
et al. 2008). From the estimated concentrations as a function of time, the half-life 
of the test chemical in soil was estimated by fitting an exponential curve to the data 
according to C(t) = C0 exp (–(ln2 /T1/2) t), where C0 is the initial concentration (mg/kg) 
and T1/2 the half-life of the compound in soil (d).

3.2.2.2 Soil invertebrate ecotoxicity experiments

Soil ecotoxicological experiments to determine effects on reproduction of F. candida 
were performed following ISO guideline 11267 (ISO 1999). All toxicity experiments 
were conducted using natural soil and sterilized soil. Concentrations of FDCA, HMF 
and TPA spiked into the natural soil were: 10, 30, 100, 300 and 1000 mg/kg soil and 
for the sterilized soil: 100, 300, and 1000 mg/kg soil. LUFA 2.2 soil (unsterilized and 
sterilized) spiked with only acetone was used as a reference. For the exposure, soil 
was divided into 100-mL glass jars (30 g soil per jar), which were closed with plastic 
lids. Ten age-synchronized (10-12 days old) animals were added to each jar. Each 
treatment contained three replicates. More detailed information is provided in a 
previous study (Chen, den Braver et al. 2015).

3.2.3 Zebra fish embryo toxicological experiments 
All compounds were dissolved in dimethyl sulfoxide (DMSO, Arcos Organics, Geel, 
Belgium) at stock concentrations of 1 M and stored at 4 ⁰C. If the pH of the final test 
solution was below 4, it  was adjusted to be between 7.5 and 8.2  with 0.1 M KOH and 
HCl Low pHs (< 4) are highly toxic to zebrafish. 

Wild-type zebrafish were obtained from Ruinemans, The Netherlands and maintained 
under standard conditions (OECD, 2013). Spawning was induced by separating male 
and female fish overnight and joining them together in a breeding cage within a mesh 
netting. The next morning eggs were collected and fertilization quality was assessed 
under a stereo microscope (M7.5; Leica, The Netherlands). Within 4 hours post 
fertilization (hpf), eggs were exposed to the diluted compounds in 2 mL of Embryo 
Standard Water (ESW: 100 mg/L NaHCO3, 20 mg/L, KHCO3, 180 mg/L MgSO4 and 
200 mg/L CaCl2) at 26°C in a 24 well-plate, ten eggs per well. For every concentration 
at least four replicates were included. On all exposure plates negative controls (ESW) 
were incorporated. Besides solvent control (DMSO, 0.1%), and a positive control 
(4 mg/L 3,4-dichloroaniline) were also tested. The medium was refreshed daily 
with ESW containing initial concentration of the test compounds. The developmental 
abnormalities in the embryos were scored, every 24 h from day 0 till day 5 of 
development. Dead embryos were immediately removed from the test in order to 
prevent infection by bacteria.  

3.2.4 The CALUX assay
The CALUX panel has been described in previous studies (Sonneveld, Jansen et al. 
2005, Van der Burg B 2013). To summarize, U2-OS osteosarcoma cells were transfected 
with a reporter gene plasmid containing a firefly luciferase gene under control of a 
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Responsive Element (RE) corresponding to the desired pathway. Depending on the 
endpoint, a plasmid constitutively expressing the relevant nuclear receptor was also 
introduced into the cell. The nuclear receptor dependent CALUX assays used in the 
current study were (anti-) estrogen receptor alpha (ERa), (anti-) androgen receptor 
(AR), (anti-) glucocorticoid receptor (GR), (anti-) progesterone receptor (PR), retinoic 
acid receptor (RAR), peroxisome proliferator activated receptor alpha and gamma 
(PPARα, PPARγ), thyroid receptor beta (TRb), dioxin receptor (DR and PAH); the non-
receptor mediated signaling pathway assays used in this study were Cytotox CALUX, 
Hypoxia inducing factor 1α (Hiflα), TCF (Transcription factors involved in the Wnt 
signaling pathway), Activator Protein 1 (AP-1), Endoplasmic reticulum stress response 
element (ESRE), Nuclear factor erythroid 2-related factor 2 (Nrf2), nuclear factor 
kappa-light-chain-enhancer of activated B cells (NFκB), tumor suppressor p21 and 
p53. Cells were cultured as previously described (Sonneveld, Jansen et al. 2005). 
Screening was performed in 384-wells plates, essentially as described by van der Burg 
et al (Van der Burg B 2013). 

3.2.5 HepG2 cell toxicity test and microarray experiment
HepG2 cells were used and cultured in MEM plus glutamax containing 10% v/v FCS, 
1% v/v sodium pyruvate, 1% v/v nonessential amino acids and 2% v/v penicillin 
and streptomycin in an atmosphere containing 5% CO2 at 37⁰C. The cells are 
exposed to a range of doses over 72 hours to establish the IC20 at 72 hours 
using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
(Magkoufopoulou, Claessen et al. 2012).  For all compounds a maximum dose of 2 mM 
was tested and if the IC20 was not reached at this dose then this dose was used as the 
dose for the 24 h exposure which is assayed by microarray. The details for the design 
of the microarray were described in previous study (Sonneveld, Janse, et al, 2005) 
. The cDNA was prepared using Affymetrix synthesis and labeling kits as described 
before (Affymetrix, Santa Clara) (Jennen, Magkoufopoulou et al. 2010). cRNA targets 
were hybridized on high-density oligonucleotide Genetitan chips (Affymetrix Human 
Genome U133 Plus PM GeneTitan 24 arrays) according to the Affymetrix Eukaryotic 
Target Hybridization manual. The GeneTitan arrays were hybridized, washed and 
stained using the GeneTitan hybridization, wash and stain kit for 3’ IVT Arrays and 
GeneTitan Operating Software and scanned by means of an Affymetrix GeneTitan 
scanner. Normalization quality controls, including scaling factors, average intensities, 
present calls, background intensities, noise, and raw Q values, were within acceptable 
limits for all chips.

Three replicates were performed in different weeks for each compound. The 
transcriptomics data was subjected to quality control through in house R-scripts 
equivalent to those procedures found on array-analysis.org which described in the 
recent study of Eijssen et al (Eijssen, Jaillard et al. 2013).  Genes were reannotated 
with a custom CDF file from Brainarray V13. Preprocessing and normalization of the 
raw intensity data were performed using the Limma package in R (version 2.15.1). 
After normalization, only genes with an absolute log2 fluorescent light intensity 
above 6 across the dataset were used. 
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3.3. Results
3.3.1 Terrestrial fate and toxicity
Dissipation rate in natural soil

Depending on the starting concentration, the recovery rate of FDCA, HMF and TPA 
varied between 23 to 62%. The results show that FDCA, HMF and TPA dissipated 
exponentially in natural soil. However the compounds remained stable in sterilized 
soil (Figure 3.1). The estimated half-lives of the test chemicals were dependent on the 
starting concentration in natural LUFA soil (Table 3.1). At low concentration (100 mg/kg 
soil) HMF was most easily degraded with a half-life of less than 5 hours. The half-life of 
TPA was about 4x higher than HMF (21 hours), while the concentration of FDCA was 
decreased two fold within 33 hours. Half-lives of the test chemicals increased by 3 to 
6 times at the high initial concentration of 1000 mg/kg. At this concentration FDCA 
(111 hours) and TPA (122 hours) did not show any significant difference in half-life. 

  

  

  

   

 

3.1.2 Soil ecotoxicological experiments
Adult control survival of F. candida was (mean ± standard error) 92 ± 2.4% with 
870 ± 32 juveniles in natural soil. Results of the ecotoxicological test showed that 
in unsterilized natural soil FDCA, HMF and TPA exerted an impact on F. candida‘s 
reproduction from low to high concentrations (Figure 3.2). A significant decrease in 
reproduction of about 20% was consistently observed for F. candida exposed to TPA 
at 30, 300 and 1000 mg/kg soil and all higher concentrations. A similar decrease in 
reproduction was only observed in FDCA-exposed animals at 100 and 1000 mg/kg 
soil.  The EC50 was not reached in any treatment during the Folsomia reproduction 
test.

Dissipation of chemicals in soil is most probably facilitated by microbial communities, 
but may also be facilitated by abiotic factors such as UV. If abiotic factors are involved 
in chemical degradation we expect to observe dissipation of the chemicals under 
sterile conditions. To test this we sterilized soil and subsequently spiked it with the 
test chemicals. In sterilized soil, adult survival of F. candida was 93 ± 2.5% with 647 ± 
40 juveniles. FDCA, HMF and TPA generated a significantly larger impact on animals’ 

Table 3.1: Half-lives for FDCA, HMF and TPA in natural soil (moist LUFA 2.2 soil) at 20 °C for two 
start concentrations.

Start concentration (mg/ kg soil)
1000 100

Samples Half-life (hour) CI Half-life (hour) CI
HMF 32.6 28.8-37.6 4.7 4.6-4.9
FDCA 111.1 100.1-124.7 33.5 31.1-36.3
TPA 122.2 110.8-136.4 21 18.9-24.4

CI = 95% confidence interval.
5- (hydroxymethyl) furfural (HMF), 2, 5-furandicarboxylic acid (FDCA), terephthalic acid (TPA)

CHAPTER 3

40



Figure 3.1: Dissipation of HMF (A,B), FDCA (C,D) and TPA (E,F) as a function of time (hour) in 
moist LUFA 2.2 soil at 20 °C for start concentrations 1000 (A,C,E) and 100 mg/ Kg soil (B,D,F). 
Lines show fits of first- order degradation kinetics. However, HMF (G), FDCA (H) and TPA (I) 
stayed stable in sterilized LUFA 2.2 soil at 20 °C for start concentrations 1000 and 100 mg/ kg 
soil.
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Figure 3.1:  Continued
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Figure 3.2: Reproduction of Folsomia candida affected by exposure to soil spiked with HMF, FDCA 
and TPA. The average (n=4) number of juveniles per jar after 28 days exposure to unsterilized 
LUFA 2.2 reference soil samples spiked with different concentration of test chemicals. Error 
bars indicate standard errors. Different letters above the bars indicate significant differences 
(Fisher’s Least Significant Difference test, p<0.05) of the average number of juveniles within 
each single test compound. 
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reproduction at high concentration (Figure 3.3). Effect concentrations are estimated for 
the tested chemicals respectively in dose dependent model. The estimated EC50 values 
for FDCA, HMF and TPA were 445.5 ± 79.5, 484.1 ± 83.0 and 1005.0 ± 365.2 mg/kg, 
respectively.

Figure 3.3: Effects of HMF (A), FDCA (B) and TPA (C) on the reproduction of Folsomia candida. 
The average (n=4) number of juveniles was acquired per jar after 28 days exposure to sterilized 
LUFA 2.2 reference soil samples spiked with different concentration of test chemicals. Lines 
show the fit of the logistic dose response model to the reproduction data.
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3.3.2 Aquatic toxicity
No increase in mortality or affected embryos/larva was observed during 5-day 
exposure to FDCA, HMF and TPA in comparison to negative control (Figure 3.4). In 
contrast, the positive control (3, 4-dichloroaniline) affected 100% of the exposed 
larvae. In all test concentrations over 90% of the larvae were not affected after 5 
days. Thus no developmental toxicity for zebrafish embryos was found for any of the 
tested chemicals.
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3.3.3 CALUX reporter gene assays
The samples described were analysed on a panel of 25 CALUX assays, resulting in 
an activity profile for each tested compound (Figure 3.5). No cytotoxicity (threshold 
used for Cytotox CALUX: IC20) was measured at exposure up to a concentrations of 
1 mM FDCA. Moreover, FDCA did not activate any of the 25 CALUX assays. Similarly, 
no cytotoxicity was observed after HMF exposure at all concentrations, although 
this compound showed a slight anti-androgenic effect at the highest concentration 
of 1 mM. Finally, TPA showed no cytotoxicity and was not active on any of the 25 
CALUX assays. This contrasts to the results obtained with  two reference compounds 
(phthalates) that were highly active on several assays including endocrine assays 
(ERa, anti-AR and anti-PR), consistent with their endocrine disrupting activity. 

Figure 3.4: Percentage of effects on early zebrafish development after exposure to test 
compounds from 4 hours post fertilization till 5 days post fertilization. Exposures where 
performed with 10 embryos per well and with four wells per concentration, thereby totally 40 
embryos were assessed per treatment. Only for the Embryo Standard Water (negative control) 
twelve wells were used.

Figure 3.5: Results CALUX assays. Numbers in cells represent PC10 value (Log [(M)] 
concentration) which is the concentration where the signal elicited by the sample equals 
10% of the maximum signal elicited by the reference compound of that assay. Rows are test 
compounds: 5- (hydroxymethyl) furfural (HMF), 2, 5-furandicarboxylic acid (FDCA), terephthalic 
acid (TPA), and two reference compounds: dibutyl phthtalate and butyl benzyl phthtalate. 
Columns represent the 25 CALUX assays. The abbreviations of the assays are introduced in the 
M&M.  Colors represent mode of induction: yellow, low; red, high; grey, background signal.
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3.3.4 HepG2 cells MTT assay and microarray experiment
HepG2 cells were subjected to MTT assay to evaluate cytotoxicity at 72 hours. The 
concentration at which the IC20 (20% effect on cell viability) was reached were 
assessed for each chemical. The IC20 was 1,9mM after exposure to FDCA, while 
exposure to HMF and TPA never reached IC20 at the maximum applied dose (>2 mM). 
For genome-wide transcriptomics, HepG2 cells were exposed with an IC20 dose 
of each chemical for 24 hours and mRNA changes were assessed by micro array. 
The transcriptional profile indicated that FDCA and TPA are indistinguishable from 
controls, without any significant differentially expressed genes after false discovery 
rate multiple test correction. Only two genes were significantly up regulated after 
HMF exposure. These two genes encode the pleckstrin homology protein (PHLDA2) 
and the thioredoxin interacting protein (TXNIP) (Table S3.1).

3.4. Discussion
In the current study, a panel of four different types of assays was used to assess the 
effects of exposure to the bio-based chemical FDCA, a candidate building block for 
the production of PET plastics considered for replacing the traditional building block 
TPA. Our test panel was chosen to explore a variety of endpoints at different levels 
of biological organization, in a time- and cost-effective manner.  It covered soil- and 
aquatic ecotoxicogical assays, as well as a panel of CALUX report gene assays and 
HepG2 cell transcriptomics. The generated profiles indicate that the toxicity of FDCA 
is comparable to TPA with respect to responses measured in the above-mentioned 
panel.

A potential hazardous effect of some phthalate esters is endocrine disruption, as shown 
by a previous study (Heudorf, Mersch-Sundermann et al. 2007), and our current CALUX 
data (Figure 3.5). Here, we show that FDCA and TPA show no significant adverse effect 
on major pathways deregulated by endocrine disrupters in vertebrates. Finally, FDCA 
and TPA, as well as HMF (an intermediate in FDCA synthesis), are degradable by soil 
microbial communities, especially at low, environmentally relevant concentrations. 
This indicates that the compounds will not accumulate in the environment. So while 
FDCA does not seem to pose an environmental risk greater than the presently used 
TPA, the added value of FDCA is that this compound can be synthesized solely from 
biological carbon sources (e.g. degraded plant material) and for that reason it will be 
a good candidate for the replacement of TPA (synthesized from fossil carbon sources) 
without causing negative effects on human health and environmental safety. 

The bio-based compound FDCA did not cause detrimental effects in soil. Here we 
showed that it only generates toxicity towards F. candida reproduction under chronic 
exposure in sterilized soil, which seems a highly unlikely environmental hazard 
scenario. In non-sterilized natural soil FDCA is degraded quickly and does not seem to 
be toxic, In addition, FDCA did not exert embryo toxicity in zebrafish nor cytotoxicity 
or carcinogenesis-associated activity in the cell-based assays.

This is to our knowledge the first study investigating effects of FDCA exposure on 
multicellular animals. Only one study so far, reports on effects of FDCA exposure on 
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prokaryotes and showed that Pseudomonas putida strain S12 strain can perform 
efficient whole-cell biotransformation of HMF into FDCA (Koopman, Wierckx et al. 
2010). This indicates that acute cytotoxicity of FDCA may be low in an environment 
with stable biotransformation without causing cell mortality.

At the organismal level, we observed that reproductive toxicity in HMF-exposed 
F. candida is only occurring in sterilized soil after 28 days. In contrast, Bailey at al. 
showed that HMF could cause up to 50 % mortality in honeybees at concentration 
of 150 mg/L after 19 days, indicating that soil invertebrate may less sensitive to 
HMF than hymenopterans (LeBlanc, Eggleston et al. 2009). In addition, this study 
shows that HMF can be bio-converted by sulphotransferase into the reactive allyl 
ester 5-sulfoxymethylfurfural (SMF), which is genotoxic and mutagenic in bacteria 
and mammalian cells (Surh and Tannenbaum 1994, Monien, Frank et al. 2009). 
However, SMF can be detoxified by glutathione (GSH) chelation facilitated by GSH 
S-transferases (Lee, Shlyankevich et al. 1995). In turn, HMF reduces GSH levels in 
a concentration-dependent manner (Janzowski, Glaab et al. 2000). We speculate 
therefore, that long term HMF exposure to Folsomia could still induce toxic effects 
through SMF formation. Further investigations are needed to test this. 

TPA is still the common compound for poly-ester formation, but this compound 
is synthesized from fossil carbon sources. It has been widely used for synthesis of 
plastics, dyes, pesticides and chemical fibers. Our results showed that TPA reduced 
reproduction in F. candida at concentrations higher than 30 mg/kg soil, although EC50 
levels were not reached in this study. However, TPA reached a higher toxicity level in 
sterilized soil, due to the fact that the compound remained stable. Interestingly, oral 
exposure of rats to TPA generated effects on testicular functions of rats after 90 days. 
The primary target of the action may be spermatogenic cells and Sertoli cells (Cui, 
Dai et al. 2004). The mode of action of TPA on F. candida in sterilized soil needs to be 
further investigated. All other remaining assays did not show any effect related to TPA 
exposure. A study conducted by Kyung et al. showed that TPA caused no mutagenic 
effect in in vitro and in vivo genotoxicity tests (Lee and Lee 2007), which is in line with 
the absence of the induction of genes and/or pathways related to genotoxicity in our 
transcriptome results from TPA-exposed HepG2 cells. 

The results of the dissipation experiment clearly indicate that all compounds tested 
are not persistent in the environment and are quickly degraded by microbial activity in 
natural soil, although degradation speed was dependent on the starting concentration. 
The higher initial concentration of the chemical generated the longer half-life, which 
means the capacity of the soil microbial community may become saturated at such 
high concentrations. Similar studies showed such concentration-depended dissipation 
rate. For example, the natural toxin 2-phenyl-ethyl-isothiocyanate remained more 
stable in natural soil when present at high concentration (Van Ommen Kloeke, Jager 
et al. 2012). HMF showed the fastest degradation when comparing half-lives (Table 
3.1). Many microbial species were shown to degrade furanic compounds, especially 
HMF, such as the fungus Amorphotheca resinae ZN1, and the bacterium Telluria 
mixta (Wierckx, Koopman et al. 2011). The enzymes involved in these HMF/furural 
degradation pathways are encoded by eight hmf genes. Five of them are highly 
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conserved among microorganisms, while the remaining three genes have diverse 
catalytic functions (Wierckx, Koopman et al. 2011). Thus, we expect that a rich 
microbial community is capable of degrading HMF at a relatively fast rate. Another 
study conducted by Lefevre et al. showed that six strains of micro-organisms from 
garden soil and compost can efficiently degrade TPA (Lefevre, Mathieu et al. 1999). 
Since TPA was also dissipated in LUFA soil, suggests that comparable micro-organism 
communities can be present in this standard soil. Again, we did not find data on 
microbial degradation of FDCA and this study provides the first evidence that FDCA 
can be degraded by microbial activity in a natural environment. 

More information is known about the environmental fate of HMF. As mentioned earlier 
this structure is formed as an intermediate in the production of FDCA from sugars. 
In carbohydrate-rich foods, HMF is formed by an acid-catalyzed thermal dehydration 
from fructose, saccharose and to a lesser degree from glucose. HMF has often been 
detected in heat-sterilized glucose or fructose solutions and is used as a flavoring 
substance in food . It is also present in wood smoke and liquid smoke (Morales 2009). 
The acute toxicity of HMF is very low. In a previous acute toxicity study, rats were 
administered 250 mg HMF/kg body wweight per day over 40 weeks, the observed 
acute oral LD50 was 3100 mg/kg. No significant difference was detected in terms of 
weight increase, feed consumption or final weight when comparing the HMF-exposed 
animals to controls. The histological examination of various organs for instance heart, 
liver and kidney, did not show significant difference either (Abraham, Gurtler et al. 
2011). This result is comparable with the result of zebrafish embryo toxicity and the 
in vitro assays in the present study. This suggests that it is not likely that HMF will 
generate adverse effect on morphology, even embryological stages. In our study, HMF 
showed low activity on the anti-androgen CALUX assay, but this was observed only 
at a very high concentration (1 mM) unlikely to be relevant in an in-vivo situation. 
Moreover, HMF did not generate cytotoxicity in an MTT assay in HepG2 cells, nor was 
it cytotoxic to the CALUX cells. It was also not active in the p53 CALUX assay and only 
induced two genes and no (adverse) pathways in the HepG2 transcriptomics assay, 
confirming data from a studies indicating that HMF did not cause in-vitro genotoxicity 
effects (Abraham, Gurtler et al. 2011). At the transcriptomic level, HMF significantly 
induced two genes only in HepG2 cells. One of the genes is pleckstrin homology-
like domain family A member 2 (PHLDA2) is considered to be an important tumor 
suppressor gene. Overexpression of PHLDA2 is associated with growth inhibition and 
apoptosis induction (Lee and Feinberg 1998, Dai, Huang et al. 2012). The second gene 
is annotated as thioredoxin interacting protein (TXNIP), which is a potential regulator 
of glucose and energy homeostasis in endogenous Cushing’s syndrome (Lekva, 
Bollerslev et al. 2013). In conclusion, the HepG2 cell transcriptional profile suggests 
that induction of liver toxicity or tumorigenis is very unlikely to take place even upon 
exposure to extremely high doses of HMF.

3.5. Conclusions
Overall, we demonstrated that FDCA can be a green and safe replacement of TPA as 
a chemical building block in industrial production without causing additional effects 
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on environmental and potential human health. Data that support this conclusion 
were generated at multiple levels of biological organization by using a diverse panel 
of both environmentally and human relevant test assays. We propose that future 
effect assessments include such diverse panels, but an important challenge is to 
further define the added value and limitations of each assay. Also, validation activities 
need to be set up to provide evidence that the applied test panel can adequately 
cover and predict potential hazard scenarios. In this context, a tiered approach may 
be useful where initial testing is being performed with assays that are suitable for 
rapid screening of interference of a range of important toxicity mechanisms. Once 
a compound shows a significant level of adverse effects in the first tier, which may 
include simple invertebrate models, it can be decided to have a more in depth 
mechanistic evaluation using transcriptomic assays and whole vertebrate screening 
tests. The current study is a first step towards such an approach, which is essential 
to provide information to show whether newly released bio-based and green bulk 
chemicals are also more sustainable for environment and human. We hope that this 
study will open discussion on which information must be available to justify use of the 
term ‘more sustainable’ in a future bio-based industrial and economy. 
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Guangquan Chen, Nico M. van Straalen and Dick Roelofs

Abstract
2, 5-furan dicarboxylic acid (FDCA) is the top-12 value-added chemicals derived 
from biomass that may serve as a 'green' substitute for terephthalic acid (TPA) in 
polyesters. FDCA can be synthesized chemically from 5-(hydroxymethyl) furfural 
(HMF), which is produced from fructose or glucose. To investigate impact of the 
production chain of FDCA on terrestrial ecosystem and unravel molecular pathways 
invoked and the biological process affected in the animal, a microarray analysis was 
applied to measure the transcriptome-wide response in soil invertebrates Folsomia 
candida. Microarrays examined transcriptional changes at EC50 concentrations of 
FDCA, HMF and TPA spiked in sterilized LUFA 2.2 soils. The results indicated FDCA 
and TPA caused no significant change in gene expression, which may due to the low 
chemical water solubility leading to slow uptake by the animal from the pore water 
after. A substantial number of genes were significantly regulated in F. candida after 
exposure to HMF. Gene Ontology analysis showed many biological processes were 
significantly affected, such as nucleic acid metabolism, transcriptional metabolic 
process, cell developmental process and oxidation-reduction process. Transcriptional 
profile also indicated HMF might be biotransformed by F. candida into SMF which is 
genotoxic and mutagenic. The current research shows that environmental risk of the 
FDCA production chain from biomass is not due to the final product but may to the 
intermediate, HMF.

Keywords: Toxicogenomics, Folsomia candida, 2,5-furandicarboxylic acid (FDCA), 5-
(hydroxymethyl) furfural (HMF), Green chemistry
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4.1. Introduction
The increasing cost of fossil resources is driving enhanced interest in the production 
of new fuels and new chemical building blocks from biomass (Poliakoff, Fitzpatrick et 
al. 2002). Several bio-based chemicals are already produced from biomass, such as 
four carbon 1,4-diacid, 2,5-furan dicarboxylic acid (FDCA), aspartic acid and glucaric 
acid (Werpy 2004). FDCA belongs to the top-12 value-added chemicals derived from 
biomass carrying a high market potential (Werpy 2004). It may be a “green” substitute 
replacing terephthalic acid) in the production of polyethylene terephthalate (PET) of 
which 1.8 million tons are produced annually (Kamm 2007). FDCA can be synthesized 
chemically from 5-(hydroxymethyl) furfural (HMF), which is produced from fructose 
or glucose.

Since both FDCA and HMF may end up in the environment, an important question 
is whether these new and green chemicals are equally safe, more toxic or less toxic 
compared to the chemicals that they aim to substitute. In this paper we focus on soil, 
a compartment with great binding capacity where many chemicals accumulate and 
often reach higher concentrations than elsewhere in the environment. Organisms 
used to test soil toxicity of chemicals include potworms (Enchytraeidae), earthworms 
(Lumbricidae) and springtails (Collembola).

Collembola are soil arthropods that play a significant role as detritivores in the soil 
ecosystem. They are very abundant and sensitive to soil pollutants. The species 
Folsomia candida is often used in standardized ecotoxicity assessment for soil quality 
as an indicator species (ISO 1999, Fountain and Hopkin 2005). In this standardized 
test the effect on reproduction is determined after exposure to contaminated soil for 
4 weeks. Recently, F. candida’s transcriptome was sequenced and new genomic tools 
are integrated into existing standardized toxicity testing to elucidate mechanistic 
information on the mode of action and determine the physiological state of the 
exposed organisms (Van Straalen and Roelofs 2008). A number of ecotoxicogenomic 
studies were performed with F. candida using soil samples spiked with pollutants as 
well as naturally polluted soils (Nota, Bosse et al. 2009, Nota, Verweij et al. 2010, 
Chen, de Boer et al. 2014, Chen, den Braver et al. 2015).

In the present study, we focus on the potential environmental impact of the production 
chain of FDCA. During the production process, the final product (FDCA), as well as the 
intermediates (HMF) could reach the environment by waste treatment or usage. In 
the case of current plastic production, TPA was detected in river water in China as a 
result of discharge of wastewater from a plastic producing factory (Zhang, Wan et 
al. 2005). Toxicity studies showed that the numbers of viable spermatogenic cells of 
male mice were reduced when the mice were exposed to TPA-containing wastewater, 
indicating reproductive impairment (Zhang, Sun et al. 2010). In a previous study by 
our group (Chen et al. 2015), we showed that FDCA, HMF and TPA can be biodegraded 
in natural soil but not in sterilized soil. In addition, these three chemicals can cause 
a large reduction in reproduction of F. candida in sterilized natural soil after 4 
weeks of exposure. In the present research, F. candida was exposed for 2 days to a 
concentration corresponding to the 4-week EC50 (50% reduction) of FDCA, HMF and 
TPA. A microarray analysis was applied to measure the transcriptome-wide response, 

ECOGENOMIC ASSESSMENT OF SOIL TOXICITY ASSOCIATED WITH THE 

PRODUCTION CHAIN OF 2,5-FURANDICARBOXYLIC ACID (FDCA), 

A CANDIDATE BIO-BASED GREEN CHEMICAL BUILDING BLOCK

4

51



in order to unravel molecular pathways invoked and the biological process affected in 
the animal. By using ecotoxicogenomic tools, we aim to elucidate the mode of action 
of these chemicals and to contribute to the risk assessment regarding their potential 
effects on the soil environment.

4.2. Material and methods
4.2.1 Experimental soil compound and spiking
Sterilized natural LUFA 2.2 soil (Speyer, Germany) was used to spike-in FDCA (CAS 
number 3238-40-2), HMF (CAS number 67-47-0) and TPA (CAS number 100-21-0); the 
chemicals were ordered from Sigma-Aldrich (Schnelldorf, Germany). Soil was spiked 
with 4-wk EC50 concentrations of FDCA, HMF and TPA (determined in an earlier 
study: 446, 484 and 1005 mg/kg dry soil, resp.). Chemicals were added to the soil 
in an acetone solution (98% purity, Sigma-Aldrich). Equal volumes of acetone were 
used for spiking, after which it was applied to 10% of the soil. The acetone solutions 
covered the soil completely and were left together with the soil for 24 hours in a 
closed glass container to equilibrate. Then the glass container was opened for 24 
hours to let the acetone evaporate. Afterwards, the remainder of the soil (90%) was 
added before moisturizing. Moisture content of the soil was adjusted to 22% (w/w), 
corresponding to 50% of the water holding capacity. The spiked soils were thoroughly 
mixed and exposures started immediately afterwards. All the exposures were done in 
a climate room at 20 oC, 75% relative humidity and a 12/12 h light/dark cycle.

4.2.2 Exposure
To make sure that all exposed animals had a similar age and body size, an age-
synchronized culture was produced. Twenty adult animals were taken from the 
stock culture, incubated in plastic containers, containing plaster of Paris mixed with 
charcoal. The animals laid eggs for 2 days and were then removed. The eggs laid in 
this period hatched after around 10 days. Thirty 23-d-old animals were put in a glass 
jar (100 mL) with 25 g wet soil for a 2-d exposure period. After 2 days the animals 
were extracted from the soil by means of flotation using tap water, collected in an 
Eppendorf tube, and snap-frozen in liquid nitrogen. The thirty animals from one 
container jointly were considered one biological replicate.

4.2.3 Microarray development
For microarray development we extensively sequenced the F. candida transcriptome 
using Illumina HiSeq technology (Illumina, San Diego). The sequencing input material 
consisted of a pool of RNA made up from animals exposed to a range of conditions 
(Faddeeva, Studer et al. 2015). Before sequencing, the RNA pool was normalized 
(Evrogen, Moscow) to equalize transcript abundance. Sequencing yielded 35.303 
contigs, all of which were used for microarray construction. An Agilent custom 4x44k 
test microarray was designed in eArray (Agilent technologies, Santa Clara) using the 
standard expression settings. Each biological probe was synthesized once on the 
microarray. Functional annotation of the 35k transcripts of F. candida was performed 
using the Blast2GO suite (Gotz, Garcia-Gomez et al. 2008) and BlastX (Altschul, Gish 
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et al. 1990) searches of nucleotide query sequences translated in all reading frames 
were performed against a non-redundant (nr) protein sequence database  (Pruitt, 
Tatusova et al. 2007) with an e-value cut-off of 10–3.  Top hits with the lowest e-value 
were selected for each contig

4.2.4. Microarray hybridization
Total RNA was extracted from the pool of 30 animals for each replicate the SV Total 
RNA Isolation System (Promega) according to manufacturer’s instructions. After total 
RNA extraction, the quality and the quantity were checked using a Nanodrop ND-100 
spectrophotometer (Fisher Scientific, Waltham, USA). For each replicate 500 ng RNA 
was fluorescently labeled and reverse transcribed to cDNA with the single color 
(cyanine 3) Low-Input Fluorescent Linear Amplification Kit (Agilent Technologies), 
according to the manufacture’s guidelines. Then 300 ng labeled and amplified 
complementary RNA was purified using RNeasy (Qiagen) and hybridized with Agilent 
microarray slides according the manufacturer’s instructions.

Hybridization was performed at 65 °C for 17 h rotating at 10 rounds per minute (rpm) 
in an incubator. After hybridization, the slides were washed using Gene Expression 
Wash Buffer Kit (Agilent Technologies) and scanned on a DNA microarray scanner 
(Agilent Technologies). We used a single color microarray design which meant only 
one sample labeled with cy3 was hybridized to one microarray. To exclude slide and 
washing variation we distributed replicates of the same exposure over multiple slides. 

4.2.5 Microarray data analysis
The microarray scan images were quantified with Feature Extraction (9.5.1.1) software 
(Agilent Technologies). The data can be accessed by Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74640). 

Preprocessing and statistical analysis of microarray data were implemented using the 
“limma” package (Smyth 2004) from R (version 2.15.1). This consisted of Edward’s 
background correction (offset=30) and quantile normalization between microarrays 
(Edwards 2003). For gene expression significance calculations, we contrasted 
each sample against the LUFA 2.2 reference, and then calculated an average Log2 
expression ratio and a Benjamini-Hochberg adjusted p-value (Benjamini and 
Hochberg 1995) for each gene using a linear model. Lists of significant genes were 
subjected to Gene Ontology (GO) analysis by using the TopGO package in R (Alexa, 
Rahnenfuhrer et al. 2006) to assess which biological processes were significantly 
affected. The significant GO terms yield by TopGO were further subjected to REVIGO 
analysis to find representative subsets of the terms by using clustering algorithm that 
relies on semantic similarity measures (Supek, Bosnjak et al. 2011). The results of 
REVIGO visualize this non-redundant GO term set in multiple ways (e.g. treemaps, tag 
clouds and scatterplot) to assist interpretation.. The most optimal GO term is taken as 
description for all inter related terms which are binned and receive identical coloring.

4.3. Results and discussion
Gene expression profiles were assessed for F. candida exposed for 2 days to FDCA, 
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HMF and TPA in soil at concentrations corresponding to the 4-wk EC50. No mortality 
was observed at the deployed concentrations.

Microarray analysis demonstrated a remarkable difference between the three 
compounds. No significant change in gene expression was observed in FDCA- and 
TPA-exposed animals. However, a total of 8720 significantly expressed genes (3630 
down-regulated and 5090 up-regulated) were detected after exposure to HMF (Table 
S4.1). The normalized gene expression values between pairs of different biological 
replicates for each treatment were highly significantly correlated (p < 0.01) (Figure 
4.1 and Figure S1). This indicates that the absence of significantly differentially 
expressed genes for FDCA and TPA is not due to increased variance among the 
biological replicates of both exposures (Figure 4.1).For HMF exposure treatment, 
both up-regulated and down-regulated gene sets were subjected to a gene ontology 
enrichment (GO) analysis (Alexa, Rahnenfuhrer et al. 2006). The GO analysis focused 
on the terms belonging to “biological process” since these seemed to be the most 
indicative (Figure 4.2, Table S4.2). The significant GO terms were further subjected to 
REVIGO to summarize GO terms into more representative subsets (Figure 4.3). 

It is highly surprising that no significant alteration of transcription profiles were 
detected after exposure of FDCA and TPA for two days, although the concentrations 
exert sever toxic effects after 4 weeks. One possible explanation is that these two 
compounds are only slowly taken up by the animal, much slower than HMF. TPA is 
poorly soluble in water and alcohols. The solubility of TPA is around 0.017 g L-1 at 25 °C 
(R 2000). FDCA also has low water solubility, according to the literature (about 1 g L-1) 
(Payne and Kerton 2010). Uptake from the pore water may be particularly important 
for springtails. F. candida is in close contact with the water phase by means of a thin-
walled eversible vesicle on the ventral tube, an appendage of the first abdominal 

Figure 4.1: Scatter plots of the relationship of correlation of normalized gene expression values 
between pairs of biological replicates of FDCA exposure treatment (A) and TPA exposure 
treatment (B). Each treatment contains three biological treatments. Pearson correlation 
coefficient values are shown in the plots. 

A B
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Figure 4.2: Gene ontology (GO) tree resulting from the enrichment analysis. This tree shows 
part of the biological processes that were significantly affected in Folsomia candida after 2-d 
exposure to HMF in soil. Each sphere contains a GO identifier, a biological process description, 
significance values of Fisher's exact test (red color represents the significance level, p value < 
0.05). The ratio under the p value represents the number of significant genes divided by the total 
number of genes belonging to the GO term and present on the array. Transcriptional metabolic 
processes were significantly affected in the up-regulated gene set (A). Cell developmental 
processes and oxidative response processes were significantly affected in the down-regulated 
gene set (B).

A

segment. This structure is involved in exchange of fluids and ions with the soil pore 
water (Eisenbeis 1982). The ventral tube is the most important exposure route for 
water-soluble chemicals in F. candida (Lock and Janssen 2003, Fountain and Hopkin 
2005). The relatively low water solubility of FDCA and TPA lead to low concentrations 
in the soil pore water and a slow uptake rate which does not yet lead to internal 
biological effects after short-term exposure. The toxic effects observed in sterilized 
soil after 4 weeks might due to chronic accumulative toxicity or toxicity on the small 
offspring (Chapter 3). However, the mechanism of the reproductive toxicity need to 
be further investigated.

A substantial number of genes were significantly regulated in F. candida after exposure 
to HMF (Table S4.1). The most prominent processes in the up-regulated group of 
genes are nucleic acid metabolism processes, and transcriptional metabolic processes 
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B

Figure 4.2: Continued

as depicted in Figure 4.2A. Most representative GO terms were mainly involved in 
processes of “negative regulation of RNA metabolism (GO: 0051253)”, “cellular 
response to DNA damage stimulus (GO: 0006974)”, and “GPI anchor metabolism 
(GO: 0006505)” (Figure 4.3A, Table S3). Within the representative GO term “negative 
regulation of RNA metabolism (GO: 0051253)”, the GO terms are closely linked 
to transcriptional processes ‘transcription, DNA-template’ (GO: 0006351), ‘gene 
expression’ (GO: 0010467) and ‘regulation of translational elongation’ (GO: 0006448) 
were all significantly affected. These processes are represented by gene functions. 
For instance, DNA-directed RNA polymerase (known as RNA polymerase) omega 
subunit protein gene (FCTS_3116) that was nearly four times up-regulated and ranked 
second in the significantly up-regulated gene set (Table S4.1). This enzyme is required 
to support RNA polymerase assembly by acting as a chaperone; it is essential for 
primary transcript RNA production (Ghosh, Ramakrishnan et al. 2003). 
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Figure 4.3: TreeMap from REVIGO for significantly affected GO terms of up-regulated genes 
(A) and down-regulated genes in Folsomia candida after exposure to HMF. The input GO terms 
were generated by GO enrichment analysis by using the TopGO package in R. Each rectangle 
is a cluster representative; larger rectangles represent ‘superclusters’ including loosely related 
terms. The size of the rectangles reflects the p-value. 

A

B

Another representative GO term for significantly up-regulated genes is “cellular 
response to DNA damage stimulus (GO: 0006974)” (Figure 4.3A). This suggests 
that DNA adducts are formed due to HMF exposure. HMF can be metabolized to 

ECOGENOMIC ASSESSMENT OF SOIL TOXICITY ASSOCIATED WITH THE 

PRODUCTION CHAIN OF 2,5-FURANDICARBOXYLIC ACID (FDCA), 

A CANDIDATE BIO-BASED GREEN CHEMICAL BUILDING BLOCK

4

57



5-sulfoxymethylfurfural (SMF) (Monien, Frank et al. 2009). Monien et al. showed that 
SMF is highly reactive and can form adducts with DNA or proteins in Chinese hamster 
V79 cells after treatment with HMF (Monien, Engst et al. 2012). Furthermore, four 
genes regulated by HMF encode cytochrome P450s or are related to xenobiotic 
transformation, such as FCTS_2484 (cytochrome p450), FCTS_181 (cytochrome p450 
2j2-like protein) and FCTS_29855 (cytochrome p450). Cytochrome P450 is known 
to be involved in detoxification of xenobiotics, especially in phase I, in which toxic 
compounds are hydrolyzed in order to be conjugated by endogenous metabolites 
(Guengerich 2001). Such activation may also result in highly reactive and toxic 
metabolites and indicates that in F. candida, HMF could be biotransformed into SMF, 
leading to formation of DNA adducts. However, this should be further investigated 
by for instance measuring the formation and internal body concentration of SMF in 
FDCA exposed animals.

Other significant GO term among the up-regulated genes worth mentioning 
are “methylation (GO: 0032259)” “mitotic cell cycle process (GO: 1903047) and 
neurogenesis (GO: 002008)” (Figure 4.3A). This is illustrated by the up-regulation of, 
for instance, a histone methyltransferase (FCTS_3003, h3k9 methyltransferase) which 
is a histone-modifying enzyme (Shinkai and Tachibana 2011).

Processes involved in cell developmental process and oxidation-reduction are 
most prominent among the significantly down-regulated gene set generated by 
HMF in F. candida (Figure 4.2B). More specifically, the represented biological 
processes are “sarcomere organization (GO: 0045214), tricarboxylic acid cycle (GO: 
0006099), negative regulation of cysteine-type endopeptidases activity involved in 
apoptotic process (GO: 0043154), cholesterol biosynthesis (GO: 0006695), calcium 
ion transmembrane transport (GO: 0070588) and carbohydrate metabolism (GO: 
0005975)” (Figure 4.3B).

Under the GO term “sarcomere organization (GO: 0045214)”, a clear signature of 
effects on growth and development processes can be identified (Figure 4.3B). For 
instance, cuticle pattern formation (GO: 0035017), mesoderm development (GO: 
0007498) and regulation of tube length, open tracheal system (GO: 0008586). A key 
gene (transcript FCTS_16044), belonging to the GO term sarcomere organization 
(GO:0045214), encodes a myosin heavy chain (MHC), a motor protein of muscle thick 
filaments; this gene is significantly down-regulated (Rayment and Holden 1994). 
Most organisms produce different MHC isoforms for different muscle types; this is 
sometimes done by alternative splicing of a single MHC gene (George, Ober et al. 
1989).

Tricarboxylic acid cycle process (GO: 0006099) represents oxidation-reduction and 
was also significantly affected among GO terms for down-regulated genes (Figure 
4.3B). The tricarboxylic acid cycle is an essential cellular metabolic process which 
generates adenosine triphosphate (ATP) and carbon dioxide through the oxidation 
of acetate derived from carbohydrates, fats and proteins (Krebs and Lowenstein 
1960). A gene representative for this process (transcripts FCTS_23748) encodes NADP 
transhydrogenase that contributes to fine tuning of the tricarboxylic acid cycle activity 
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in mitochondria (Sazanov and Jackson 1994). Related biological processes such as 
“carbohydrate metabolism (GO: 0005975) and sucrose metabolism (GO: 0005985)” 
are also among the GO terms represented in the significantly down-regulated gene 
set (Figure 4.3B). This suggests that the animal’s ability to maintain metabolic energy 
production was heavily affected by HMF.

Within the larger biological process “negative regulation of cysteine-type 
endopeptidase activity involved in apoptotic process (GO: 0043154)” identified by 
REVIGO, “response to oxidative stress” (GO: 0006979) and “xenobiotic catabolic 
process” (GO: 0042178) are included (Figure 4.3B). This suggests that these stress 
response processes are all down-regulated due to energy depletion. At single gene 
level, “response to oxidative stress (GO: 0006979)”resulted from the repressed 
expression of transcripts encoding anti-oxidation enzymes, such as glutathione-S-
transferases (GST) (FCTS_939 and FCTS_6148) and GST-like protein (FCTS_386). Fifteen 
more transcripts encoding GST can be found in the down-regulation gene set (Table 
S4.1). This result supports previous findings that HMF reduces GSH S-transferases 
levels in a concentration-dependent manner (Janzowski, Glaab et al. 2000). This also 
indicates that HMF can cause oxidative stress, as was suggested previously in a study 
using transcriptional profiling on HMF-exposed Saccharomyces cerevisiae T2 cells 
(Bajwa, Ho et al. 2013).

Regarding risk assessment, the main conclusion is that the hazard of FDCA release 
into soil ecosystems is low. Chronic toxicity of FDCA is only seen in long-term 
experiments under sterile conditions, which is not a realistic scenario (Chapter 3). 
Under ecologically relevant conditions, FDCA is readily degraded, with a half-life in 
soil of around 4.5 days. No chronic toxicity to F. candida is observed under these 
conditions. Thus, the advantage of FDCA over TPA (FDCA being produced from 
biomass) is not counterweighted by a greater environmental risk. However, the 
intermediate compound HMF is toxic in our experiments and the gene expression 
profile shows signatures of mutagenic activity. Further analysis need to be considered 
to decide whether emissions of HMA to the environment can be reduced sufficiently 
in the production chain of FDCA.

4.5. Conclusion
We demonstrated that exposure to FDCA and TPA in concentrations corresponding 
to 50% reduction of population development in long-term tests, does not affect the 
transcriptional profiles of adult F. candida exposed for 2 days. This might be due to 
the low water solubility of FDCA and TPA leading to slow uptake from the pore water. 
In contrast, the intermediate water-soluble compound HMF causes severe alteration 
of gene expression suggesting disturbance of transcriptional process, generating DNA 
damaging, hamper animal development and growth as well as causing depletion in 
energy supply. The results also showed that HMF generates oxidative stress and can 
be biotransformed to SMF which is genotoxic and mutagenic. Reduced reproduction 
by HMF in the 4-wk ecotoxicological test may be due to accumulation of SMF in the 
animal body or acute toxicity to offspring, although the process of reproduction was 
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not identified within the annotations of significantly affected transcripts. By combining 
ecotoxicological and transcriptome analysis, the molecular pathways invoked and 
the biological process affected by these bio-based chemicals were elucidated on an 
ecologically important soil invertebrate. Our analysis shows that the environmental 
risk of an FDCA production chain from biomass is not due to the product itself but to 
the intermediate compound, HMF.
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Integrating Transcriptomics into Triad-based 
Soil Quality Assessment



Abstract
The present study examined how transcriptomics tools can be included in a Triad-
based soil quality assessment to assess the toxicity of soils from river banks polluted by 
metals. To that end we measured chemical soil properties and used the standardized 
ISO guideline for ecotoxicological tests and a newly developed microarray for gene 
expression in the indicator soil arthropod, Folsomia candida. Microarray analysis 
revealed that the oxidative stress response pathway was significantly affected in 
all soils except one. The data indicate that changes in cell redox homeostasis are 
a significant signature of metal stress. Finally, 32 genes showed significant dose-
dependent expression with metal concentrations. They are promising genetic 
markers providing an early indication of the need for higher tier testing in soil quality. 
During the bioassay, the toxicity of the least polluted soils could be removed by 
sterilization. The gene expression profile for this soil did not show a metal-related 
signature, confirming that another factor than metals (most likely of biological origin) 
caused the toxicity. The present study demonstrates the feasibility and advantages 
of integrating transcriptomics into Triad-based soil quality assessment. Combining 
molecular and organismal life-history trait’s stress responses helps identifying causes 
of adverse effect in bioassays. Further validation is needed for verifying the set of 
genes with dose-dependent expression patterns linked with toxic stress.

Keywords: Folsomia candida, Transcriptomics, Ecotoxicology, Soil contamination, 
Oxidative stress 

Guangquan Chen, Tjalf E. de Boer, Marlea Wagelmans, Cornelis A. M. van Gestel, 
Nico M. van Straalen and Dick Roelofs
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5.1 Introduction
Ecological risk assessment (ERA) is a complex process since there are many variables 
to take into account, which holds especially true for the assessment of environmental 
samples such as freshwater, river sediments, and natural soils. To deal with many 
confounding biological and physico-chemical factors in a clear and consistent way, 
a stepwise or tiered approach is often deployed, using information from different 
sources. A Decision Support System (DSS) can be applied to structure all the information 
collected. Jensen et al. described three stages in such a DSS for assessing contaminated soils. 
Stage I is site characterization and description of land-use, Stage II is the determination 
of ecological aspects and Stage III consists of site-specific instruments. Together these 
three stages form the basis for applying the so-called the Triad approach (Jensen, 
Mesman et al. 2006).

The Triad approach was originally developed as a strategy for evaluating sediment 
quality (Long and Chapman 1985) and consists of three lines of evidence: chemistry, 
(eco)toxicology and ecology. Furthermore, a variety of analyses or tests can be chosen 
to support each line of evidence. For instance, chemistry involves measurements of 
total concentrations, bioavailable concentrations and bioaccumulation; toxicology 
uses bioassays and biomarkers and ecology includes field observations of vegetation, 
soil fauna, micro-organisms, etc. The integration of results and conclusions is used to 
determine whether the site needs to be remediated or whether more detailed data 
are necessary for further ERA.

Chemical analysis of pollutants in ecosystems often reveals an extensive list of 
potentially hazardous toxicants (Legler, van Velzen et al. 2011), which makes it difficult 
to determine whether single or multiple pollutants are causing the effects observed in 
bioassays and provides no information about their bioavailability. In case of remediation 
or redevelopment of a contaminated site, it is important to identify major toxicant 
classes among the potential list of compounds in a mixture, so that remediation efforts 
can be more effectively tailored towards biologically active compounds. By testing 
survival, growth and reproduction, traditional bioassays are often unable to provide 
detailed information on the type of stress exerted on the test organisms.

To improve on this situation, suggestions have been made to include genome-wide 
transcriptome analysis in the battery of possible bioassays deployed in site-specific risk 
assessment (Snape, Maund et al. 2004, Van Straalen and Roelofs 2008). Gene expression 
analysis of indicator organisms exposed to a suspect environmental sample provides 
an immediate response, which is specific to the type of chemical stress. Several studies 
have shown that transcriptional profiles can generate a signature that can distinguish 
between single compounds (Nota, Verweij et al. 2010). Measuring gene expression can 
link molecular information and physiological state of animals with ecological endpoints; 
subsequently it may help elucidating modes of action of different chemicals or pollutants 
(Poynton, Varshavsky et al. 2007, Nota, Timmermans et al. 2008). In this manner it is 
possible to identify, among the cocktail of contaminants at a site, the components that are 
the most bioactive and dominate the toxicity.

Recently, some studies implemented transcriptional profiling to assess complex 
environmental samples. By using transcriptional profiles of nematodes exposed to 
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polluted and clean river sediments, Menzel and colleagues were able to identify 
transcriptional responses in complex mixture scenarios to distinguish between 
different ecological samples with different pollution levels, and they found that 
several biological processes, such as oxidative phosphorylation, were affected by the 
most polluted samples (Menzel, Swain et al. 2009). After exposing collembolans to 
original soil and soil extracts from a municipal landfill, transcriptional profiles showed 
that the original soil samples which were more toxic induced two times less gene 
expression changes than the soil extracts. The essential detoxification pathways 
for xenobiotics were significantly induced in animals exposed to both soil and soil 
extract (Roelofs, De Boer et al. 2012). These studies indicate that toxicogenomics 
can be implemented in current environmental quality assessment to further generate 
transcriptional signatures of different environmental samples and to delineate 
mechanisms underlying the disturbance exerted by pollutants. Introducing genomics 
tools to toxicity tests can also enable identifying an animal’s responses to other factors 
separate from toxic stress. De Boer et al. showed that different transcriptional profiles 
of collembolans were associated with two classes of soil type, clayey and sandy, and 
that this distinction alone involved 18.5% of the variation in measured transcriptomes 
(De Boer, Birlutiu et al. 2011). 

In the present paper we apply a transcriptomic analysis in a risk assessment of a 
disposal site with metal-contaminated dredged sediment using the collembolan 
Folsomia candida as a model organism. F. candida is abundant in soil and has a 
detritivorous role in the soil ecosystem (Fountain and Hopkin 2005). For this species, 
standardized protocols are available for soil quality assessment (ISO 1999). Various 
studies have demonstrated that F. candida is suitable in classical soil toxicity tests 
as well as in toxicogenomics studies (Nota, Timmermans et al. 2008, Nota, Bosse et 
al. 2009, Nota, Verweij et al. 2010, Janssens, Giesen et al. 2011). The present study 
aims to correlate the chemical composition of soil samples from a contaminated site 
with ecotoxicity tests and transcriptomic analysis to reach a better insight into how 
toxicogenomics can be used to evaluate soil quality. Furthermore, we test the validity 
of a previously established classification method based on 188 transcripts meant to 
specifically determine metal pollution in soil (Nota, Verweij et al. 2010). To achieve 
that, we exposed collembolans to six soil samples with varying pollution status, 
collected near the River Dommel in the Netherlands. We measured chemical soil 
properties, reproduction in a 28 d standardized ecotoxicity test, and gene expression 
changes after short-term exposure. By doing this, we want to clarify (i) whether the 
main cause of the toxic effect among a complex environmental mixture sample can 
be identified, (ii) whether toxic levels generated by chemical analysis correlate with 
specific transcriptomic profiles, and (iii) whether we can propose a set of genes 
suitable for detecting metals in soil quality assessment. 

5.2  Matherials and methods
5.2.1. Study site
The sampling area is located near the River Dommel in the South of the Netherlands. 
At the site, dredged sediment from the river has been deposited. Due to mining and 

CHAPTER 5

64



industrial heritage upstream, the river (and thus the sediment) is polluted with metals. 
The site is located within the Ecological Main Structure of the Netherlands which 
triggered a detailed risk assessment. The vegetation consists mainly of grasses, shrubs 
and small deciduous trees. The area around the site is used for recreational purposes. 
In total, six sites were investigated and a composite soil sample was collected at each 
site from three pooled subsamples taken within 25 m2 (Supplemental Data, Figure 
S5.1). At the laboratory, these samples were sieved (mesh size 250 µm) to obtain 
homogeneous substrates for the tests. The risk assessment included a large number 
of chemical analyses, which are summarized in Table 1. In addition to these six soils, a 
standardized natural soil was used as a reference (LUFA 2.2, LUFA - Speyer). 

Because of high chemical concentrations, each soil sample was 2 and 10 times diluted 
with LUFA 2.2 soil to prevent severe mortality in the reproduction test. Following 
deviating observations for soil L4 in the reproduction test, we tested whether 
biological toxic agents were involved. Soil L4 was sterilized by placing it in heat-
resistant plastic bags. Deionized water was added until the water level reached the 
soil surface. Then the plastic bags were sterilized in an autoclave at 120 °C for 20 min. 
For gene expression experiments, undiluted soils were used.

Table 5.1: Soil properties and metal concentrations of the six study sites along the River 
Dommel (L1 to L6). A toxic index value (msPAF) was calculated for each soil sample; see text for 
a description of the method to calculate msPAF.

-, not applicable. All concentrations are per unit of dry soil.

Parameter Unit L1 L2 L3 L4 L5 L6

Chemical parameters

pH-H2O - 5.6 5.1 4.8 7.0 6.2 5.3

Organic matter % 14.5 23.9 18.6 5.6 7.1 11.0

Clay content % 8.8 11.0 11.0 4.7 2.7 4.0

Metals

Barium mg/kg 390 560 590 45 210 260

Cadmium mg/kg 34 31 37 3.4 13 17

Chromium mg/kg 330 490 910 < 15 180 200

Cobalt mg/kg 7.9 5.2 4.6 < 3 3.5 6.9

Copper mg/kg 260 320 560 13 170 160

Mercury mg/kg 1.7 3.0 3.0 0.17 1.7 1.5

Lead mg/kg 240 320 310 33 79 140

Molybdenum mg/kg 21 33 44 5.6 10 13

Nickel mg/kg 25 27 29 5.6 11 16

Zinc mg/kg 390 310 250 83 160 220

Toxic stress (msPAF) % 77.9 77.6 87.2 0 56.5 56.2
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5.2.2. Exposure conditions
The collembolan Folsomia candida (“Berlin strain”, maintained for ± 20 years at VU 
University Amsterdam) was used for reproduction experiments using standardized 
methods (ISO, 1999). The animals were fed baker’s yeast (Dr Oetker) ad libitum. For 
age-synchronization, adult collembolans from the mass culture were transferred to 
fresh culture containers where they could lay eggs. The animals were removed after 
2 d and their hatchlings were used for the experiments. During the experiment, all 
containers were kept at 20 °C, 75% relative humidity, and a 12h light/dark cycle.

Before exposure we adjusted the moisture content of each soil to 50% of its water 
holding capacity. For the reproduction experiment, 10 age-synchronized, 10 d old 
collembolans were exposed to 25 g of wet soil in 100 mL glass jars using four replicates 
per soil. Food was added twice at the beginning and halfway of the experiment; all 
the containers were opened twice a week for aeration and the moisture level was also 
adjusted at that time. After 28 d, the exposures were terminated by adding 100 mL 
tap water; floating animals were transferred to a clean glass beaker. Digital pictures of 
the floating animals were taken and the number of juveniles was counted with CellD 
(Olympus).

For the gene expression experiment, thirty 23 d old collembolans were put in one 
glass jar with 25 g wet soil for a 2 d exposure period. Three biological replicates 
were employed. The animals were extracted from the soil by means of flotation 
using 100 mL tap water, collected in an Eppendorf tube snap frozen in liquid 
nitrogen and stored at -80 °C before RNA extraction.

5.2.3 Microarray chip design, RNA extraction and microarray hybridization 

For microarray development we extensively sequenced the F. candida transcriptome 
using Illumina HiSeq technology (Illumina). The sequencing input material consisted 
of a pool of RNA made up from animals exposed to a range of conditions (Faddeeva, 
Studer et al. 2015). Before sequencing, the RNA pool was normalized (Evrogen) to 
equalize transcript abundance. Sequencing yielded 74,926 contigs, all of which were 
used for microarray construction. An Agilent custom 4x180k test microarray was 
developed in eArray (Agilent) using the standard expression settings. Each biological 
probe was synthesized twice on the microarray. Test hybridizations with labeled 
normalized cDNA as well as BLASTx (NCBI, minimum e-value threshold of 10-5) were 
used to determine sequence frame direction. Frames which were determined to be in 
a negative frame direction were reversed after which a final microarray was developed 
using the same eArray settings as for the test microarray. Functional annotation of 
the transcripts of F. candida was performed using the Blast2GO suite (Gotz, Garcia-
Gomez et al. 2008) and BlastX (Altschul, Gish et al. 1990) searches of nucleotide query 
sequences translated in all reading frames were performed against a non-redundant 
(nr) protein sequence database (Pruitt, Tatusova et al. 2007) with an e-value cut-off 
of 10–3. Top hits with the lowest e-value were selected for each contig. A recently 
study reassembled these 74k contigs and yield 37k transcritps, of which 34.2% were 
functionally annotated. The quality of annotation was also intensively increased..

For gene expression experiments, total RNA was extracted from the exposed 
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collembolans using the SV Total RNA Isolation System (Promega) according to 
manufacturer’s instructions. After total RNA extraction, the quality and the quantity 
were checked using a Nanodrop ND-100 spectrophotometer (Fisher Scientific). For 
each replicate 500 ng RNA was fluorescently labeled and reverse transcribed to 
cDNA with the single color (cyanine 3) Low-Input Fluorescent Linear Amplification 
Kit (Agilent Technologies), according to the manufacture’s guidelines. Then 300 ng 
labeled and amplified complementary RNA was purified using RNeasy (Qiagen) and 
hybridized with Agilent microarray slides according the manufacturer’s instructions.

Hybridization was performed at 65 °C for 17 h rotating at 10 revolutions per minute 
(rpm) in an incubator. After hybridization, the slides were washed using Gene 
Expression Wash Buffer Kit (Agilent Technologies) and scanned on a DNA microarray 
scanner (Agilent Technologies). We used a single color microarray design which meant 
only one sample labeled with cy3 was hybridized to each microarray. To exclude slide 
and washing variation we distributed replicates of the same exposure over multiple 
slides. 

5.2.4 Microarray data analysis
The microarray scan images were quantified with Feature Extraction (9.5.1.1) software 
(Agilent Technologies). The data can be accessed by Gene Expression Omnibus (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=izwdqcuyblgvhuj&acc=GSE52393). 

Preprocessing and statistical analysis of microarray data were implemented using the 
“limma” package (Smyth 2004) from R (version 2.15.1). This consisted of Edward’s 
background correction (offset=30) (Edwards 2003) and quantile normalization 
between microarrays. For gene expression significance calculations, we contrasted 
each soil sample against the LUFA 2.2 reference, and then calculated an average Log2 
expression ratio and a Benjamini-Hochberg adjusted p value (Benjamini and Hochberg 
1995) for each gene using a linear model. Lists of significant genes were subjected to 
Gene Ontology (GO) analysis by using the TopGO package in R (Alexa, Rahnenfuhrer 
et al. 2006) to assess which biological processes were significantly affected.

Previously determined Log2 transformed expression value ratios were used for 
correlation analysis between gene expression and soil toxicity index (msPAF) (Table 
5.1) using the R package “lmperm” (Wheeler 2010). The package lmperm uses a 
permutation test for linear models correcting the false discovery rate for small sample 
sizes. 

For hierarchical clustering analysis, Log2 transformed gene expression value ratios 
(compared with reference soil LUFA 2.2) were used. The analysis was conducted by 
the hclust function in R (version 2.15.1) with Euclidean distance and complete linkage.

5.3 Results
5.3.1. Soil chemistry
Chemical analysis of the soil showed that, except for sample L4, all samples contained 
relatively high concentrations of metals, especially cadmium, chromium, copper 
and barium. Soil L4 may be considered the least contaminated sample, but had the 
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highest pH (Table 1). In order to get an overview of the chemical relationship between 
different parameters, a correlation analysis was performed (Supplemental Data, Figure 
S5.2). Except for cobalt and zinc, other chemical parameters were highly correlated 
to each other. Because of the strong correlation between the metal concentrations, 
it is difficult to disentangle single metal effects. Therefore a combined index of toxic 
pressure, the “multi-substance potentially affected fraction” (msPAF), which is the 
result for the chemical line of evidence in a Triad approach, was calculated as follows:

where ci is the environmental concentration of contaminant i, fi is the cumulative 
species-sensitivity distribution for contaminant i (data taken from the free 
accessible database at http://www.risicotoolboxbodem.nl/), and n is the number of 
contaminants considered in msPAF. Organic matter content and clay content were 
also taken into account during the calculation according to Willem et al. (Salomons 
Willem 1995) (details are described in Supplemental data). The methodology of 
species sensitivity distributions and msPAF as an index of toxic pressure is given in 
Posthuma et al (Posthuma 2002). The basic idea is that the ecotoxic potentials of 
the metals (expressed as the fraction of a soil-living community that is potentially 
affected by the concentration at which it is present in the mixture), are joined into a 
single index according to the model of response addition. Table 1 shows the resulting 
msPAF values for the different test soils.

5.3.2. Ecotoxicological tests
Adult control survival of F. candida was (mean ± SE) 92.5 ± 2.5% with 1077 ± 102 
juveniles. The largest effect on the reproduction of F. candida was exerted by the 
two times diluted soil samples, followed by the 10 times diluted soil samples (Figure 
5.1A). Diluted soil samples of L4 generated the highest reduction in reproduction. 
Adult survival was on average 65.0 ± 8.7% for 2 times diluted soil L4 and 82.5 ± 7.5% 
for 10 times diluted soil L4. Reproduction was significantly reduced by 80% and 70%, 
respectively, in 2 times and 10 times diluted soil L4, compared to the reference soil. 
For the other treatments, only 2 times diluted soil L5 showed significant reduction 
(32%) in reproduction compared to the reference and generated the highest mortality 
with an adult survival of 70 ± 1.5%.

Soil L4 showed a significant reduction in reproduction despite the fact that it was 
the least polluted sample. In order to check for other stress factors, for example 
biotic stress factors, we sterilized the soil L4 and then performed a 28 d standardized 
reproduction test using sterilized, 2 times diluted soil L4. Adult survival of F. candida 
was 97.5 ± 2.5% in unsterilized LUFA 2.2 (UL) and 95.0 ± 2.9% in sterilized LUFA 2.2 
(SL). In the reference soil, Folsomia candida produced 410 ± 40 juveniles in UL and 
431 ± 37 juveniles in SL. Adult survival for 2 times diluted soil L4 was 62.5 ± 6.3% and 
for 2 times diluted sterilized soil L4 it was 92.5 ± 2.5%, while reproduction in sterilized 
soil L4 was similar to UL and SL (Figure 5.1B), demonstrating that the toxicity in soil L4 
could completely be removed by sterilization. 

  

msPAF = 1 —     [1—fi(ci)]Π
n

i=1
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5.3.3. Microarray analysis
Microarray development and performance

The Agilent microarray platform is designed to hybridize labeled cRNA. Consequently, 
all probes need to be designed in the 5’-3’ direction. However, the RNA normalization 
procedure generates double stranded cDNA so that frame direction during 
sequencing is random. To be able to design microarray probes in the correct direction, 
we constructed a test microarray to which normalized cDNA was hybridized after 
which we determined probe success by measuring fluorescence intensity. This was 
combined with BLASTx analysis in which all sequences were blasted against the NCBI 
non-redundant protein database to determine frame direction. BLASTx analysis 
resulted in hits for 31,452 of the 74,926 contigs (41.98%) of which 49.47% had a 
positive frame (5’-3’) and 50.53% where in a negative frame direction (3’-5’). When 
comparing probe intensity from the test microarray to frame direction, we found that 
the positive frame probes had an average raw intensity of 5872 (10.00 Log2) while 
negative frame probes showed a much lower average intensity of 164 (6.74 Log2). 
This indicates that, on average, positive frame probes had 35.8 times higher intensity 
than negative frame probes. To construct the final microarray used for the present 
study we kept all probes with a positive frame direction according to the annotation 
information. Subsequently, probes with a negative direction were reversed for 
constructing the microarray. Also all probes without BLASTx hits which showed an 
intensity lower than 7.1 (the average intensity, in Log2, of the negative frame probes 
plus the standard deviation of that intensity) were reversed as well. In total 51.4% of 
all probes were reversed before we constructed the final microarray platform used in 
the rest of the present study. 
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Figure 5.1 Reproduction of Folsomia candida affected by exposure to field soils (L1 - L6). (A) 
Average (n=4) number of juveniles per jar after 28 d exposure to LUFA 2.2 reference (white), 
10 (shaded) and 2 (black) times dilution series of soil samples from different locations near 
the River Dommel (see Table 1); (B) Sterilized (white) and unsterilized (shaded) LUFA 2.2 and 
soil L4. Error bars indicate standard errors. Different letters above the bars indicate significant 
differences (Fisher’s Least Significant Difference test, p<0.05)
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Gene expression analysis

The “undiluted” field soils were not tested in the reproduction test, however when 
afterwards no severe effects on reproduction were observed, we decided to use pure 
soils in the microarray experiment to retrieve maximum transcriptional profiles of 
the test organisms. Gene expression analysis showed that the soil sample with the 
highest value of msPAF (soil L3) (Table 1, Supplemental Data, Table S5.1) generated the 
most deviating transcriptional profile from other samples’ gene regulation response. 
This implied that differential stress responses were triggered at different toxic levels 
(Table 5.2). However, soil L4 generated the second most severe transcriptional profile 
despite that its msPAF was the lowest. Regarding the exposure to soil L3, 297 genes 
were significantly regulated, of which 211 genes were up-regulated and 86 genes 
were down-regulated. 

A Venn diagram (Figure 5.2A) indicates the comparison of the transcriptional 
responses of the various samples containing metal contamination. We discarded 
soil L4, because we were specifically interested in transcriptional alterations induced 
by metal contamination. The Venn diagram suggests that nearly 85% of all the 
significantly regulated genes are location-specific; and ten genes were significantly 
regulated over all soil samples. The gene expression patterns of these ten genes were 
relatively stable over the soils, only showed discrepancies in soil L4 (Figure 5.2B). 
Table 5.3 shows the molecular function of these ten genes, of which two were up-
regulated and eight were down-regulated across all soil samples except for soil L4. 

The sets of significantly regulated genes of each soil were subjected to a gene 
enrichment (GO) analysis (Alexa, Rahnenfuhrer et al. 2006). The GO analysis revealed 
several biological processes associated with the responses to each soil sample in 
F. candida. Interestingly, cell redox homeostasis was significantly affected in all soil 
samples except for soil L4 (Supplemental Data, Table S5.2). For instance, the GO 
terms involved in biological processes associated with cell redox homeostasis and 
general reproduction processes were significantly affected in soil L6 (Figure 5.3). In 
soil L4, besides the general reproduction processes, microtubule development was 
significantly affected (Supplemental Data, Figure S5.3). Moreover, when the ten 
shared genes generated from Venn diagram analysis (Figure 5.2A, Table 5.3) were 
also subjected to GO analysis, only one term ‘cell redox homeostasis’ (GO:0045454) 
was significant.

5.3.4. Correlation of transcriptional profiles with chemical properties

Table 5.2: Number of significantly regulated genes in Folsomia candida after 2 d exposure to 
six undiluted field soils (L1-L6; see Table 1). Values refer to the comparison with the reference 
LUFA 2.2 soil. 

L1 L2 L3 L4 L5 L6

Up regulated genes 7 100 211 210 104 7

Down regulated genes 13 79 86 75 111 49

Total number of significant genes 20 179 297 285 215 56
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Table 5.3: Molecular function of significantly regulated genes in Folsomia candida which 
responded to all metal-polluted soil samples after 2 d exposure to undiluted field soil samples 
compared with the reference LUFA 2.2 soil.

Genes NCBI_Ref_ID Function Description

Up regulated

a81689_51 gi:225714618 ABC_transporter

a9999999_1 gi:290349773 Metallothionein-like motif containing protein

Down regulated

a1588626_3 No significant hit No significant hit

a15910_60 gi:115373985 Rare_lipoprotein_a_family_protein

a261853_19 No significant hit No significant hit

a27362_412 gi:57526015 Protein_disulfide_isomerase_family_member_3

a49253_52 gi:115373985 Rare_lipoprotein_a_family_protein

a56278_78 gi:281204377 Protein_disulfide-isomerase

a600870_13 No significant hit No significant hit

a66351_80 gi:281204377 Protein_disulfide-isomerase

Figure 5.2:(A) Venn diagram representation of the number of differentially expressed genes 
in Folsomia candida after 2 d exposure to different undiluted field-contaminated soils without 
soil L4 (see Table 1) (Benjamin-Hochberg adjusted, p<0.05), where ten genes were shared by 
different treatments. (B) Different gene expression patterns of 10 common responding genes 
from all soil samples except soil L4. LogFC indicates logged folder changes of significant genes 
compared to which in reference soil.
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Table 5.4: Molecular function of 32 genes significantly correlating with a toxic stress index 
value (msPAF), as identified by correlating all genes up- or down-regulated in Folsomia candida 
after 2 d exposure to metal-polluted field soil samples (see Table 1) with msPAF. R2 Value and 
p value were obtained using the R package lmperm .

Genes R2 value p value NCBI_Ref_ID Molecular Function

Up-regulated

a204168_23 0.944 0.006 No significant hit No significant hit

a203671_24 0.915 0.006 No significant hit No significant hit

a1865126_3 0.913 0.004 gi:157134562 Elongase, putative [Aedes aegypti]

a279127_25 0.893 0.014 gi:221136020 Na+_K+-ATPase_alpha_subunit

a18736_745 0.856 0.024 gi:300267385 Hypothetical_protein_VOLCADRAFT_103470_
[Volvox_carteri_f._nagariensis]

a91049_55 0.837 0.007 No significant hit No significant hit

a61392_85 0.831 0.025 gi:340711277 Pre-mrna-processing_factor_19

a560637_12 0.794 0.043 gi:302039713 Sodium_potassium-transporting_atpase_alpha-1

a120808_34 0.787 0.049 gi:194741436 GF17331_[Drosophila_ananassae]

a228803_33 0.769 0.049 gi:195389164 GJ23782_[Drosophila_virilis]

a514201_10 0.762 0.019 No significant hit No significant hit

a67188_145 0.729 0.042 gi:241841558 Fra10ac1_protein

a165129_68 0.713 0.050 gi:47229482 Trit1_protein

a221092_18 0.672 0.049 gi:322784387 mRNA-decapping_enzyme_2

a135552_62 0.642 0.042 gi:345497204 Juvenile_hormone_esterase

a484732_9 0.581 0.043 No significant hit No significant hit

a76213_170 0.578 0.049 gi:259014877 Cytochrome_p450

Down-regulated

a1588626_3 0.923 0.007 No significant hit No significant hit

a1796453_3 0.913 0.014 No significant hit No significant hit

a89729_76 0.874 0.036 gi:242003452 Phosphoribosylformylglycinamidine_synthase

a253322_8 0.833 0.040 No significant hit No significant hit

a454353_15 0.810 0.035 No significant hit No significant hit

a468381_7 0.798 0.028 No significant hit No significant hit

a22290_226 0.796 0.018 No significant hit No significant hit

a210012_42 0.753 0.021 No significant hit No significant hit

a268375_16 0.739 0.029 gi:242005899 Creb-binding_protein

a82826_54 0.727 0.035 gi:241697345 Dynein_heavy_chain

a152593_68 0.697 0.029 No significant hit No significant hit

a700954_7 0.689 0.033 No significant hit No significant hit

a311377_26 0.678 0.026 No significant hit No significant hit

a200940_16 0.671 0.035 gi:348542112 Novel_protein_human_megf11_protein

a466862_11 0.612 0.028 No significant hit No significant hit
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Figure 5.3 Hierarchical Gene Ontology tree resulting from the Enrichment Analysis and showing 
the biological processes mostly affected by exposure to a metal-polluted soil. In this tree, 
reproduction processes and cell redox homeostasis were significantly affected in Folsomia 
candida after 2 d exposure to soil L6 (see Table 1). Each sphere contains GO identifier, biological 
process description, significance values of Fisher’s Exact Test (darker colors represents 
increasing significant levels), ration under p value represent number of significant genes 
divided by number of total genes in the GO term and present on the array.
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In order to link gene expression differences to the soil environmental factors to which 
the collembolans were exposed, we performed correlation analysis with permutation 
tests. The p value from the Pearson correlation test was calculated and further verified 
by permutation tests to determine which gene regulation changes were significantly 
correlated with changes of metal concentrations or physico-chemical parameters 
of the soils. Different sets of genes were identified for different soil parameters. To 
retrieve gene sets indicating general pollution level in soil, we focused on 32 genes 
that were significantly correlated with the toxic stress index (msPAF) (Table 5.4). Eight 
genes with annotation and relative high R2 value were selected from these 32 genes 
to illustrate the responses (4 induced and 4 repressed with increasing msPAF), as 
shown in Figure 5.4. 

Among the 32 significant genes, 17 were up-regulated and 15 were down-regulated 
with an increasing msPAF. Both sets of genes were subjected to GO enrichment 
analysis focusing on biological processes. In the GO terms that were positively 
correlated with msPAF value, no clear pattern was observed (Supplemental Data, 
Table S5.3). In the GO terms that were down-regulated with increasing msPAF value, 
a clear signature of DNA replication was found. For instance, the terms: ‘regulation 
of mitosis’ (GO:0007080), ‘DNA replication checkpoint’ (GO0000076), and ‘negative 
regulation of DNA replication initiation’ (GO:0008156) were all significantly affected 
(Supplemental Data, Table S5.3).

5.3.5. Metal classifier analysis

Nota et al. generated 188 classifiers able to predict specific metals in soil (Nota, 
Verweij et al. 2010), in which F. candida was exposed for 2 d to six different metals 
(barium [Ba], cadmium [Cd], cobalt [Co], chromium [Cr], lead [Pb], and zinc [Zn]) 
at the concentrations corresponding with the EC10 and EC50 (the nominal metal 

Figure 5.4 Linear regression of gene expression in Folsomia candida exposed for 2 d to field-
polluted soils (see Table 1) as induced (A) or repressed (B) with increasing msPAF value. These 
genes are selected by highest R2 values and clear gene annotation. Y-axis, Log2 transformed 
gene expression value ratio (compared with reference soil LUFA 2.2). X-axis, msPAF value. 
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concentrations reducing reproduction by 10% and 50% compared to the reference 
soil LUFA 2.2). Nota et al. showed that the classifier genes generated separate clusters 
for all metal treatments, except for Zn, which is clustered with Pb. We wondered 
whether this classifier would be able to indicate adverse effects of particular metals 
among the mix of metals (Table 1) present in the Dommel samples. To that end, 
local blasting was applied to retrieve the probe set belonging to the 188 classifier 
genes on the new microarray platform. Subsequently gene expression profiles were 
hierarchically clustered (Figure 5.5). The results show that the field soil samples from 
the River Dommel (L1-L6) cluster closely with profiles indicative for Zn and Pb.

5.4 Discussion

In the present study, a full ecotoxicogenomics assessment of complex environmental 
soil samples was presented combined with classic ecotoxicological tests. The toxicity 
of the soil samples showed different levels and patterns when compared to the toxic 
stress index (msPAF) calculated from the chemical analysis. As such, the msPAF value 
or chemical analysis alone cannot explain all the observations in the ecotoxicological 
tests for field samples. We found that some other factors can heavily influence the 
ecotoxicological stress response, such as biological factors. Important mechanistic 
information about the differences in toxicological effects among different soil samples 
was generated by microarray analysis. In combination with GO analysis, it can be 
concluded that several factors may affect the outcome of classic ecotoxicological 

Figure 5.5 Hierarchical cluster analysis of gene expression in Folsomia candida after 2 d 
exposure to metal-polluted field soils with a classifier based on 188 predictive genes generated 
by Nota et al (Nota, Verweij et al. 2010)with single metals at concentrations corresponding 
with the EC10 and EC50. For each treatment versus LUFA reference, Log2 transformed fold 
changes in gene expression were used for hierarchical clustering. Height is a measurement of 
the maximum distance between clusters.
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tests besides the actual toxicity of pollutants present in the soil samples. We found 
that cell redox homeostasis is a significant signature of metal stress in F. candida. 
By further correlation analysis between microarray data and chemical data, genes 
showing significant dose-dependent transcriptional activation were identified. The 
expression of 32 genes showed a significant correlation with the msPAF value. Such 
genes will be very useful in future soil quality assessment.

Ecotoxicity testing

The 28 d reproduction tests showed considerable variation in the number of juveniles 
produced in the different soil samples. These differences might due to the fact that 
the different soils contained different concentrations of contaminants. However, soil 
physical-chemical properties differed among the tested soils, which might also have 
contributed to the observed differences in reproduction. Dilution of the soils with a 
clean reference soil enhanced reproduction of F. candida, proving that a toxic factor 
was present in the undiluted soils. The use of dilution series to evaluate the toxicity of 
environmental samples has proven its value also in the ecotoxicological assessment 
of sediments (Ciarelli, Vonck et al. 1998). 

Although based on the chemical analysis soil L4 was expected to be the least toxic, it 
exerted the greatest toxic effect, resulting in a severe reduction of reproduction of F. 
candida. One possible explanation could be that some entomopathogenic microbial 
species growing in soil L4 disturbed the collembolan’s physiological equilibrium. We 
speculate that fungi could easily grow in the least toxic soil sample (L4) stimulated 
by the appropriate temperature, moisture and food, which are also supposed to 
be suitable for animal growth. Staaden et al. (Staaden, Milcu et al. 2010) showed 
that collembolan fitness was affected by fungal toxins. When feeding on low toxic 
Aspergillus nidulans with a reduced production of sterigmatocystin, F. candida 
produced more offspring than feeding on a highly toxic wild type of A. nidulans. 
The survival of F. candida in 10 times diluted soil L4, in which a large impact on 
reproduction was observed, was not heavily reduced compared with the reference 
soil, indicating the biotic factor might especially have hampered the hatching of eggs 
and was not very toxic for adult animals. Another possible explanation might be the 
presence of unidentified pollutants, which were not part of the current soil chemical 
analysis. For instance, in another study that screened natural soils from different 
ecological conditions, the number of juvenile F. candida was significantly correlated 
with the arsenic concentration (de Boer, Birlutiu et al. 2011). Another reason for 
the toxicity of soil L4 could be the presence of organic chemicals such as polycyclic 
aromatic hydrocarbons (PAHs) (Nota, Bosse et al. 2009). However, we have shown 
that soil L4 was not likely to contain arsenic nor PAHs because the transcription 
profile did not show a signature of arsenic nor PAH exposure. And the fact that its 
toxicity could be removed by sterilization indicates that the toxic effect was not 
caused by metals. Abiotic stress factors may also affect animal reproduction, such as 
soil pH (Crommentuijn, Doornekamp et al. 1997). However, soil L4 still generated a 
large reduction in reproduction after buffering 10 times with the LUFA 2.2 reference 
soil which has a pH of 5.5 (Figure 5.1A). Therefore we assume that a biological 
factor, possibly one that was suppressed in the other soils due to the high metal 
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concentrations, has caused the toxicity of soil L4. This may also indicate standardized 
reproduction tests are not always suitable for assessing natural soil samples.

Reproduction toxicity was not always 1:1 correlated with the toxic stress index 
value (msPAF). This discrepancy may have been caused by the bioavailability of 
contaminants. The msPAF was estimated based on total metal concentrations and 
using toxicity data of different species of soil organisms. In field-contaminated soils, 
contaminants can be firmly bound to the solid phase of the soil and therefore not 
be bioavailable to the organisms. The bioavailable fraction is often equated with the 
dissolved concentration found in the soil solution (pore water). Due to the duration 
of the contact between pollutants and the soil and many other factors, such as pH 
and organic matter content, the bioavailable fraction can be highly variable (Van 
Gestel 2012). For instance, F. candida has a body structure called the ventral tube, 
or collophore, which is involved in fluid exchange with the external environment 
(Nieweg, Tanis et al. 2000). The ventral tube is a major exposure route for uptake of 
chemicals dissolved in soil pore water (Lock and Janssen 2003). Since these animals 
are mainly exposed through water taken up by the ventral tube, this implies that the 
total soil concentration of chemicals may not be predictive of the actual toxicity of 
a polluted soil. This suggests that the measurement of available concentrations of 
chemicals may help better understanding the cause of effects on soil organisms in 
bioassays. 

Microarray analysis

Microarray analysis identified many genes, of which the transcriptional responses 
were mainly specific to each soil sample. More insight in molecular functions and 
biological process was obtained by subjecting these sets of genes to blast homology 
and GO enrichment analysis. 

GO enrichment analysis showed that the general metabolic processes linked to 
reproduction were significantly affected in all soil samples. Cell redox homeostasis was 
significantly affected in all soil samples except soil L4, while microtubule development 
was significantly affected only in soil L4 (Supplemental Data, Figure S5.3). Most soils 
contained different metals and the total concentrations of some metals were very 
high in some soil samples (Table 5.1). Transition metals, such as zinc, copper and 
cadmium, exert toxicity on organisms mainly by causing oxidative stress because 
these metals catalyze oxidation reactions of biological macromolecules. Redox-active 
metals, such as iron, copper and chromium, directly participate in the redox cycling, 
and they generate oxidative stress mostly by fenton-like reactions. Redox-inactive 
metals, such as lead, cadmium and mercury, consume major cellular antioxidants, 
especially thiol-containing antioxidants and enzymes. Because they all have electron-
sharing affinities, this results in binding to sulfhydryl groups of proteins. Increased 
production of reactive oxygen species (ROS), caused either by redox-active or redox-
inactive metals, can disturb the equilibrium of cellular antioxidant defenses, and lead 
to oxidative stress (Ercal, Gurer-Orhan et al. 2001). Nota et al. found generation of 
oxidative stress in F. candida after exposure to cadmium (Nota, Timmermans et al. 
2008), while other studies showed that metal stress could induce oxidative stress 
in different organisms (Sandrini, Regoli et al. 2006, Vieira, Torronteras et al. 2012, 
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Stoiber, Shafer et al. 2013). Therefore, all results indicate that cell redox homeostasis 
is a significant signature of metal stress in F. candida. 

To investigate common stress responses for metals in F. candida, we used Venn 
diagram analysis and identified ten genes which were significantly regulated across 
all soils except for soil L4. Seven genes had clear annotations. Interestingly, gene 
a81689_51 was significantly up-regulated over all soil samples and only significantly 
down-regulated in soil L4 (Figure 5.2B). This gene is encoding an ABC transporter 
involved in detoxification, which is able to export harmful compounds out of the 
cell. ABC transporter genes have high homology to the yeast cadmium factor (YCF1) 
genes. In order to increase cadmium resistance in yeast, this transporter helps cells 
by pumping out glutathione-S molecules conjugated with cadmium ions (Li, Szczypka 
et al. 1996). ABC transporter genes were significantly regulated in F. candida when 
exposed to cadmium (Nota, Timmermans et al. 2008). Homologues of these genes 
also respond to metal stress in Drosophila (Yepiskoposyan, Egli et al. 2006) and 
Caenorhabditis elegans (Broeks, Gerrard et al. 1996). Therefore, combed with the 
properties and msPAF values for all soil samples (Table 1), we conclude that the 
induced expression of ABC transporter genes is directly involved in detoxification 
of harmful products generated by metal ions in F. candida. Furthermore, in the 
gene expression GO analysis of the ten genes found by Venn diagram analysis, we 
observed that only one term ‘cell redox homeostasis’ (GO: 0045454) was significantly 
affected, which confirms that cell redox homeostasis is a significant signature when 
collembolans are exposed to metal polluted soil.

Correlation analysis

Using correlation analysis, we linked gene expression analysis to soil chemical analysis. 
Results indicated that some genes showed a dose-dependent (metal concentrations or 
msPAF values) expression in response to all soil samples. For instance, the expression 
of 32 genes was significantly correlated with msPAF. Repression of DNA replication 
was correlated with increasing msPAF, which indicates that collembolans exposed 
to higher toxic levels invested more energy in detoxification responses leaving less 
energy for other essential processes. Similar transcription patterns of collembolans 
were observed in other studies. F. candida significantly regulated a smaller number of 
genes in response to high concentrations of phenanthrene (Nota, Bosse et al. 2009). 
Roelofs et al. exposed F. candida to polluted soils from a landfill and reference soil 
spiked with extracts of the polluted soils, and found that the original soil exerted 
higher toxicity during reproduction tests and evoked smaller changes in transcription 
regulation (Roelofs, de Boer et al. 2012). Finally we demonstrated that the sets of 
candidate genes selected by correlation analysis, showing a wide dynamic range of 
transcriptional regulation in a dose-dependent manner, could be considered as new 
biomarkers. Some cost-effective molecular tools, like Q-PCR, could be very useful in 
future soil quality testing, because they are fast and specifically diagnostic for metal 
toxicity.

Clustering analysis

In order to identify which metal had the largest effect on transcriptional profiles of 
F. candida, we clustered our gene expression data with the 188 classifiers generated 
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by Nota et al (Nota, Verweij et al. 2010). The results showed that the transcriptional 
profiles of the 188 classifier genes regulated by the soils in the present study were 
mostly similar to that for Zn and Pb (Figure 5.5). However, from the chemical analysis, 
the concentrations of Zn and Pd in the samples did not reach the EC50 level estimated 
in a previous study (Nota, Verweij et al. 2010). This could be because the effect 
concentrations acquired from Nota et al. were estimated from nominal concentrations 
of metals spiked in LUFA 2.2, which had a different aging time compared with 
field samples resulting in large variation in bioavailability of the metals (He 2002). 
Furthermore, compared to LUFA 2.2, the field samples in the present study have 
different soil properties which could have a large effect on the transcriptome (de Boer, 
Birlutiu et al. 2011). Still, the classifier maybe indicative for the bioavailable fraction, 
so that Zn and Pb would be more easily bioavailable than the other measured metals, 
and Van Gestel showed Zn was more bioavailable than other metals for earthworms 
in field soils (van Gestel 2008). Interactive effects of metal mixtures in field soils might 
also have influenced the transcriptional profiles as described in a previous study 
(Nota, Verweij et al. 2010). The ultimate goal for integrating transcriptomics into 
traditional toxicity tests is to point out which pollutant generated the largest toxic 
effect on the test species in a fast and cost-effective way. Further research, therefore, 
is needed to define more classifiers for more chemical compounds (e.g. other metals, 
organic chemicals) and soil properties by transcriptional analysis of springtails. 

In conclusion, we have shown that the analysis of transcriptional profiles can help 
identifying causes of toxicity in bioassays deployed in Triad-type approaches. 
Transcriptomics, being more specific to the type of contaminant, can reveal evidences 
not shown by classical toxicity tests. In this case, we identified some biotic factors 
that may influence the results of toxicity tests, validated by the patterns of gene 
expression. Oxidative stress caused by metals would be the most likely factor exerting 
adverse effects on reproduction of F. candida in all soil samples except soil L4. Our 
study illustrates that it is essential to integrate ecotoxicogenomics bioassays into the 
overlapped part between toxicology and ecology in Triad approaches, because in 
this way mechanistic information retrieved in gene expression studies can be linked 
to phenotypic effects in toxicity tests to diagnose the cause of adverse effects. To 
border the sense of transcriptomics, not only ecotoxicogenomics but also some other 
genomic tools, such as amplification of 18S rDNA using nematode consensus primers 
to determine nematode diversity in field soils (Foucher, Bongers et al. 2004), will 
provide more information and evidence to reinforce the decisions made from Triad 
based environmental quality assessment. 

Moreover, we attempted to identify gene sets that can be indicative for metal 
contamination in the soil. Such gene sets may be highly valuable in constructing a 
high throughput Q-PCR assay for future soil quality testing. Such Q-PCR assay is fast, 
specific and cost-effective enough to be implemented in soil quality assessment.
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Nico M. van Straalen  and Dick Roelofs

Abstract 
The current study validated ten stress biomarker genes selected from previous 
ecotoxicogenomic studies for efficient stress diagnosis in soil quality assessment. To 
that end, eight soil samples containing dredged sediment and domestic waste in the 
Netherlands were used. The authors measured chemical soil properties and used the 
standardized ecotoxicological tests and QPCR assays in the indicator soil arthropod 
Folsomia candida. The results showed that the high toxicity was caused mainly by 
organic compounds stress in six of the soil samples, which was confirmed by the 
expressions of the biomarkers indicative for this type of stress. The rest two soil 
samples contained some complex stress factors which needs further investigation. One 
biomarker (MTC) was only activated if metal stress was dominating. Two biomarkers 
(CYP1 and CYP2) could indicated of organic stress in soil, while three (MCB, CYP1 
and FCC2) markers showed significant correlations with the concentration of specific 
organic compounds. Another biomarker (ABC) showed dose-dependent expression 
related to potential toxic effects on reproduction, which makes it interesting for 
general ecological stress. Validation of these biomarkers on an ecologically important 
soil invertebrate will provide valuable information for future soil quality assessment. 
Efficiently identifying the type of the dominant stress or pollutant in soil, using the 
validated biomarkers, will assist in cost-efficient soil remediation. 

Keywords: Folsomia candida, Ecotoxicology, Biomarkers, Transcriptional profiles, Soil 
contamination
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6.1. Introduction
Soil contamination has been identified as one of the greatest threats to ecosystem 
services (Rodrigues, Pereira et al. 2009). In Europe, metals and polycyclic aromatic 
hydrocarbons are the most frequently found classes of soil pollutants (Rodrigues, 
Pereira et al. 2009). Soil invertebrates such as earthworms (Lumbricidae) and 
springtails (Collembola) are often used as indicator species to assess the effect of 
such pollutants, since they are abundant and perform a crucial ecological role in 
terrestrial ecosystems (Fountain and Hopkin 2005).

Transcriptional profiling has become a common tool in ecological studies for 
assessing the physiological state of an organism (Kammenga, Herman et al. 2007). 
Ecotoxicogenomics aims to elucidate molecular mechanistic information underlying 
observed toxicity to the presence of specific soil pollutants, complementing 
traditional ecotoxicological bioassays that determine effects on survival, growth and 
reproduction (Nota, Timmermans et al. 2008, Van Straalen and Roelofs 2008). In 
ecotoxicogenomic tests different types of chemicals and physical stress factors are 
applied to determine whether these conditions cause adverse effects, and how these 
effects can be mechanistically explained using transcription profiles (Menzel, Swain et 
al. 2009, Garcia, Shen et al. 2012). For instance, one or more species of soil dwelling 
organisms are exposed to spiked soil samples to measure the impact of environmental 
change on the organism (Roelofs, Aarts et al. 2008, Roelofs, de Boer et al. 2012, Chen, 
de Boer et al. 2014). The function of differentially expressed genes can be subjected 
to gene ontology and pathway analysis, so that the physiological status of the 
organism can be determined under adverse conditions and even related to a certain 
disturbance factor (De Boer, Birlutiu et al. 2011, Chen, de Boer et al. 2014). Thus soil 
ecotoxicogenomics may give additional insights into the main hazards of pollutants 
to soil ecosystem health. Subsequently, gene expression-based molecular biomarkers 
can be retrieved from transcriptomic data, which in combination with conventional 
endpoints can provide dose-related responses and mechanistic information on the 
effects of known or unknown chemicals in contaminated soils (Ankley, Bennett et al. 
2010). These biomarkers can be quick and reliable tools for assessing the ecological 
risk of contaminated soils.

The collembolan Folsomia candida is an emerging genomic model species (Faddeeva , 
Studer et al. 2015) and highly relevant for soil quality assessment. It has been deployed 
to study soil ecological issues over a broad range of stress factors, because it is easy to 
culture with a short generation time and has a parthenogenetic reproduction mode 
resulting in low genetic variation among individuals in the same culture (Fountain and 
Hopkin 2005). Previously, ecotoxicogenomic studies were conducted using metals 
(Nota, Timmermans et al. 2008, Nota, Verweij et al. 2010), organic compounds (Nota, 
Bosse et al. 2009, Janssens, Giesen et al. 2011, Chen, den Braver et al. 2015) as well 
as field-derived soil samples with a mixture of pollutants (Roelofs, de Boer et al. 
2012, Chen, de Boer et al. 2014). By gathering and analyzing all the results from these 
studies, we identified gene sets that were differentially expressed for a specific class 
of stressor, or showed differential expression among all stress factors. This resulted 
in a gene-set distinguishing three categories: metal stress , organic compounds and 
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general stress (based on life-history parameters such as reproduction or longevity). 
In the present study, we tested ten biomarkers derived from the three gene set 
selections, in order to find and validate quick and efficient biomarkers indicating 
the class of the soil pollutant or type of stress in field-contaminated soil samples 
from a waste disposal site (Table 6.1). The site represents a former landfill where 
contaminated sediments and household waste were discarded. The aim of this study 
was to validate whether ten selected biomarkers are suitable for indicating the type 
of the chemical pollutants or stress factors present in the soil in a quick and efficient 
manner. Quantitative PCR analysis was conducted to assess the expression changes of 
ten selected biomarkers. The validation of these biomarkers based on gene expression 
of an ecologically important soil invertebrate will contribute to a quick and efficient 
soil quality assessment in the future.

6.2. Material and methods
6.2.1 Study site
The sampling area, called Nieuwkoop, was located near the lake Nieuwkoop in the 
Western part of The Netherlands. In the sampling area, dredged sediment from the 
lake and domestic waste from the neighborhood had been deposited between the 
year of 1932 and 1959. The area is contaminated by a range of different pollutants, 
which are mainly heavy metals (copper, lead and zinc) and to a lesser extent organic 
pollutants. The landscape around the site is used for recreational purposes. The 
vegetation in the area consists mainly of grasses, shrubs and small deciduous trees. 
Eight sampling sites were investigated; at each site three pooled subsamples were 
taken within 25 m2 and mixed together as one composite soil sample.

The samples were sieved (mesh size 250 um) in the laboratory to obtain homogeneous 
substrates. Soil properties and available chemical concentrations were subsequently 
determined. In addition, a standardized natural soil was employed as a reference 
(LUFA 2.2; LUFA Speyer, Germany). Water holding capacity of the soils was determined 
by gravimetric methods. Soil pH was measured in soil: 0.01 M CaCl2 suspensions 
(1:5) using a pH meter (691, Metrohm AG). Total and available metal concentrations 
(cadmium, copper, lead, nickel and zinc) were determined in the CaCl2 suspensions, 
after filtration (0.45 mm) and acidification (concentrated HNO3). Metal concentrations 
were measured by flame atomic absorption spectroscopy (AAS; AAnalyst 100 Perkin 
Elmer). Concentrations of polycyclic aromatic hydrocarbons were determined by 
HPLC with fluorescence detection, after extraction with a mixture of acetone and 
dichloromethane in a 1:3 ratio. For details of the analytical methods we refer to the 
study of Legler et al. (Legler, van Velzen et al. 2011).

6.2.2 Test organisms
Folsomia candida (Berlin strain) (Hexapoda: Collembola: Isotomidae) was used 
for all exposures. Animals were taken from a stock culture maintained for many 
generations in the laboratories at the Ecological Science department, Vrije Universiteit 
Amsterdam. The animals were fed baker’s yeast (Instant yeast; Algist Bruggeman 
N.V., Ghent, Belgium) ad libitum. For age synchronization, adults were transferred 
to new plastic containers with a bottom of moist Plaster of Paris mixed with charcoal 
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where they could lay eggs for 2 days. Then all the adult animals were removed. The 
eggs laid hatched after around 10 days. The 10-12 day old hatchlings were used for a 
reproduction toxicity experiment and 23-day old animals for the gene-expression test. 
During culturing, the plastic containers were kept moist at all times, and additional 
food was provided if needed. All containers were kept in a climate room at 20 oC in 
75% relative humidity and a 12/12 light/dark cycle. 

6.2.3 Reproduction toxicity test
A reproduction toxicity experiment was performed following the ISO test guideline 
(ISO 1999). Before exposure, the moisture content of each soil sample was adjusted 
to 50% of its water-holding capacity. Then, ten 10-day old age-synchronized 
collembolans were exposed in 30 g of wet soil placed in 100-mL glass jars, closed with 
a screw cap, and using four replicates for each test soil and control. A small amount 
of food (a few granules of dried baker’s yeast) was added twice, at the beginning and 
half-way the experiment. All containers were opened twice a week for aeration and 
soil moisture content was also adjusted at the same time after determining weight 
loss. After 28 d, all the containers were emptied in a glass beaker (250 mL) where 
the soil was mixed with 100 mL water. In this manner all live animals, due to their 
hydrophobic surface, come to float on the surface. Digital pictures of the surface with 
floating animals were taken and the numbers of juveniles and adults were counted 
using CellD (Olympus, Germany) software. For the comparison of the reproduction 
results between samples, one-way ANOVA was employed in SPSS 21 (IBM, USA).

6.2.4 Quantitative PCR analysis
For the gene expression experiment, thirty 23-day old animals were exposed for 2 d 
in 100 mL glass jars containing 30 g moist soil, and using three biological replicates. 
All thirty animals of each replicate were extracted by means of flotation using 100 mL 
tap water, collected in an Eppendorf tube, snap-frozen in liquid nitrogen, and stored 
at -80 ºC for RNA extraction.

For the, we gathered and analyzed all previous ecotoxicogenomic studies with F. 
candida to select genetic markers (Nota, Timmermans et al. 2008, Nota, Bosse et 
al. 2009, Nota, Verweij et al. 2010, Janssens, Giesen et al. 2011, Roelofs, de Boer 
et al. 2012, Chen, de Boer et al. 2014, Chen, den Braver et al. 2015) significantly 
associated with each of particular stress factors. This resulted in the selection of ten 
gene expression assays to be used as stress indicator biomarkers. Three categories 
were defined: metal stress indicators, organic compound stress indicators and general 
stress (based on life-history parameters such as reproduction or longevity) indicators 
(Table 6.1). 

Total RNA was extracted from the animal samples using the SV Total RNA Isolation 
System (Promega, USA). Primer sets were designed for 10 target genes and two 
endogenous control genes, SDHA and YWAZ, with software package Primer Express 
version 1.5 (Applied Biosystems, USA) to obtain an annealing temperature of 60 OC and 
to amplify an amplicon of 80-120 base pairs with 45-55% GC content. PCR efficiency 
was determined by performing standard curves in triplicate for all primer sets with 
4-fold dilutions of a standard batch cDNA. Approximately 1 µg of total RNA input 
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per sample was used for reverse transcription using M-MLV reverse transcriptase 
(Promega, USA). The derived cDNA was diluted 1:5. Then 2 µL of the cDNA was used 
in 20 µL PCR reaction volumes containing forward and reverse primers and Power 
SYBR Green PCR Master Mix (Applied Biosystems, USA). The qPCR reaction was 
performed in duplicate for each sample; on a CFX Connect Real Time PCR Detection 
System (BIO-RAD, USA) using universal cycling conditions (10 min at 95 °C, 15 s at 95 
°C, 1 min 60 °C, 40 cycles).

6.2.5 Quantitative PCR data analysis
The cycle threshold (Ct) values were acquired for the reaction of each gene using 
CFX Manager 3.1 (Bio-Rad). The two technical replicates were averaged over each 
sample. Efficiency corrections were applied to the mean Ct values using PCR efficiency 

Table 6.1. The selected ten gene markers from previous studies for QPCR assays with 
Folsomia candida exposed to different chemical stressors in soil.

Biomarkers from 
Collembase* 

(abbreviation)
Function Primer sets 

(Forward and reverse)
Primer 

efficiency**

Metal stress indictors

Fcc00086 (LA) Laminin a AAATGTTGTGAGAGTGGAGCAGG 
CTTGGATTTAACTCCGTCGCAT 1.89

Fcc04611 (FCC1) No hits CTGCTCAGGGATAAGTTGCCAG 
CGTTGCAGACAGACATTTCCAG 2.04

a999999 (MTC) Metallothionein like 
motif containing protein

AGCCAATATTTTCGAGTGGAGA 
CAAGATGCTCGAATAGCAACAGTA 1.92

Organic compound stress indictors

Fcc00101 (MCB) mitochondrial 
chaperone bcs1

GTCGCTTCCTCAGATGATGGAC 
CAACTCTTCCCGGTCGGATTA 1.96

Fcc01780 (CYP1) CYP6N3v2 GCGTTAAAAGCGAGGCAAGA 
GCGATATCCACGTTCGAATTGT 1.79

Fcc01651 (CYP2) CYP6N4V1 TTCCATGCAAGTCATCACATCAG 
CGGAAACACAAAGATTCGTTCTG 1.86

Fcc02291 (FCC2) No hits GCCACTATCAGTTACCAACCCG 
GAAACCGAATCGAGTCGTATGG 1.92

General stress indictors

a81689_51 (ABC) ABC transporter AGGGAACGCTGGAGAGGAGTAT 
AAATGCACTGGATCACGAGGAC 1.94

Fcc00057 (IPNS) Isopenicillin n 
synthetase

GACATGTCGGCAAAACTCCTTC 
GGGTAGCGAATAAGTCGCACTG 1.69

Fcc01069 (HSP70) Heat shock protein 70 TTGGTCGACGTAGCTCCACTCT 
TGGGCTTGTTTGCATGGAAT 1.83

*Collembase, EST numbers from Collembase.org. 
 **Primer efficiency, PCR efficiency resulting from a standard curve analysis,2=100%. 
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values. Gene expression values were assessed relative to an internal reference by 
normalization with the geometric mean of the housekeeping genes SDHA and YWAZ 
(De Boer, Berg et al. 2011). Finally, we contrasted each soil sample against the LUFA 
2.2 reference soil and then calculated an average log2 expression ratio.

The determined log2-transformed expression ratios were used in a correlation analysis 
between gene expression and soil chemical properties using the R package “lmperm” 
(Wheeler 2010), which applies permutation tests for linear models correcting for false 
discovery rates. Hierarchical clustering analysis was performed on log2-transformed 
gene expression ratios in R (version 2.15.1) using Euclidean distance and complete 
linkage within the “hclust” function. 

6.3. Results
6.3.1 Soil chemistry and reproduction toxicity test
The chemical properties of the soil samples are summarized in Table 6.2. In general, 
all samples contained a mixture of pollutants. In the 28-d standardized reproduction 
test, the adult control survival of F. candida was (mean ± standard error) 95% ± 
2.8% with 525 ± 38 juveniles. In general, reproduction was significantly reduced by 
exposing F. candida to all the soil samples from Nieuwkoop compared to reproduction 
in the LUFA 2.2 reference soil (Figure 6.1A). Two levels of effect could be observed by 
Tukey’s HSD test in ANOVA analysis. The samples NK4 and NK6 showed the strongest 
decrease in reproduction while the other six samples had a similar, moderate effect 
on reproduction. NK4 and NK6 also generated the largest adult mortality (Figure 
6.1B). All soil samples generated significant toxic effects on animal reproduction and 
survival. Especially, sample NK6 exerted the largest effect on collembolans, with 70% 
reduction of reproduction and 61% mortality (Figure 6.1). 

Figure 6.1 : Reproduction (A) and survival (B) of Folsomia candida upon exposure to field soils 
(NK1 – NK8) from a polluted area near Nieuwkoop, the Netherlands. Shown are the average 
(n=4) numbers of juveniles per jar after 28 exposure; also included is the LUFA 2.2 reference 
soil. Error bars indicate standard errors. Different letters above the bars indicate significant 
differences (Fisher’s least significant difference test, p < 0.05).
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Table 6.2. Soil properties, total and available metal concentrations and organic pollutant 
concentrations in the soils from the eight study sites near Nieuwkoop in the west of The 
Netherlands (NK1 to NK8).

Parameter Unit NK1 NK2 Nk3 NK4 NK5 NK6 NK7 NK8

Chemical parameters

pH-H2O - 7.7 7.5 6.5 5.8 6.4 6.5 7.0 5.8

Organic matter % 19.2 21.0 23.4 41.5 25.9 23.5 26.0 23.8

Dry matter % 62.7 58.2 81.1 35.5 79.5 60.4 60.3 64.6

Available metal concentration

Cadmium mg/kg 0.0 0.1 0.0 0.2 0.1 0.1 0.0 0.1

Copper mg/kg 0.3 1.1 0.3 0.9 0.6 0.5 0.8 0.3

Lead mg/kg 0.0 0.0 0.0 1.2 0.5 0.1 0.4 0.5

Nickel mg/kg 0.1 0.3 0.3 1.0 0.4 0.4 0.1 0.5

Zinc mg/kg 4.0 28.0 48.5 155 90.9 37.8 17.3 42.4

Total metal concentration

Cadmium mg/kg 2.4 5.7 1.7 4.4 4.1 3.3 3.5 1.4

Copper mg/kg 5100 3.300 530 590 800 700 2.300 310

Lead mg/kg 800 1500 780 1500 2200 1100 2500 910

Nickel mg/kg 57 85 64 53 76 85 70 70

Zinc mg/kg 1400 5000 1200 1800 3400 1700 2400 660

Organic pollutant concentration

phenanthrene mg/kg 35.8 229 10.7 12.5

anthracene mg/kg 5.8 45.3 1.8 2.3

fluoranthene mg/kg 39.9 94.4 12.3 8.9

benzo (a) anthracene mg/kg 3.5 5.3 1.6 0.9

chrysene mg/kg 3.2 4.6 2.7 0.9

benzo (k) fluoranthene mg/kg 0.4 0.6 0.4 0.1

benzo (a) pyrene mg/kg 0.4 0.6 0.1 0.1

benzo (ghi) perylene mg/kg 0.1 0.3 0.1 0.1

indeno (1,2,3-c, d) pyrene mg/kg 0.1 0.2 0.1 0.1

6.3.2 Quantitative PCR assays as potential biomarkers
To validate the genetic markers, quantitative PCR (QPCR) analysis was applied after 
exposing adult springtails for 2 days to the various soil samples (Figure 6.2). The 
samples NK7 and NK8 generated nearly identical gene expression patterns while the 
other samples were clustered as one group by gene expression.
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The expression pattern of the metal stress assays showed that genes LA and MTC 
clustered together but separate from FCC1 (Figure 6.2, abbreviations of ten markers 
are available in Table 6.1). LA did not show much up- or down-regulation, MTC 
showed down-regulation in some samples, while FCC1 was upregulated in nearly all 
samples. The expression patterns of organic stress biomarker MCB, CYP1 and CYP2 
were closely clustered together (Figure 6.2). They were upregulated in all samples 
except for NK 7 and NK 8. CYP1 and CYP2 showed a higher degree of regulation than 
MCB. The organic stress marker FCC2 did not show much regulation. The general 
stress biomarkers ABC, IPNS and HSP70 showed different expression patterns across 
all soil samples (Figure 6.2). ABC was down-regulated in all samples except for NK7 
and NK8, IPNS was upregulated in nearly all samples and HSP70 was upregulated only 
in a mild manner.

6.3.3 Concentration-dependent QPCR assays
In order to find out whether a specific soil parameter generated a dominant driving 
force for the gene expression profile, we correlated gene expression levels with soil 
properties, available metal concentrations and organic chemical concentrations. Gene 
expression levels did not correlate with soil properties (pH, organic matter content 
and dry matter content) for all the ten markers (Table S6.1_1). The expression of MTC 
showed a significant negative correlation with available Zn and Cd concentrations 
(Table S6.1_2). The expression of FCC2 showed a highly significant positive correlation 
with fluoranthene, benzo(a)anthracene, benzo(ghi)perylene and indeno (1,2,3-c,d) 
pyrene concentrations, while MCB and CYP2 showed a significant positive correlation 
with chrysene concentration (Table 6.3).

6.3.4 QPCR assays for dose-dependent and sublethal effects 
To determine whether the ten markers also correlated in dose-dependent way with the 
reduction in reproduction of the test animals, the relationship between toxic effects 
on reproduction (TER) and gene expression fold changes, soil properties, available 

Figure 6.2 : Heatmap for the gene expression profiling of the ten selected biomarkers in 
Folsomia candida exposed to different soil samples from a polluted site near Nieuwkoop, the 
Netherlands. Four biological replicates were used for each soil sample. Hierarchical clustering 
was performed using log2-transformed gene expression value ratios (treatment/reference). 
Red indicates up-regulation and green down-regulation compared to the reference.
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metal concentrations and organic chemical concentrations was tested (Table S6.1_4). 
The TER did not correlate with any factor. It is worth mentioning that benzo (a) pyrene 
generated the highest correlation with TER, with a p value of 0.08 and an R2 of 0.95.

Field samples usually show a lot of variation in soil properties, like pH and organic 
matter contents. This variation may confound the analysis. Therefore one specific 
soil sample was chosen to further validate the relationship between TER and the 
regulation of the gene markers. Soil sample NK6, which generated the highest 
reduction (71%) of the reproduction of F. candida (Figure 6.1), was diluted by a 
factor of 2.5 up until 40%, using LUFA 2.2 soil. Unfortunately, due to failure of the 
reproduction test, it was not possible to correlate expression of this biomarker to 
inhibition of animal reproduction. Alternatively, we used potential TER which equals 
to soil dilution factors. Quantitative PCR analysis was applied to F. candida exposed 
for 2 days to the diluted and original soil samples. Three markers, MTC, CYP1 and 
ABC, were chosen to represent each stress category in this validation exercise. Gene 
expression was linked to potential TER by correlation analysis. The p value from 
the Pearson correlation was calculated and further verified by permutation tests to 
test the significance. Marker ABC showed a significant (p = 0.01) dose-dependent 
expression (log2 fold changes of gene expression compared to reference soil) when 
related to the soil dilution factors, with R2 = 0.54. Unfortunately, due to failure of the 
reproduction test, it was not possible to correlate expression of this biomarker to 
inhibition of animal reproduction. 

Table 6.3: R2 and p values for the correlation between the expressions of ten biomarker genes 
in Folsomia candida with part of soil organic chemical concentrations which shows significant 
correlations. The rest of the table is shown in Table S1_3. The calculation is implemented by 
R package “lmperm”, which applies permutation test for linear models correcting for false 
discovery rates. The detail information for ten biomarker genes can be found in Table 1.

Biomarkers
Fluoranthene

Benzo (a) 
anthracene

Chrysene
Benzo (ghi) 

perylene
Indeno (1,2,3-c, 

d) pyrene

R2 p 
value

R2 p 
value

R2 p 
value

R2 p 
value

R2 p 
value

LA 0.04 0.79 0.16 0.67 0.37 0.38 0.04 0.79 0.09 0.67

FCC1 0.32 0.29 0.50 0.29 0.78 0.04 0.32 0.29 0.45 0.29

MTC 0.09 0.75 0.07 0.83 0.01 0.79 0.08 0.75 0.01 0.88

MCB 0.69 0.17 0.84 0.13 0.97 0.04 0.68 0.21 0.77 0.17

CYP1 0.28 0.38 0.45 0.33 0.73 0.13 0.27 0.38 0.39 0.38

CYP2 0.34 0.29 0.51 0.29 0.79 0.04 0.34 0.29 0.47 0.29

FCC2 0.94 0.04 0.96 0.04 0.94 0.08 0.94 0.04 0.98 0.04

ABC 0.13 0.54 0.31 0.50 0.51 0.25 0.12 0.58 0.19 0.54

IPNS 0.61 0.13 0.82 0.13 0.87 0.04 0.59 0.13 0.64 0.21

HSP70 0.44 0.25 0.68 0.21 0.64 0.21 0.41 0.33 0.41 0.33
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6.3.5 Validation of QPCR assays with additional soil samples
To further provide more insight whether the expressions of MTC and CYP1 are 
independent of soil properties, these markers were tested on field soils acquiring 
different soil properties from another study (Chen, De Boer et al. 2014). Two soil 
samples (L3 and L4) were used from an earlier study on metal-polluted environmental 
soils from the River Dommel area in the south of the Netherlands (Chen, de Boer et al. 
2014). The sample coded L3 showed a high total metal concentration, while sample 
L4 showed low metal concentrations but a high level of biological stress, due to a toxic 
microbial component (Chen, De Boer et al. 2014). MTC, encoding a metallothionein-
like motif containing protein, is a promising metal-stress specific indicator, while CYP1, 
encoding a cytochrome p450 enzyme, is an organic stress indicator (Nota, Vooijs et al. 
2011, Roelofs, De Boer et al. 2012). We exposed adult animals for two days to these 
soils and determined gene expression as describe before. The organic stress specific 
biomarker CYP1 was significantly upregulated in samples NK1 to NK6, but not in NK7, 
NK8 and L3 as well as L4. The metal stress specific biomarker MTC was significantly 
upregulated in sample L3, but not in the other samples (Figure 6.3), suggesting metals 
do not contribute to the ecotoxicological effects of the Nieuwkoop samples.

6.4. Discussion
In this study, ten F. candida gene expression assays selected from previous studies 
were investigated for their potential to be used as molecular diagnostic markers to 
be applied on environmental soil samples containing a complex mixture of pollutants 
with a high toxicological pressure above intervention values. The high toxicity was 
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Figure 6.3: Comparison between gene expressions from qPCR of Folsomia candida exposed to 
different soil samples from a polluted site near Nieuwkoop, the Netherlands. In the histogram 
the average log2- transformed fold change is shown for selected gene 5 (MTC) and gene 6 
(CYP6N3v2), in response to different soil samples.
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caused mainly by organic compounds stress in soil samples NK1 to NK6, which was 
confirmed by the gene expression assays indicative for this type of stress. Furthermore, 
NK7 and NK8 showed a more complex profile of potential stress factors. By analyzing 
the relationship between soil properties, ecotoxicological effects and gene expression 
profiling, we validated the use of some biomarkers as indicators of different types of 
pollutants. For instance, MCB, CYP1 and CYP2 showed significant correlations with 
the concentration of organic chemicals. MTC was only activated if metal stress was 
dominating, even in field samples containing complex mixtures of other pollutants. 
Another biomarker, ABC, showed dose-dependent expression related to toxic effects 
on reproduction (TER) in the springtails. We hypothesized that QPCR assays indicative 
of metal pollution would confirm the high levels of heavy metals in the samples. In 
contrast, the metal-specific assay MTC was slightly but significantly down regulated 
indicating that metal toxicity is not the main driver of the observed sublethal effects. 
Our assays rather suggest a toxicity profile indicative of organic pollution.

The 28-d ecotoxicological tests showed that considerable effects on the reproduction 
of the test organism were generated by the different soil samples from Nieuwkoop. 
Soils NK4 and NK6 contained the lowest number of juveniles compared with the other 
soils. NK4 also contained the highest available metal concentration, which most likely 
contributed to the reduction of reproduction. A high level of soil metal concentrations 
may affect the reproduction of F. candida. For example, a nominal concentration of 57.9 
mg cadmium kg-1 dry weight LUFA 2.2 soil generated 50% reduction of reproduction 
(EC50) in F. candida, and so did 476 mg zinc kg-1 dry soil (van Gestel and Mol 2003, Nota, 
Verweij et al. 2010). By mainly disturbing the immune system and generating reactive 
oxygen species, Cd disturbs the physiological equilibrium of the animal leading to low 
reproduction (Nota, Vooijs et al. 2011). In the current study, the total concentration of 
cadmium in the test soils did not reach the EC50, however the concentration of total 
zinc did surpass the EC50 (Table 6.1). Surprisingly, the QPCR assays did not support 
this. Alternatively, the ecotoxicological effect might be caused by organic pollutants 
(Table 6.1). For instance, an earlier study showed an EC50 of 45.8 mg kg-1 soil for 
the effect of phenanthrene on F. candida reproduction (Droge, Paumen et al. 2006). 
Transcriptomic profile showed up regulation of xenobiotic detoxification enzymes, 
while also general stress and oxidative stress responses were detected in the animal 
after exposure to EC50 phenanthrene concentrations (Nota, Bosse et al. 2009). In the 
current study, the phenanthrene concentration of some of the tested soil samples 
was quite close to the EC50. However, the correlation analysis showed that TER did 
not significantly correlate with metal, organic pollutant concentrations or with soil 
properties in this case. This result would suggest that the batch of samples tested was 
rather heterogeneous, with the dominant stress factor being different in the different 
soil samples, and thus being highly context-dependent. 

The metal stress specific MTC assay was confirmed to be highly significantly 
upregulated in previously investigated metal-polluted field soils of Dommel. Also, 
MTC was not induced by biotic stress (toxic microbes), confirming its metal specificity 
(Figure 6.3) (Chen, de Boer et al. 2014). In this study, no significant correlation was 
found between the ten gene markers and available metal concentrations, except for 
MTC. However, the correlation was negative with Zn and Cd concentrations, which 
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is counter intuitive with regard to all previous reports in metal-specific induction of 
MTC (Nota, Vooijs et al. 2011, Chen, de Boer et al. 2014). Another study showed 
upregulation of MTC in F. candida was activated in response to metal pollution and 
non-inducible by organic pollutants (Nota, Vooijs et al. 2011). This study proved 
again that MTC is a sensitive marker for metal pollution. However, the reason of the 
down-regulation in the case of Nieuwkoop needs to be investigated in more detail. In 
any case the current data suggest that metal stress is not the dominant stress factor 
resulting in suppressed expression of MTC and the animals would tune down MTC to 
reallocate energy to cope with the main stress factor. The expressions of LA and FCC1 
are not correlated to metal concentrations in Nieuwkoop samples. This confirms our 
suggestion that metal stress was not the main stress factor in the soil samples from 
this site.

Expression assays indicative for organic stress (MCB, CYP1, CYP2 and FCC2) showed a 
clear pattern of markers being highly upregulated in soils NK1 to NK6 but only slightly 
in NK7 and NK8. The results of correlation analysis showed that the expression of 
these assays was significantly correlated with organic chemical concentrations (Table 
6.3 and Table S6.1_3). MCB encodes a protein named mitochondrial chaperone BCS1 
which is involved in the assembly of complex III of the mitochondrial respiratory chain 
(Petruzzella, Tiranti et al. 1998). CYP1 and CYP2 are part of the cytochrome P450 family 
of genes encoding enzymes facilitating cell detoxification by catalyzing the oxidation 
of xenobiotics (Guengerich 2001). They both were significantly expressed in a dose-
dependent manner in soil samples dominated by organic stress and extracts of these 
soils in another study (Roelofs, de Boer et al. 2012). In the present study, CYP1 was 
further validated in metal stressed and bio-stressed soils by showing no significant 
induction with regard to these stressors (Figure 6.3). FCC2 showed significant 
expression upon exposure to phenanthrene, chlorinated anilines, diclofenac as well 
as organic stress dominated field soil (Nota, Bosse et al. 2009, Janssens, Giesen et al. 
2011, Roelofs, de Boer et al. 2012, Chen, den Braver et al. 2015). As shown by the blast 
analysis, the function of FCC2 is still unknown and further investigation is needed. 
To conclude, MCB, CYP1 and FCC2 are appropriate quick and efficient indicators of 
organic pollutants in soil. Moreover, since the transcriptional profile of these gene 
markers was not correlated with soil properties (Table S6.1_1), the selected gene 
markers are stable under different soil properties.

In the general stress category (ABC, IPNS and HSP70), ABC (encoding an ABC 
transporter) showed a significant dose-dependent induction related to the potential 
TER in the further validation of original and diluted soil NK6. ABC transporters are a 
diverse group of proteins facilitating the movement of solutes across membranes, 
driven by ATP. Each transporter is specific to a substrate or group of substrates such 
as inorganic ions or sugars (Higgins 1995). This result indicated that the regulation 
of this particular ABC transporter might be involved in transporting xenobiotics 
during biotransformation alongside responding to metal stress. Marker ABC could 
be a promising dose-dependent marker for potential TER. However, ABC was not 
confirmed to be correlated with TER when comparing the different sites. Markers 
IPNS and HSP70 were highly expressed in all soil samples when compared to LUFA 2.2 
soil (Figure 6.2). IPNS encodes a functional isopenicillin N synthase, an enzyme in the 
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β-lactam antibiotics biosynthesis pathway (Cohen, Shiffman et al. 1990). A previous 
study showed that F. candida has assimilated the capacity for β-lactam biosynthesis by 
horizontal gene transfer, which might be an important adaptive trait in the microbe-
dominated soil ecosystem (Roelofs, Timmermans et al. 2013). Immune defense related 
genes were always expressed under stress; the activation of β-lactam biosynthesis 
may contribute to achieving a proper immune balance in the animals. Similar patterns 
were found in F. candida under metal and organic stress (Nota, Timmermans et al. 
2008, Nota, Bosse et al. 2009, Chen, den Braver et al. 2015). Thus IPNS would be a 
good indicator of general stress for the first tier of soil quality assessment, since all 
Nieuwkoop samples showed reduced reproduction when compared to standard LUFA 
2.2 soil. This is also confirmed by less pronounced up regulation of HSP70 encoding a 
70 kD heat shock protein which participates in the refolding of damaged or defective 
proteins and directly inhibits apoptosis (Beere, Wolf et al. 2000, Luders, Demand et 
al. 2000). It is indicated that stress conditions result in disturbing the normal folding 
of proteins or cause damage to proteins indirectly (Benjamin and McMillan 1998). By 
exposing the animal to both metal and organic pollutants, the expression of Hsp70 
was also confirmed (Nota, Timmermans et al. 2008, Nota, Bosse et al. 2009). The 
expression of Hsp70 can also be a quick and sensitive indication for general stress in 
the soil ecosystem.

6.5. Conclusions
The current study provides data towards a validation of stress biomarker genes in F. 
candida for soil quality assessment, using short-term gene expression bioassays. By 
combining ecotoxicological endpoints, gene expression analysis as well as chemical 
soil analysis, all ten markers (Table 6.1) proved to be valuable and informative. One 
gene (MTC) was confirmed to be a sensitive indicator of metal pollution (although 
spurious results were obtained with the more complex Niewkoop samples), two 
others (CYP1 and CYP2) were indicators of organic pollutants in soil, while three (MCB, 
CYP1 and FCC2) markers showed significant correlations with the concentration of 
specific organic compounds. One gene (ABC) showed a significant correlation with 
the potential TER, which makes it a particularly interesting biomarker for general 
ecological stress. By validating and using these markers, we also proved that organic 
pollutants were the main stress factor in the Nieuwkoop samples NK1 to NK6, while 
soils NK7 and NK8 contained another complex of stress factors which needs further 
investigation. Validation of these biomarkers on an ecologically important soil 
invertebrate will help future soil quality assessment. Efficiently identifying the type of 
the dominant stress or pollutant in soil, using the validated biomarkers, will assist in 
cost-efficient soil remediation. 

CHAPTER 6

94



95

General discussion



A world with a growing population will demand more fossil resources for energy 
generation, transport and the industrial production of diverse products. However, 
fossil fuels are non-renewable resources formed by natural processes that act over 
millions of years (Mann 2003). The application of fossil fuels to drive our economies 
is not sustainable on the long term. Several possible solutions have been proposed. In 
the past decades, green chemistry has caught a lot of attention as a strategy to reduce 
or even eliminate hazardous substances in the industrial manufacturing process of 
bulk chemicals (Anastas and Kirchhoff 2002). Recently, the production of fuels and 
chemical building blocks from biomass has received increasing attention. Nature offers 
a lot of bio-based renewable resources, like agricultural waste and non-edible plant 
materials. Such bio-based resources are often considered to be more sustainable as 
raw materials for the production of industrial chemicals and as a replacement of oil 
and gas-based fuels (Weiss, Haufe et al. 2012).

Currently, scientific evidence showing that chemicals produced from bio-based 
materials are more environmentally safe is scarce. Meanwhile, the impact of 
bio-based production processes on the environment should be assessed in a similar 
way as traditional chemicals produced from fossil fuels. Firstly, the research presented 
in this thesis aimed to further analyze the bottlenecks of current ecological risk 
assessments. Subsequently, the potential impacts of biomass-derived chemicals on 
the soil ecosystem were assessed and an attempt was made to elucidate underlying 
molecular mechanisms. It is always difficult to determine whether single or multiple 
pollutants, or additional stress factors, dominate the ecotoxicological effects, since the 
soil ecosystem often contains a complex mixture of potentially hazardous materials. 
Such an assessment is even more complicated and may be confounded by exposure to 
stressful natural conditions, such as pH temperature. There is a need for a diagnostic 
approach of soil quality assessment that quickly indicates the dominant pollutant(s) 
and/or stress factor(s) (Fent 2004). This will help to identify possible strategies to 
minimize exposure and adverse effects or to design an effective remediation strategy. 
A new diagnostic approach based on transcriptomics is proposed in this thesis that 
could be incorporated as part of a Triad-based soil quality assessment. We investigated 
whether these tools based on the springtail Folsomia candida, can help to identify the 
dominant stress factors in complex field soil samples, as well as determining whether 
a green chemical is actually more sustainable.

7.1 Assessment of a fossil carbon source-derived chemical
In this thesis we included, in addition to our study of bio-based chemicals, some case 
studies on traditional (fossil carbon-derived) chemicals, to illustrate the continuity 
of risk assessment procedures and to explore how risk assessment of bio-based 
chemicals can build upon accepted risk assessment practices. Chapter 2 implemented 
an ecotoxicogenomic study on diclofenac by using the current tool in this thesis. 
Diclofenac is widely used as a nonsteroidal anti-inflammatory drug (NSAID). Diclofenac 
seems to be the compound with the highest level of acute toxicity within the class 
of NSAID (Fent, Weston et al. 2006). Bioaccumulation of diclofenac residues caused 
a collapse of vulture populations; this incident caught a lot of attention (Oaks, 
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Gilbert et al. 2004). After the widespread usage, diclofenac residues have been 
found in the aquatic environment and ecotoxicological data are available for aquatic 
organisms (Buser, Poiger et al. 1998, Corcoran, Winter et al. 2010). Diclofenac can 
also end up in the soil ecosystem. For instance when biosolids containing diclofenac 
residues are applied to soil, or when there is a direct contact between soil and 
corpses, feces or urine of livestock treated with diclofenac (Oaks, Gilbert et al. 2004, 
Stulten, Zuhlke et al. 2008). Chapter 2 reports new knowledge about the impact of 
diclofenac on the soil ecosystem and the toxic mode of action of diclofenac in soil 
invertebrates. Chapter 2 also demonstrates how to use the current tools for testing 
pharmaceuticals. Nowadays, there is a trend of production of bio-pharmaceuticals 
derived from bio-based chemicals. For instance, bio-based pyruvate, produced by 
Corynebacterium glutamicum, can be used in many pharmaceuticals as an ingredient 
or additive (Wieschalka, Blombach et al. 2013). Pyruvate or pyruvic acid, also known 
as 2-oxopropanoic acid, is the most important α-oxocarboxylic acid, which plays a 
central role in the energy metabolism of living organisms. It is used mainly as a starting 
material in the biosynthesis of pharmaceuticals, such as L-tryptophan, L-tyrosine and 
alanine, as well as L-DOPA (Uchio, Kikuchi et al. 1976). Future environmental risk 
assessment of bio-based pharmaceuticals should go through the same test battery 
as fossil fuel-based pharmaceuticals. An efficient test strategy must take into account 
the limitations in resources and testing capacity, as well as the overall aim to reduce 
the cost and time of testing. Furthermore, under different scenarios or conditions, 
relevant and sensitive endpoints have to be selected and studied, which should 
minimize the probability of false negatives and provide information for a decision 
scheme. 

7.2 Impacts of biomass-derived chemicals on soil invertebrate species
2,5-furandicarboxylic acid (FDCA), which can be synthesized from fructose or glucose, 
is a promising biomass-derived chemical building-block for the polymer industry 
(Werpy 2004) This compound is proposed as a “green” substitute replacing TPA 
(terephthalic acid) in the production of polyethylene terephthalate (PET) of which 
1.8 million tons are produced annually. Hydroxymethylfurfural (HMF) is an important 
intermediate during the production of FDCA. In Chapter 3 it was shown that FDCA, 
HMF and TPA generated comparable toxic effects on reproduction of F. candida in 
soils. Around 25% reduction of animal reproduction was observed at the highest 
spiked concentration (1000 mg/kg unsterilized LUFA2.2 soil) in all treatments when 
compared to the control. Further investigation showed that toxicity is seen only when 
biodegradation of the compounds is suppressed by sterilization of the soils. Under 
realistic ecological conditions, the half-lives of FDCA, HMF and TPA in soil are around 
2-5 days, thus no chronic toxicity is observed in soil invertebrates over 4 weeks. 
In Chapter 4, a transcriptomic study was implemented to elucidate the underlying 
molecular mechanism. A full transcriptional analysis of F. candida was implemented. 
Interestingly, there was no difference in gene regulation relative to FDCA and TPA 
exposed animals after 2 days (although the same concentration causes 50% effect 
on reproduction after 4 weeks in sterilized soils). One possible explanation is that 
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the low solubility of FDCA or TPA results in low chemical concentrations in soil pore 
water, which is the main exposure medium in this bioassay. A large number of genes 
were significant regulated in F. candida after exposure to HMF. Many processes were 
significantly affected, such as nucleic acid metabolism processes, transcriptional 
metabolic processes and animal developmental processes. Results also indicate that 
HMF can be biotransformed into sulfoxymethylfurfural (SMF) which is genotoxic 
and mutagenic (Monien, Engst et al. 2012). This is to our knowledge the first study 
investigating effects of FDCA and its intermediates on soil invertebrates. Our data 
on springtails show that FDCA, as a candidate green building block does not pose 
a significant risk to the environment due to is being quickly degraded and having 
low bioavailability. The risk of FDCA is not greater than the chemical that it aims to 
replace, TPA. However, the intermediate compound HMF is toxic to soil invertebrates, 
which suggests that the possible replacement of TPA by FDCA must focus on 
the risk of intermediates in the production chain. The results also suggest that 
bio-based chemical candidates do not necessarily have a superior toxicological and 
environmental profile compared to other, fossil carbon-based materials, in use today. 
In this scenario (FDCA substituting TPA), the advantage of FDCA is that its production 
is more sustainable from the aspect of energy and resource use, not that it implies a 
reduced environmental risk.

Other environmental risk assessment studies about biomass-derived chemicals 
showed and confirmed that the whole production chain of bio-based chemicals and 
the final fate in the natural environment should be considered, because unexpected 
harmful effects may occur. For example, bio-oils produced by biomass have been 
regarded as one of the promising candidates in some districts to replace petroleum 
fuels for power generation, heat, or for extraction of valuable chemicals (e.g. 
biodegradable polymers, fertilizers and acids) (Xiu and Shahbazi 2012). Yuan et al 
(Yuan, Leng et al. 2015) showed that bio-oils, derived from liquefied and pyrolysed 
sewage sludge, contain high concentrations of metals and especially exchangeable 
Zn and Ni. This batch was quantitatively assessed to possess very high risk to the 
environment based on three independent risk assessment methods. Apparently, 
the source of biological material should be carefully considered in the production 
of renewable energy, especially with regard to environmental impact. Moreover, 
the bio-based compound itself can be hazardous. A typical case is represented by 
2,5-dimethylfuran (DMF) which is a biofuel candidate with the potential to be produced 
in bulk from plant cellulose (Schmidt and Dauenhauer 2007). This compound was 
able to induce chromosomal damage in cultured murine cells, suggesting that it may 
be genotoxic (Fromowitz, Shuga et al. 2012). Another study employed four different 
test organisms (bacterium, yeast, fish cell line, and fish embryo) from different 
trophic levels as a combination of acute and mechanism-specific biotests for hazard 
assessment of biofuel (Heger, Bluhm et al. 2012). The biotests revealed many effects, 
such as cytotoxic, acute embryotoxic and mutagenic effectiveness, so that the results 
demonstrate that ecotoxicological biotests are useful tools for the biofuel industries 
to gain environmental friendliness. Also, potential persistence, bioaccumulation, 
and aquatic toxicity of DMF and its combustion intermediates were assessed in an 
ecotoxicological context. The results indicated that DMF combustion intermediates 
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(e.g. 1,3-butadiene, 3-methylindene, 1-naphthalenol pose a much broader range of 
aquatic toxicity than DMF itself because of persistence in the environment (Phuong, 
Kim et al. 2012). Another study showed that Tilapia fish exposed to the water-soluble 
fraction of biodiesels, increased their acid phosphatase activity suggesting cytotoxicity 
caused by methanol (da Cruz, Leite et al. 2012). This is associated with decreased 
lysosomal membrane fragility and subsequent lysosomal dysfunction in liver tissue 
of exposed fish. When considering a specific environment scenario, sometimes the 
final fate of bio-based chemicals is very important for environmental risk assessment. 
As such, the bio-degradation of FDCA and its intermediates were investigated in this 
thesis and ensured no introduction of any biological effects under natural conditions. 
In another study of the fate of biodiesel in the aquatic ecosystem, aerobic seawater 
microcosms spiked with biodiesel revealed that biodiesel was degraded at roughly 
the same rate as n-alkanes, and more rapidly than other hydrocarbon components 
(DeMello, Carmichael et al. 2007). Thus, a low environmental impact of biodiesel is 
expected in natural aquatic ecosystem.

In general, the author suggests that future environmental risk assessment of 
bio-based chemicals should continue using indicator species for bioassays and should 
carefully consider their fate under natural conditions. Transcriptional analysis could 
be valuable in identifying the molecular mechanism of responses caused by exposure 
to bio-based chemicals. This will give more insight that can aid in the assessment 
of the level of toxicity caused by the bio-based chemical production chain in the 
environment.

7.3 Soil quality assessment under realistic conditions
Results presented in Chapters 2, 3 and 4 show that new tools developed in the current 
thesis are mature to test the impact of chemical in soil quality and can generate 
knowledge about potential hazards of the test compounds under standard lab 
conditions with standardized protocols. However, ecological risk assessment should 
also deal with field samples for site-specific monitoring in realistic scenarios. To that 
end, an attempt was made (Chapter 5) to integrate the current gene expression tools 
into Triad-based soil quality assessment to assess the toxicity of soils from polluted 
sites. We applied this in a case study using riverbanks sediments polluted by metals. 
The soil chemical properties were measured and a standardized ecotoxicological 
test as well as a transcriptomic analysis based on F. candida were implemented. In 
the ecotoxicological experiments, the least polluted soil sample generated highest 
toxicity, which could be removed by sterilization. This strongly suggested that in 
addition to metal pollution, some kind of biological stress, perhaps a microbial toxic 
factor, was also playing a role.

In the transcriptomic analysis, the results suggest that the transcriptomic tools can 
distinguish different types of stress factors by studying signatures of gene regulation. 
The transcriptional profile indicates that changes in cell redox homeostasis are a 
significant indicator of metal stress but not for biological stress. The study shows 
that soil pollution can be confounded by biological stress factors; measuring only 
reproduction cannot disentangle these effects. However, the difference between 
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biological stress and pollutant stress can be recognized using gene expression 
data. As previously stated, fluctuations in sample properties may also confound 
ecotoxicological testing. For instance, exposure of Lemna gibba to sulfonylurea 
herbicides in a standard test showed that not only the compounds caused adverse 
effects, but these responses were also influenced by fluctuating pH, light cycle, and 
temperature (Rosenkrantz, Cedergreen et al. 2013). Moreover, Bradham et al showed 
that soil pH was the most important soil property affecting earthworm mortality and 
internal lead (Pb) concentration (Bradham, Dayton et al. 2006). Soil pH was found to 
affect also the toxicity of dissolved zinc (Zn), non-nano and nano ZnO to the earthworm 
Eisenia fetida (Heggelund, Diez-Ortiz et al. 2014). In general, heavy metals become 
more available to organisms via the soil pore water when the pH decreases (Sijm, 
Kraaij et al. 2000) In another case, molybdenum (Mo) toxicity to earthworms (Eisenia 
andrei), Collembola (Folsomia candida) and enchytraeids (Enchytraeus crypticus) was 
determined in different soil samples. The results suggested that soil properties had 
a strong but species-specific effect on Mo toxicity to soil invertebrates (van Gestel, 
Borgman et al. 2011). Genomic tools were shown to enhance the sensitivity of 
detecting effects from soil properties or other stress factors. Transcriptional profiles 
of F. candida successfully distinguished two soil types (clay and sandy) (De Boer, 
Birlutiu et al. 2011). Gene regulation of F. candida identified pH effect alongside 
copper toxicity in a long term copper contaminated soil at different pH levels (De 
Boer, Tas et al. 2012). By gene expression assays, de Boer et al. (De Boer, Holmstrup 
et al. 2010) also determined that temperature generated more effects than pH on 
F. candida’s physiology. Chapter 5 distinguished biological stress from metal stress 
by studying transcriptional responses of F. candida, which explained the causes of 
toxicity in bioassays based on reproduction deployed in the TRIAD approach. So, the 
new tools determined the main stress factor in soil samples with mixture pollutants, 
which would be a key importance to guide a cost-effective remediation program of 
metal polluted soils. 

7.4 Biomarkers for soil quality assessment
Ecotoxicology aims to identify the effects of chemical pollutants elicit in the 
environment either alone or in combination with additional stressors. To achieve that 
goal, bioassays are used with endpoints from different levels of biological organization., 
ecotoxicological studies at the molecular level provide mechanistic knowledge upon 
which predictions at higher levels can be based (Eggen, Behra et al. 2004). The first 
step after gathering transcriptomic data is statistical analysis, which helps to identify 
the significantly regulated genes. The second step is to combine the entire set of 
differentially expressed genes and place them in a biological context by performing 
gene ontology enrichment analysis. Expression signatures specific to chemicals can be 
retrieved from gene expression patterns. Therefore, such gene expression assays may 
be considered a genetic biomarker, and gene regulatory networks were suggested to 
be useful in classification of toxicity levels. This was indeed shown in several recent 
studies. For instance, gene expression signatures of zebrafish embryos could be used 
to distinguish eleven toxicants and to predict most of the toxicants in a blind test set up 
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(Yang, Kemadjou et al. 2007). So from an analysis of the genome-wide transcriptional 
profiles, we selected ten gene markers and validated them with complex field soil 
samples in Chapter 6. These ten gene markers were based on three different classes 
of stressors (metal stress, organic compound stress and general stress based on life 
endpoints, i.e. survival or reproduction) from previous studies (Nota, Timmermans 
et al. 2008, Nota, Bosse et al. 2009, Nota, Verweij et al. 2010, Janssens, Giesen et al. 
2011, Roelofs, de Boer et al. 2012, Chen, den Braver et al. 2015). 

By using molecular markers specific for certain classes of chemicals, our study aimed to 
reach the next stage of the integrating genomics into environmental risk assessment. 
Instead of full transcriptomic analysis (e.g. using microarrays, or RNA-seq), a set of 
diagnostic biomarkers would be more cost efficient and less time-consuming for 
soil pollution assessment. These markers can be assessed using a relatively simple 
and reproducible quantitative PCR method. The ultimate desirable properties of 
such biomarkers are that they are easily measurable, sensitive and dose-dependent 
with respect to specific stress factors. If biomarkers are to be used in ecological risk 
assessment as the basis for management actions, it is critical to ask what level of 
change in a biomarker should trigger action (i.e., regulating release, remediation, 
higher-tier assessments, etc.) (Forbes, Palmqvist et al. 2006). A selected group of 
genes in F. candida was retrieved from previous studies that show highly significant 
dose-dependent gene expression associated with stress caused by organic toxicants 
in soil (Roelofs, de Boer et al. 2012). Two of them were validated again in Chapter 6 
and proved again to be indicative for organic toxicant stress in soil. To differentiate 
the concentrations of toxicants between toxic and nontoxic in environmental risk 
assessment, Poynton et al. (Poynton, Loguinov et al. 2008) suggested the concept of 
No Observed Transcriptional Effect Level (NOTEL) and applied it to metal pollution in 
Daphnia magna. The NOTEL was firstly suggested by Lobenhofer et al. (Lobenhofer, 
Cui et al. 2004) to describe the concentration of a chemical, which results in no 
significant changes in gene expression by simple correlation of the number of 
differentially expressed genes to exposure level assessed by reproduction assays 
or alternative endpoints. Compared to NOTEL, the advantage of selected genetic 
markers, for which the expression levels themselves are highly correlated to dose-
dependent ecotoxicological effect (e. g, effect on reproduction or mortality), is 
that the threshold level (e.g. EC50, LC50) can be directly inferred by measuring the 
quantity of gene expression. Such dose-dependent markers acquire large potential 
utility in environmental monitoring (Moore, Depledge et al. 2004). These markers 
should be employed in such a way that if the expressions of dose-dependent markers 
indicate an ecotoxicological effect below the level of a decrease of reproduction, then 
further risk assessment would not be required.

Chapter 6 presents a few selected gene markers with dose-dependent expression 
related to soil pollutant concentrations and potential ecotoxicological effect. Besides, 
another set of markers proved to be capable and robust enough to distinguish the 
main ecotoxicological stress factors in soils with different properties, such as pH, 
organic matter contents. The results of diagnosis and validation of the biomarkers 
in chapter 6 will provide input to the first tier of decision-making in soil quality 
assessment.
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7.5 Perspectives
This thesis developed and validated new tools for assessment of soil quality iwith 
the potential for application to chemicals produced in the future bio-based economy. 
The tools were tested using single chemicals spiked into standard soil as well as to 
complex field soils. The main objective was to link transcriptomic analysis to traditional 
ecotoxicological analysis supported by international guidelines. In environmental 
risk assessment, transcriptomics analyses may improve speed and specificity of 
the current ecotoxicological test scenarios (Van Straalen and Roelofs 2008). When 
validated in a robust way, such gene expression tools can be used for monitoring the 
impact of bio-based chemicals in soil quality. The integration of these tools into the 
current TRIAD approach for soil quality assessment brings more lines of evidence 
and information supporting risk assessment decisions. Future initiatives should 
focus on harvesting more biomarkers or gene sets for quick and efficient diagnosis 
of soil pollution or stressors. Chapter 6 suggests a way to integrate gene expression 
assays in traditional toxicology approach. Functional genomic approaches, where 
selected genes can be purposely over-expressed or knocked down, may provide 
more information on the functional involvement of the stress response, which could 
be taken along in the validation process. Technologies like RNA silencing or genetic 
transformation could be used in future experiments to provide causal evidence 
that a certain gene is really associated with a stress factor. This has already been 
performed in a study on a metallothionein gene (MT) family member knockout strain 
of Drosophila melanogaster. The mutant lines revealed that MT plays a central role 
in copper homeostasis and detoxification of heavy metals (Egli, Yepiskoposyan et al. 
2006). By generating more pollutant or stressor-specific markers, the current tools 
will acquire cost-effective and quick diagnostic assets for a better application in the 
future. 

In future bio-based economy, the social, economic and environmental advantages will 
call for more inventions and production of biomass-derived chemicals. However, risk 
assessments of chemicals should consider a thorough evaluation of the route and extent 
of exposure. After the assessment, information on the relevant potential effects on 
environmental and human health should also be provided (Gutsell and Russell 2013). 
The increasing number of new bio-based chemicals calls for fast and cost-effective 
screening tests with reduced labor intensity. The evaluation preferably needs a set 
of assays covering several endpoints at different levels of biological organization in a 
cost-efficient manner to assess the effects resulting from the production and usage of 
bio-based chemicals in a more holistic approach. Few environmental risk assessment 
studies already applied an integrated approach of multiple endpoint bioassays. In a 
study of assessment of long-term copper contaminated agricultural soil, the authors 
combined microbial community analysis with ecotoxicogenomic analysis (De Boer, Tas 
et al. 2012). The microbial community structure analysis revealed a time-integrated 
impact of pollution that is detectable even 27 years after the first application of 
copper (De Boer, Tas et al. 2012). In another environmental risk assessment study 
of two contaminated soils, acute and chronic toxicity bioassays were integrated by 
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application of a selected set of test species (Vibrio fischeri, Dictyostelium discoideum, 
Lactuca sativa, Raphanus sativus and Eisenia fetida) in combination with chemical 
analysis of soils and elutriates, as well as with bioaccumulation studies in earthworms 
(Rodriguez-Ruiz, Asensio et al. 2014). Although both soils had similar screening values 
of regulatory policies, the results based on multiple endpoint bioassays suggested 
only one soil, demanding further investigation and remediation (Rodriguez-Ruiz, 
Asensio et al. 2014). In Chapter 3, we try to deploy four assays to cover different 
aspects of risk assessment, covering both the aquatic and terrestrial environment: 
zebrafish embryo toxicity, F. candida reproduction, also potential human health 
concern: a battery of CALUX cell reporter assays and genome wide transcriptomics 
in the human hepatocellular cell line HepG2. Since persistent chemicals may become 
detrimental due to their accumulation (Fernandez-Luqueno, Valenzuela-Encinas et al. 
2011), the stability of the bio-based chemicals in natural environment should also be 
determined. Future risk assessments of bio-based chemicals should include a diverse 
panel, but an important challenge is to determine the added value and limitations 
of each assay. A tiered approach might be employed where initial testing should be 
cost-effective and screen for a range of important toxic effect (i.e. CALUX cell reporter 
assays). If significant adverse effects are found in first-tier tests, the higher tier should 
be executed using assays that allow an in-depth mechanistic evaluation. By such an 
approach, comprehensive information on the environmental fate and effects of newly 
bio-based chemicals can be collected to better frame the term sustainability with 
regard to the environment and human health.
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Summary

A world with a growing population will increasingly demand more fossil resources for 
energy generation, transport and the industrial production of all kind of products. 
However, fossil fuels are non-renewable resources and cause a lot of environmental 
problems. The increasing cost of fossil resources is driving enhanced interest in 
the production of new fuels and new chemical building blocks from biomass. Since 
bio-based chemicals may end up in the environment, an important question is whether 
these new and green chemicals are equally safe, more toxic or less toxic compared to 
the chemicals that they aim to substitute. This thesis focuses on the soil ecosystem, 
a compartment with substantial binding capacity where many chemicals accumulate 
and often reach higher concentrations than elsewhere in the environment.

Firstly, the research aimed to further analyze the bottlenecks of current ecological 
risk assessments, which is how to determine the dominant stress factor(s) in 
polluted soil. Subsequently, the potential impacts of bio-based chemicals on the soil 
ecosystem were assessed. The soil arthropod Folsomia candida is used as an indicator 
species. F. candida has a detritivore role in the soil, is abundant and sensitive to soil 
contaminants. Ecotoxicological and novel genomic approaches were employed and 
combined. The results and conclusions can provide more information and lines of 
evidence contributing to reinforce soil quality assessment.

In Chapter 2, an ecotoxicogenomics study is implemented to the nonsteroidal anti-
inflammatory drug diclofenac, a pharmaceutical produced using conventional fossil 
carbon sources. The results showed that diclofenac is toxic to F. candida and caused 
mortality but only indirectly affected reproduction. Transcriptional profiles indicated 
that development, growth and immune related processes were significantly affected. 
There was also an effect on the nervous system in F. candida, which is not observed 
in mammals. The information obtained from Chapter 2 can be used for future 
environmental risk assessment of bio-based pharmaceutical products.

Chapter 3 reports a safety screening study of 2,5-furandicarboxylic acid (FDCA), a 
candidate bio-based green chemical building block, using a multi-endpoint test panel. 
FDCA, which could replace terephthalic acid (TPA) in plastic production, together with 
its intermediate compound 5-(hydroxymethyl) furfural (HMF) were tested by four 
bioassays covering different aspects of safety screening: the F. candida reproduction 
(FCR) test, the zebrafish embryo-toxicity test (ZFET), a battery of CALUX human cell 
reporter assays and HepG2 transcriptomics. FDCA, HMF and TPA exerted no toxic 
effects on development (ZFET) or reproduction (FCR). FDCA and TPA also did not 
induced significant cytotoxicity or effects on the endocrine system in vertebrate 
bioassays (CALUX panel, HepG2 transcriptomics). Moreover, FDCA, HMF and TPA 
were readily degradable by soil microbial communities. This research demonstrates 
that FDCA could be a green and safe replacement of TPA as a chemical building block 
in industrial production. 

Chapter 4 aimed to further investigate the impact of the production chain of FDCA on 
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the terrestrial ecosystem and to unravel the affected molecular pathways and biological 
processes. A microarray analysis was applied to measure the transcriptome-wide 
response in the soil invertebrate F. candida. Microarrays examined transcriptional 
changes at EC50 concentrations of FDCA, HMF and TPA spiked in sterilized LUFA 
2.2 soils. The results indicated FDCA and TPA caused no significant change in gene 
expression after short-term exposure, which may due to the low water solubility 
leading to slow uptake by the animal from the pore water after. However, a substantial 
number of genes were significantly regulated after exposure to HMF. Gene Ontology 
analysis showed many biological processes were significantly affected, such as nucleic 
acid metabolism, transcriptional metabolic process, cell developmental process and 
oxidation-reduction process. This research shows that environmental risk of the 
FDCA production chain from biomass is not caused by the final product but may be 
associated with the intermediate compound HMF.

Chapter 5 examined how transcriptomics tools can be included in a triad-based soil-
quality assessment. A case study was done of toxicity exerted by riverbank sediments 
polluted by metals. We measured chemical soil properties and used the International 
Organization for Standardization guideline for ecotoxicological tests with F. candida 
as well as a newly developed microarray test for gene expression. Gene expression 
revealed that the oxidative stress response pathway was significantly affected in 
all soils except one. The data indicate that changes in cell redox homeostasis are 
a significant signature of metal stress. The toxicity of the least polluted soil could 
be removed by sterilization. The gene expression profile for this soil did not show 
a metal-related signature, confirming that a factor other than metals (most likely 
of biological origin) caused the toxicity. This study demonstrates the feasibility and 
advantages of integrating transcriptomics into triad-based soil-quality assessment.

In Chapter 6, ten stress biomarker genes selected from previous ecotoxicogenomic 
studies for efficient stress diagnosis in soil quality assessment were validated by 
using eight soil samples containing dredged sediment and domestic waste in the 
Netherland. We measured chemical soil properties and used the standardized 
ecotoxicological tests and QPCR assays for gene expression in F. candida. The 
expression pattern of the biomarkers distinguished the dominant stress in the soil 
samples. Some biomarkers showed a concentration-dependent expression pattern. 
Validation of these biomarkers on an ecologically important soil invertebrate will 
provide valuable information for future soil quality assessment. Efficiently identifying 
the type of the dominant stress or pollutant in soil, using the validated biomarkers, 
will assist in cost-efficient soil remediation.

In this thesis the tools for assessment of soil toxicity in the bio-based economy 
were developed and validated. Gene expression assays can be used to determine 
an ecotoxicological effect and elucidate the underlying molecular mechanism of the 
impact of toxic bio-based chemicals. The tools can easily be integrated into current 
ecological risk assessment.
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Samenvatting

Nieuwe instrumenten voor de beoordeling van bodemtoxiciteit: naar de 
bio-economie
Een wereld met een voortdurend groeiende bevolking zal in toenemende mate een 
beroep doen op fossiele brandstoffen voor de opwekking van energie, vervoer en de 
industriële productie van allerlei benodigdheden. Fossiele koolstofbronnen zijn echter 
niet hernieuwbaar en veroorzaken een keur aan milieuproblemen. De toenemende 
kosten van fossiele basismaterialen hebben de belangstelling voor de productie 
van nieuwe brandstoffen en nieuwe chemische bouwstenen uit biomassa vergroot. 
Aangezien ook de uit biomassa geproduceerde chemicaliën in het milieu terecht 
kunnen komen is de vraag aan de orde of deze nieuwe en “groene” chemicaliën even 
veilig zijn, gevaarlijker of juist minder gevaarlijk dan de chemicaliën die ze beogen te 
vervangen. Dit proefschrift is gericht op het bodemecosysteem, een compartiment 
met een aanzienlijke bindingscapaciteit waarin veel chemicaliën zich ophopen en 
vaak hogere concentraties bereiken dan elders in het milieu.

In de eerste plaats stelde het onderzoek zich ten doel om de zwakheden van de 
huidige risicobeoordeling verder te analyseren, dat wil zeggen de vraag te bekijken 
hoe de diverse stress-factoren in een verontreinigde bodem gedetecteerd en 
onderscheiden kunnen worden. Vervolgens werden de mogelijke negatieve invloeden 
van de bio-gebaseerde chemicaliën op het bodemecosysteem beoordeeld. De 
bodemarthropode Folsomia candida werd gebruikt als indicatorsoort. F. candida 
speelt een rol als detritivoor in de bodem, komt heel veel voor en is gevoelig voor 
bodemcontaminanten. Ecotoxicologische en nieuwe genomische benaderingen 
werden toegepast en gecombineerd. De resultaten kunnen meer informatie en beter 
bewijsmateriaal verschaffen waarmee de risicobeoordeling versterkt kan worden.

In Hoofdstuk 2 wordt een ecotoxicogenomische studie gepresenteerd met de 
ontstekingsremmer diclofenac, een geneesmiddel behorend tot de groep van niet-
steroïde anti-inflammatoire middelen. Dit medicijn wordt geproduceerd uitgaande 
van conventionele fossiele koolstofbronnen. De resultaten laten zien dat diclofenac 
giftig is voor F. candida en sterfte veroorzaakt met als indirect gevolg een effect op 
de reproductie van de populatie. Transcriptieprofielen gaven aan dat biochemische 
processen gerelateerd aan ontwikkeling, groei en de werking van het immuunsysteem 
significant beïnvloed werden. Ook processen gerelateerd aan het zenuwstelsel werden 
beïnvloed, een effect dat bij zoogdieren niet waargenomen wordt. De informatie 
in Hoofdstuk 2 kan gebruikt worden voor de toekomstige risicobeoordeling van 
farmaceutische producten geproduceerd uit biomassa.

Hoofdstuk 3 doet verslag van een veiligheidsonderzoek naar 2,5-furaandicarboxylzuur 
(FDCA), een kandidaatstof voor de bio-gebaseerde productie van chemische bouwstenen 
in polymeren. Er werd een toetsbatterij gebruikt met meervoudige eindpunten. FDCA 
zou een vervanging kunnen zijn voor tereftaalzuur (TPA) bij de productie van plastics. 
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FDCA werd getest, evenals 5-hydroxymethylfurfural (HMF), een intermediair in de 
productie van FDCA, met gebruikmaking van vier toetsen die verschillende aspecten 
van het veiligheidsonderzoek omvatten: de reproductietest met F. candida (FCR), de 
embryo-toxiciteitstest met zebravissen (ZFET), een batterij cellijnen met verschillende 
CALUX-gebaseerde reportersystemen en een transcriptoomanalyse met HepG2-
cellen. FDCA, HMF en TPA oefenden geen toxisch effect uit op de ontwikkeling (ZFET) 
of reproductie (FCR). FDCA en TPA veroorzaakten ook geen significante cytotoxiciteit 
of negatieve effecten op het endocrien systeem (CALUX, HepG2). Bovendien 
konden FDCA, HMF en TPA gemakkelijk afgebroken worden door de microbiële 
bodemlevensgemeenschappen. Het onderzoek laat zien dat FDCA een groene en veilige 
vervanger is van TPA als uitgangsstof in de chemische industrie.

Het doel van Hoofdstuk 4 was om de negatieve invloed van FDCA op terrestrische 
ecosystemen verder te onderzoeken en de daarbij betrokken moleculaire routes en 
biochemische processen te ontrafelen. Een analyse met microarrays werd gedaan om 
de transcriptionele veranderingen te meten bij EC50-concentraties van FDCA, HMF en 
TPA, kunstmatig toegevoegd aan een gesteriliseerde LUFA 2.2-bodem. De resultaten 
geven aan dat FDCA en TPA geen significante veranderingen van genexpressie 
veroorzaken bij kortdurende blootstelling, wat toegeschreven kan worden aan de lage 
wateroplosbaarheid leidend tot een langzame opname in het dier vanuit het poriewater. 
Echter een aanzienlijk aantal genen werd significant gereguleerd na blootstelling 
aan HMF. Gen-ontologieanalyse liet zien dat een veelheid aan biologische processen 
beïnvloed werd, zoals nucleïnezuurmetabolisme, transcriptionele metabolische 
processen, celontwikkelingsprocessen, en oxidatie-reductieprocessen. Het onderzoek 
toont aan dat het milieurisico van de productieketen van FDCA vanuit biomassa niet 
door het eindproduct veroorzaakt wordt, maar door de intermediaire verbinding HMF.

Hoofdstuk 5 onderzocht de vraag hoe transcriptoom-indicatoren opgenomen kunnen 
worden in een triade-gebaseerde beoordeling van de bodemkwaliteit. De casus betrof 
de toxiciteit uitgeoefend door op de oever gedeponeerd riviersediment verontreinigd 
met zware metalen. We maten verschillende chemische bodemeigenschappen en 
gebruikten de richtlijn van de Internationale Organisatie voor Standaardisering (ISO) 
voor ecotoxicologische testen met F. candida, evenals een nieuwe test gebruikmakend 
van een microarray voor genexpressie. De genexpressiegegevens lieten zien dat 
de biochemische route voor oxidatieve stress significant beïnvloed werd bij alle 
bodems, met uitzondering van één. De gegevens wijzen op cellulaire veranderingen 
in de redox-homeostase en een significant effect van metaal-stress. De toxiciteit 
van de minst verontreinigde bodem kon weggenomen worden door sterilisatie. 
Het genexpressieprofiel voor deze bodem liet geen metaal-gerelateerde signatuur 
zien, waarmee bevestigd werd dat een andere factor dan een metaal (waarschijnlijk 
van biologische oorsprong) de toxiciteit veroorzaakte. Dit onderzoek demonstreert 
de haalbaarheid en de voordelen van de integratie van transcriptoomstudies bij 
bodemkwaliteitsbeoordeling met de triade-benadering.

In Hoofdstuk 6 werden tien merkergenen gekozen uit de eerdere ecotoxicogenomische 
studies als diagnostische instrumenten voor een efficiënte bodemkwaliteitsbeoordeling. 
Deze indicatorgenen werden gevalideerd met gebruikmaking van acht bodemmonsters 
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bestaande uit verontreinigde bagger en huishoudelijk afval in Nederland. We maten 
chemische bodemeigenschappen en gebruikten gestandaardiseerde ecotoxicologische 
testen en qPCRs voor genexpressie bij F. candida. Met het expressiepatroon van de 
biomerkers konden de dominante stress-factoren in de bodemmonsters gemakkelijk 
onderscheiden worden. Sommige merkers lieten een concentratie-afhankelijk 
expressiepatroon zien. Validatie van deze merkergenen, gemeten in een ecologisch 
relevant ongewerveld bodemdier, zou waardevolle informatie kunnen verschaffen voor de 
bodemkwaliteitsbeoordeling in de toekomst. Als we op efficiënte wijze het overheersende 
type stress of de hoofdverontreiniging kunnen identificeren met behulp van gevalideerde 
merkers zal dat helpen om een kosteneffectieve bodemsanering uit te voeren.

In dit proefschrift werden instrumenten voor de beoordeling van bodemtoxiciteit in 
de toekomstige bio-economie ontwikkeld en gevalideerd. Genexpressietesten kunnen 
gebruikt worden om ecotoxicologische effecten te bepalen en het onderliggende 
mechanisme van toxische uit biomassa geproduceerde chemicaliën op te helderen. 
De instrumenten zijn gemakkelijk te integreren in de gangbare risicobeoordeling.
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