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Summary 

Freshwater from groundwater and surface water sources is becoming scarce in dry periods, which raises interest 

in the (re)use of alternative sources such as rainwater and treated domestic and industrial wastewater (effluent). 

This requires consideration of the potential risks resulting from circulating and potentially accumulating 

microbial and chemical contaminants in different water cycles, depending on the nature of water reuse. 

Therefore, it is important to gain insight into potential microbiological and chemical hazards. This knowledge is 

needed to safely and responsibly reuse water.  

 

The current project focused on chemical hazards. Effect-based methods using in vitro cell models and bacteria 

(bioassays) offer a powerful approach to investigate relevant hazards of complex low-level mixtures in the water 

cycle without prior information on their chemical composition. Panels of bioassays covering endpoints relevant 

for ecosystem health and drinking water safety have been compiled and implemented in the water sector. In 

particular bioassays for investigating DNA damage or endocrine disruption are increasingly implemented within 

the water sector. These complement chemical analyses to assess the quality of (drinking) water sources and the 

effectiveness of treatment processes. 

 

KWR has developed the Water Wise concept, an easy-to-use, transparent and consistent evaluation framework 

as a first step toward quantitative evaluation of microbiological and chemical risks inherent to new water cycles. 

Research and expert judgement on new water cycle-related hazards and risks are needed to further develop the 

framework (tool under development). Depending on the information fed into the tool and the Water Wise risk 

assessment outcome, the output may include a recommendation for the application of bioassays to assess the 

quality of alternative freshwater sources or to confirm the outcome of the tool.  

 

In the current project, a set of bioassays assessing different types of DNA damage was selected (Ames 

fluctuation test, umu chromotest, micronucleus test, comet assay, p53 CALUX and ToxTracker) and applied to 

different types of water samples from water cycles (rainwater and wastewater treatment plant (WWTP) effluent 

from three different locations). DNA damage was selected as the primary biological effect studied here because 

of its relevance for human health by inducing mutations and tumor formation and because well-established in 

vitro assay protocols for this endpoint are available. As the interpretation of bioassay responses regarding the 

potential effects on human health is not straightforward, results were compared, where possible, to assay-

specific effect-based trigger values that identify the bioassay response level where a human health risk cannot 

be excluded.  

 

The bioassays responses for the defined water cycles are presented, alongside a proposed strategy for data 

interpretation and water quality assessment in a water reuse context. This will support responsible water reuse 

through the implementation of bioassays in the circular economy and by creating awareness on the need for 

water quality assessment for existing and new, alternative freshwater sources. 
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1 Introduction 

1.1 Challenges in freshwater (re)use 

Over the last decade, access to clean and safe water has become one of the major challenges facing modern 

society (Jackson et al. 2001). Currently, two thirds of the world’s population live in areas that experience scarcity 

of water for at least one month a year (Conner et al. 2017). Large urban areas in Australia, the USA, Asia and 

Europe have seen a shrinkage of groundwater and surface water sources, caused by the growing imbalance 

between water availability and consumption. This imbalance is a consequence of extensive droughts and 

increased population (Jackson et al. 2001; Leusch et al. 2014). Water for food and irrigation accounts for up to 

70% of the freshwater extraction in fast-growing economies (Conner et al. 2017). Access to clean and safe water 

is not only essential for human health, but also for ecosystems health, as the earth’s ecosystems do not function 

without sufficient water supplies. However, as the human population expands, the water supply by rivers, lakes 

and wetlands will further decrease in quantity (Chicharo et al. 2015). As a result of the decreasing water supply 

quantities, large cities began to import water from less populated areas. Coastal cities have also begun to 

desalinate seawater into fresh water. Exploiting these alternative water supplies is costly, energy intensive and 

not available in all areas. Therefore, other alternatives such as the use of reclaimed water (water reuse, e.g. 

using waste water treatment plant (WWTP) effluent and rainwater) have become increasingly important (Leusch 

et al. 2014; UNWWAP 2015).  

 

Water reuse refers to the process of using treated wastewater (effluent) for beneficial purposes such as 

agricultural and landscape irrigation, industrial processes, non-potable urban applications (such as watering the 

garden and car washing), groundwater recharge (sub-irrigation) and potable use (Angelakis and Snyder 2015; 

Ternes et al. 2017). However, the contamination of water sources with chemical pollutants is a major threat to 

water quality worldwide (Malaj et al., 2014). Anthropogenic (human-made) substances, such as pharmaceuticals, 

personal care products and household care products that are discharged into the sewage by households and 

hospitals (de Jongh et al. 2012; Oliveira et al. 2015) are generally not effectively removed by conventional 

wastewater treatment plants (WWTPs) (Aydin et al. 2019; Golovko et al. 2021; Oliveira et al 2015). 

Consequently, treated wastewater still contains chemical contaminants that elicit a chemical burden on aquatic 

systems to which the effluent is discharged. Consequently, indirect water reuse is the status quo (de facto) and 

human health needs to be considered when surface water is a drinking water source (Beard et al. 2019; 

Houtman 2010). Pronk et al. 2021). Due to the presence of many, different chemical contaminants, various 

biological processes may be affected, including DNA damage and disturbances to the hormone balance (Dopp et 

al., 2019). The onset of potential human and ecological health risks resulting from circulating and accumulating 

microbial and chemical contaminants should be prevented (Grundmann et al. 2013; Voulvoulis, 2018). 

Prevention of contamination of water sources is essential to reduce the effort needed in water treatment 

processes and treatment-related hazards and risks need to be considered. The more contaminated the water, 

the more advanced water treatment is required, which may result in the formation of potentially toxic 

disinfection byproducts and transformation products. Some of these newly formed compounds can damage the 

DNA and negatively affect other cellular processes (Dieter 2010, Escher and Fenner 2011, Srivastav et al. 2020). 

Thus, the evaluation of (potential) chemical hazards and associated human health and environmental risks is 

essential for safe and responsible use of (recycled) water.  
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In the last decades, the prevention of further pollution of surface water and measurements to determine the 

concentration of pollutants in the surface water gained more attention. This led to the EU water framework 

directive (WFD) (2000/60/EC) and surface water quality standards for priority substances (2013/09/EU). Water 

quality is generally evaluated by comparing actual measurements to environmental and drinking water quality 

standards, in which a series of physicochemical parameters are regulated. However, quality standards mainly 

exist for drinking water, but to a lesser extent for other applications such as irrigation and industrial purposes. 

For irrigation and industrial purposes, less strict quality standards compared to drinking water standards may be 

needed (fit-for-purpose standards). Environmental quality standards are available for only a limited number of 

substances of interest, while surface water typically contains thousands of substances in complex mixtures and 

mixture effects remain unknown (Escher et al., 2014). This emphasizes the need for additional guidance on 

water quality assessment of existing and new water cycles.   

1.2 Decision-support system for safe water (re)use cycles 

KWR has developed the Water Wise concept, an easy-to-use, transparent and consistent evaluation framework 

as a first step toward the quantitative evaluation of microbiological and chemical risks inherent to new water 

cycles. Research and expert judgement on new water cycle-related risks are needed to further develop the 

framework (Hockin et al. 2020).  

 

The Water Wise concept evaluates the microbial and chemical water quality, compares with relevant national 

and international guidelines, and offers users a basic risk assessment process. The goal of Water Wise is to 

support users in making safer and smarter decisions concerning their water cycles, in order to identify solutions 

for optimal water (re)use. It represents a first step toward a tool to quantitatively evaluate the risks inherent to 

new and existing water cycles, and creates a better understanding of how end-users can avoid and manage 

these risks a priori, e.g. by using advanced treatment processes. More research, including further development 

of the quantitative chemical risk assessment (QCRA) concept developed by Cantoni et al. (2021), is needed to 

develop the framework further into a user-friendly tool (Hockin et al. 2020). Depending on the information fed 

into the tool and the outcome of the Water Wise risk assessment, it is foreseen that the output may include a 

recommendation for the use of effect-based methods. This also requires additional guidance and support on 

which specific methods should be applied, which can be fed by the results of the current project.  

1.3 Bioassays for safe water (re)use cycles 

Currently, there are different methods to assess chemical water quality, of which quantitative targeted 

compound methods, targeted and non-targeted (chemical) screening and effect-based methods (bioassays) are 

most frequently used (Prasse et al. 2015). Hazards of each individual substances identified by chemical analysis 

can be assessed to get an idea on the risk for human health or the environment. However, for many substances 

toxicological data will be lacking and the collection of all required data is very time-consuming. Moreover, when 

assessing the hazard of individual substances, mixture effects are not considered. Results of chemical analysis 

can therefore not easily be used for a direct hazard and risk assessment of complex chemical mixtures such as 

those found in the water cycle. Effect-based methods using in vitro cell models and bacteria (bioassays) offer a 

powerful approach to investigate relevant hazards of complex low-level mixtures in the water cycle without prior 

information on their chemical composition (Dingemans et al. 2019, Di Paolo et al. 2016, Leusch et al. 2014, Xu et 

al. 2019). In vitro bioassays based on bacteria, yeast or mammalian cells are designed to respond to specific 

toxicity mechanisms and are frequently used for safety assessment of (treated) wastewater, drinking water and 

environmental waters (Escher et al. 2014; Leusch et al. 2018; Macova et al. 2010; Neale et al. 2017; Välitalo et al. 

2017). Panels of bioassays covering endpoints relevant for ecosystem health and drinking water safety have 

been compiled and implemented in the water sector, in addition to chemical analyses, to assess the quality of 

(drinking) water sources and the effectiveness of treatment processes (Escher et al. 2014, Macova et al. 2011, 

Leusch et al. 2014a, Schriks et al. 2015, Tang et al. 2013). 
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Since bioassays are generally rather specific, a single bioassay cannot assess the complex toxicity of (reclaimed) 

water, and a battery of bioassays involving multiple biological effects or in vitro tests with specific toxicity 

mechanisms is recommended to cover multiple potential health effects (Xu et al. 2019). Moreover, within a 

biological effect (e.g., DNA damage), multiple cellular and molecular mechanisms can lead to an adverse effect 

(e.g., gene mutations and cytogenetic damage), emphasizing the need of using multiple bioassays for the same 

biological effect in some cases (Mohrenweiser and Jones 1990, Sommer et al. 2020). The availability of a variety 

of bioassays and differences in terms of sensitivity and specificity complicate the selection of suitable bioassays 

for water quality assessment even if the endpoint of interest is defined.  

1.4 Relevant biological effects for water quality assessment 

Disrupting effects on DNA (genotoxicity), hormone system (endocrine disruption) and nervous system 

(neurotoxicity) can occur after exposure to low concentrations of chemicals. Based on known effects after 

exposure to water relevant substances these endpoints are commonly prioritized for water quality assessment 

(Dingemans et al. 2019; Escher et al. 2014; Keifer and Firestone, 2007; Kortenkamp, 2014; Kuckelkorn et al. 

2018; Nohmi, 2018).  

1.4.1 Genotoxicity 

Genotoxicity is defined by the potential of a chemical to damage the genetic information in a living cell. Genetic 

damage can either arise through gene mutations or via cytogenetic damage. Gene mutations are alterations in 

the nucleotide sequence of the DNA, including insertions, deletions and substitutions of base pairs 

(Mohrenweiser and Jones 1990). Cytogenetic damage includes partial loss of chromosomes (i.e., clastogenicity) 

and loss of complete chromosomes (i.e., aneugenicity) (Sommer et al. 2020). Many in vitro bioassays for 

genotoxicity are available. Both gene mutations and cytogenetic damage were investigated in the experimental 

part of the project. In addition, a literature search was performed on the application of genotoxicity bioassays in 

a water reuse context.  

1.4.2 Endocrine disruption 

Endocrine disrupting chemicals (EDCs) are exogenous compounds that alter the function(s) of the endocrine 

system, of which 17α-ethinylestradiol in oral contraceptives is a well-known example (Marty et al. 2018). EDCs 

consist of a very heterogenous group of chemicals that can interfere with biological processes by mimicking 

hormones, activating or blocking the body’s hormone receptors, disrupting the synthesis of hormones, or 

altering their degradation (Unüvar & Büyükgebiz, 2012). Endocrine disruption may result in adverse health 

effects in an intact organism, or its progeny, or (sub)populations, including developmental malformations, 

reproductive impairments, increased cancer risk, and disruption of immune and nervous system function 

(USEPA, 2022; WHO/IPCS, 2002). Different types of wastewater, including municipal, agricultural, industrial, 

hospital/pharmaceutical, stormwater and landfill lechate, generally contain a cocktail of different EDCs such as, 

atrazine, nonylphenol, polyethoxylates, bisphenol A, triclosan, ethinylestradiol, progesterone, testosterone and 

others (Benotti et al., 2009; Marty et al. 2018). Estrogenic compounds are major contributors to endocrine 

disrupting activity in water samples (Chen et al., 2016). Many bioassays are available for endocrine disruption. In 

the current project a literature search was performed on the application of bioassays for endocrine disruption in 

a water reuse context.  
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1.4.3 Neurotoxicity 
Specific adverse health effects, such as effects to the nervous system (neurotoxicity), are also relevant in the 

context of water quality assessment, but more challenging to assess due to their complexity (Reus et al. 2020a, 

2020b). Neurotoxicology is the study of adverse effects on the structure or function of the developing or mature 

(adult) nervous system following exposure to chemical, biological, or physical agents (Crofton et al., 2022). It is 

well established that neurotoxicity can be induced by a variety of neuroactive compounds including illicit drugs, 

pharmaceuticals, and environmental pollutants (Bellot et al., 2021). A clear understanding of the links between 

these substances and the way they affect the nervous system remains largely unknown. Limited testing capacity, 

a lack of deeper mechanistic knowledge, combined with the need to assess the hazards of hundreds of 

thousands of chemicals have led regulatory bodies [including the European Food Safety Authority (EFSA), the 

European Chemicals Agency (ECHA), and the United States Environmental Protection Agency (EPA)] to promote 

the development and use more mechanistically informative testing methods, including in vitro, in silico and 

alternative in vivo approaches (invertebrates or vertebrate embryos) to predict the developmental neurotoxicity 

(DNT) or adult neurotoxicity (NT) of chemicals (Paparella et al., 2020; EFSA; 2021; Crofton et al., 2022; EFSA, 

2022). It has been estimated that up to 30% of all commercially used chemicals may have neurotoxic potential 

(Tilson et al. 1995). Additionally, in a literature study looking at the known modes of action (MoA) of organic 

contaminants detected in freshwater monitoring studies, neurotoxicity was identified as the MoA linked to 

nearly 30% of all detected chemicals (Busch et al. 2016). This shows the relevance of detecting neurotoxic 

compounds in the environment, increasing the demand for bioanalytical tools capable of identifying and possibly 

quantifying neurotoxic effects (Legradi et al. 2018). Despite the fact that neuroactive substances are found in the 

aquatic environment, tests to measure the effect of chemical water quality in the area of neurotoxicity are not 

frequently applied. The current project briefly discusses the application of neurotoxicity bioassays in a water 

reuse context.  

1.5 Project description 

The overall aim of the current project was to obtain a benchmark for water quality regarding genotoxic activity 

to classify current and future water sources and reuse applications based on toxicological data. The project 

included a literature study, in which the state of the art of the application of bioassays for genotoxic, endocrine 

and neurotoxic hazard and risk assessment in a water reuse context was summarized, and an experimental part, 

in which a set of bioassays assessing different types of DNA damage was selected and applied to different types 

of water samples from alternative freshwater sources. The aim of the experimental research was to develop a 

test battery for genotoxicity whilst considering practical considerations and sensitivity and specificity. DNA 

damage was selected as the primary biological effect for the experimental part because of its relevance for 

human health by inducing mutations and tumor formation, and the availability of well-established in vitro assays. 

In addition, suitable bioassays to assess endocrine disruption and neurotoxicity were defined for future research 

in the context of safeguarding water quality of different sources and use in the circular economy. As the 

interpretation of bioassay responses regarding the potential effects on human health is not straightforward, 

methods that facilitate bioassay interpretation (e.g., effect-based trigger values) were additionally evaluated.  
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2 Materials and methods 

2.1 Collection of water samples 

Samples from Dutch and Belgian water systems (rainwater, rainwater after treatment, WWTP effluent (at three 

different locations: A, B and C) and WWTP B effluent subjected to additional treatment) were kindly made 

available from existing KWR collaborations within the Water in the Circular Economy (WiCE) program and the 

Joint Research Programme with the water utilities (BTO). The sampled rainwater was stored in an open pond. 

Technically, it is ground water, but it was considered as surface water based on the higher total organic carbon 

(TOC) content compared to rainwater. The treatment was ultra-filtration (UF) and reverse osmosis (RO). WWTP 

A was located on high sandy soils in the south of the Twente region and treats wastewater from small towns and 

villages (about 29,000 inhabitants) by conventional biological activated sludge treatment. WWTP B was in an 

agricultural area near the City of Amsterdam and treats wastewater from small cities and villages (approximately 

100.000 inhabitants). A pilot plant was built at this WWTP to remove micropollutants from the WWTP effluent 

by ozonation and active carbon filtration. The WWTP C effluent was sampled at an industrial WWTP in the 

province of Noord-Brabant, which contains the following processing steps: upflow anaerobic sludge blanket 

digestion (UASB), aerobic sludge treatment, followed by secondary clarifier and polishing pond.  

 

A volume of 1L of the six different water samples was collected up to 14-fold in XAD rinsed bottles according to 

standard sample collection procedures. Samples were transported to the KWR Laboratory for Materials Research 

and Chemical Analysis while cooled. Samples were stored at 2-10°C until further processing for a maximum of 7 

days. Samples that were not processed for the preparation of water extracts were kept as backup sample and 

stored at -18°C.  

2.2 Preparation of water extracts 

Water samples were processed for the bioassays by solid-phase extraction (SPE) using OASIS® HLB cartridges 

within 7 days after collection as described previously (Heringa et al. 2011) with minor modifications (Timmers et 

al. 2022). Evian mineral water was processed simultaneously to serve as negative control in the bioassay 

experiments. After the extraction procedure, 10,000-fold concentrated extracts in dimethyl sulfoxide (DMSO) 

were obtained. The required volume of each extract for each laboratory was aliquoted into vials. All extracts 

were stored at -18°C until transport to the different laboratories. Extracts were shipped overnight while cooled 

with ice packages and upon receipt stored at -18°C until analysis.  

2.3 Bioassays 

Concentrated extracts in DMSO were diluted in culture medium for the exposure in the bioassay. The maximum 

dilution rate varies for each of the bioassays depending on the sensitivity of the test system to DMSO. Except for 

the comet assay, multiple dilutions of each water extract were tested. Considering the concentration factor of 

the water samples (10.000x) and the dilution rate of the sample (varying from 50x up to 2000x), the relative 

enrichment factor (REF) was calculated. The REF was subsequently used to express the concentrations tested in 

each assay and to mutually compare results of different bioassays.  

 

Six in vitro genotoxicity bioassays that were compatible with water samples were selected in the current project 

based on availability within the collaborative partners, including the Ames fluctuation test (Reifferscheid et al. 

2012), umu test (Oda et al. 1985), micronucleus test (Reifferscheid et al. 2008), comet assay (Singh et al. 1988), 

p53 CALUX (Van der Linden et al. 2014) and ToxTracker (Hendriks et al. 2012). Harmonized protocols of the 
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Ames fluctuation test, micronucleus test and umu test have been embedded in ISO standards (ISO 11350:2012, 

ISO 21427(2):2006 and ISO 13829:2000). The umu test, p53 CALUX and ToxTracker have in research practice 

proven to be applicable to environmental samples and mixtures (Hendriks et al. 2019, Liu et al. 2021, 

Reifferscheid et al. 1991). The bioassay methods are described in more detail in Annex I and differences in 

characteristics of the six bioassays are summarized in Table 1.  
 

Table 1: Differences in characteristics of the bioassays selected for genotoxicity assessment of water samples 

 Ames 
fluctuation 

test 
Comet assay 

Micronucleus 
test 

Umu test p53 CALUX ToxTracker 

Endpoint Mutagenicity Chromosome damage DNA damage response 

Mode of action 

Frameshift 
mutations, 
base-pair 

substitutions 

Single and 
double 

strand DNA 
breaks, alkali 

labile sites 

Clastogenicity 
(chromosome 

breaks), 
aneugenicity 

(chromosome 
loss) 

SOS response p53 induction 

ATR-Chk1, NF-kB, 
p53, Nrf2, HMOX1 

signaling 
pathways, protein 

damage 

Test system 
S. 

typhimurium 
TA98+TA100 

HepG2 cells HepG2 cells 
S. 

typhimurium 
TA1535 

U2OS cells mES cells 

Wildtype or 
modified? 

Modified Wildtype Wildtype Modified Modified Modified 

Test system 
type 

Bacteria 
Human liver 
tumour cell 

line 

Human liver 
tumour cell line 

Bacteria 
Human bone 

tumour cell line 

Mammalian 
(mouse) 

embryonic stem 
cells 

Exposure time 90 min 3h, 24h 72h 4h in total 24h 24h 

Xenobiotic 
metabolism 
(S9) included? 

Yes, 
performed 

+/-S9 

No, 
performed  

-S9 only 

No,  
performed  

-S9 only 

Yes, 
performed  

+/-S9 

Yes,  
performed 

         +/-S9 

Yes,  
performed  

+/-S9 

Maximum 
tested 
concentration 
(REF) 

200 100 200 200 100 100 

Read-out 
genotoxicity 

Number of 
revertant 

wells 
%tail DNA 

Micronuclei 
formation 

-
galactosidase 

activity 
Luminescence Fluorescence 

Direct or 
indirect 
measure of 
DNA damage? 

Direct 
Indirect 

(reversible) 
Direct 

Indirect 
(induction of 

repair 
mechanism) 

Indirect 
(induction of 

repair 
mechanism) 

Indirect 
(induction of 

cellular path-ways 
involved in DNA 
repair, oxidative 

stress and protein 
damage) 

Read-out 
cytotoxicity 

Bacterial 
growth 

Colour 
conversion 

Cell proliferation 
Bacterial 
growth 

Cell viability Cell viability 

Cytotoxicity 
cut-off 

>50% >50% >50% 
Growth factor 

<0.5 
>20% >25% 

Available 
guidelines for 
water quality 
assessment 

ISO 
11350:2012 

No 
ISO 

21427-2:20062 

ISO 
13829:2000 

No No 

Available 
guidelines for 
regulatory 
testing 

OECD 471 
(classical 

Ames test) 

OECD 489  
(in vivo 
comet 
assay)1 

OECD 487 
(various cell 

types)2 
No No No 

 
1 No in vivo OECD guideline available 
2 HepG2 cells are not recommended either by ISO 21427-2:2006 or OECD 487, but are frequently used for water quality assessment 
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2.4 Literature study 

2.4.1 Genotoxicity and endocrine disruption 

A literature study was performed to summarize the current developments on bioassay test batteries for water 

quality assessment and to generate an overview of bioassays that were applied for assessment of genotoxicity 

and endocrine effects in a water reuse context.  

For the latter, the following search term was used in PubMed (https://pubmed.ncbi.nlm.nih.gov/) using the 

following search term: 
 

(((genotoxic[Title/Abstract] OR genotoxicity[Title/Abstract]) OR endocrine disrupting[Title/Abstract] OR 

endocrine disruptors[Title/Abstract])) AND (Effect-based[Title/Abstract] OR in vitro[Title/Abstract] OR 

assay[Title/Abstract]) AND (Water reuse[Title/Abstract] OR reclaimed water[Title/Abstract] OR recycled 

water[Title/Abstract] OR wastewater effluent[Title/Abstract] OR water recovery[Title/Abstract] OR water 

recycling[Title/Abstract] OR water treatment[Title/Abstract] OR treated wastewater[Title/Abstract] OR recycling 

wastewater[Title/Abstract]) AND (2010:2021[pdat]) 

 
On March 15, 2021 this resulted in 82 articles, of which 49 were considered relevant for an overview of applied 

bioassays for assessment of genotoxicity and endocrine effects in a water reuse context. Suitable articles were 

selected based on the abstract and duplicates were removed.   

 

In addition, the following search team was applied in Scopus (https://www.scopus.com): 

 
TITLE-ABS-KEY(''Genotoxic'') OR TITLE-ABS-KEY(''genotoxicity'') OR TITLE-ABS-KEY(''endocrine disrupting'') OR 

TITLE-ABS-KEY(''endocrine disruptors'') AND TITLE-ABS-KEY(''effect-based'') OR TITLE-ABS-KEY(''in vitro assay'') 

OR TITLE-ABS-KEY(''in vitro bioassay'') AND TITLE-ABS-KEY(''water reuse'') OR TITLE-ABS-KEY(''reclaimed water'') 

OR TITLE-ABS-KEY(''recycled water'') OR TITLE-ABS-KEY(''wastewater effluent'') OR TITLE-ABS-KEY(''water 

recovery'') OR TITLE-ABS-KEY(''water recycling'') OR TITLE-ABS-KEY(''water treatment'') OR TITLE-ABS-

KEY(''treated wastewater'') OR TITLE-ABS-KEY(''recycling wastewater'') AND PUBYEAR > 2009 

On March 15, 2021, in total 262 articles were found, of which finally 78 were considered relevant for an 

overview of applied bioassays for assessment of genotoxicity and endocrine effects in a water reuse context. 

Suitable articles were selected based on the abstract or content and duplicates (also from PubMed) were 

removed, finally resulting in 45 relevant articles for the overview of applied bioassays for assessment of 

genotoxicity and endocrine effects in a water reuse context. Eventually, one article was removed from the 

selection, after careful reading it did not contain relevant information for the literature research.  

On January 6, 2023, the following search term was applied in PubMed to add articles related to the application 

of bioassays on hospital wastewater, stormwater, rainwater and grey water.  

(((genotoxic[Title/Abstract] OR genotoxicity[Title/Abstract]) OR endocrine disrupting[Title/Abstract] OR 

endocrine disruptors[Title/Abstract])) AND (Effect-based[Title/Abstract] OR in vitro[Title/Abstract] OR 

assay[Title/Abstract]) AND (hospital wastewater[Title/Abstract] OR stormwater[Title/Abstract] OR 

rainwater[Title/Abstract] OR grey water[Title/Abstract]) AND (2010:2022[pdat]) 

This resulted in the addition of 7 articles and 52 articles in total for the overview of applied bioassays for 

assessment of genotoxicity and endocrine effects in a water reuse context. All articles were summarized and 

listed by water type studied in Table II. The results of the literature search were used to support the discussion 

of the results of the current project. 

https://pubmed.ncbi.nlm.nih.gov/
https://www.scopus.com/
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2.4.2 Neurotoxicity 

 

An additional literature study was performed to explore the application of bioassays for neuroactive substances 

in a water reuse context using the following search term in PubMed:  

 
((neurotoxic[Title/Abstract] OR neuroactive[Title/Abstract])) AND ((Effect-based[Title/Abstract] OR in 

vitro[Title/Abstract] OR assay[Title/Abstract])) AND ((water reuse[Title/Abstract] OR recycled 

water[Title/Abstract] OR reclaimed water[Title/Abstract])) 

 

On February 1, 2023 this resulted in 3 relevant articles. Simplification of the search term resulted in a higher 

number of articles, but did not gain more relevant articles. A fourth relevant paper was found while reading one 

of the papers that were identified as relevant. The articles are discussed in section 4.1.3. 
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3 Experimental results 

Results of the six water samples obtained with the bioassays are presented below. Cytotoxicity measurements 

are presented first, as these data aid in the interpretation of genotoxicity responses by excluding concentrations 

of the water samples inducing severe cytotoxicity from a conclusion on genotoxicity. In all figures, 

concentrations of the water samples are expressed as relative enrichment factor (REF) and each bar colour 

represents a REF.  

3.1 Ames fluctuation test 

According to the ISO standard 11350:2012, cytotoxicity was only determined for S. typhimurium strain TA98, 

both in the presence and absence of S9 for metabolic activation by measuring bacterial density. Positive controls 

and negative controls showed the expected responses both in the presence and absence of S9 (data not shown) 

and acceptance criteria for a valid test were met. In the absence of S9, severe cytotoxicity (>50%) was observed 

for WWTP A effluent and WWTP C effluent at the maximum REF of 200 (Figure 1A). In the presence of S9, severe 

cytotoxicity was observed for WWTP A effluent, WWTP B effluent, WWTP B effluent after treatment and WWTP 

C effluent, all again at the maximum REF of 200 (Figure 1B). Overall, cytotoxicity showed a dose-related trend. 

Results of severe cytotoxic concentrations were not taken into consideration for mutagenicity evaluation to 

exclude false negative responses.  

 
No mutagenic response was observed for rainwater, treated rainwater, WWTP A effluent, WWTP B effluent and 

treated WWTP B effluent, in any of the bacterial strains tested both in the absence and presence of S9 up to the 

maximum REF of 200. WWTP C effluent showed a mutagenic response in TA100 in the absence of S9 from above 

a REF of 50, but not in the presence of S9, and not in TA98 both in the presence and absence of S9 up to the 

maximum REF of 200 (Figures 2A-2D). These results indicate that the enzymes present in S9 may be capable of 

detoxifying potential mutagenic substances present in WWTP C effluent. This is however in contrast with the 

cytotoxicity results, where overall the responses were higher in the presence of S9. The difference in response 

between cytotoxicity and mutagenicity can be related to different micropollutants in the water sample extract 

with different modes of action.  

 

 
Figure 1A: Percentage cytotoxicity caused by water samples as compared to the Evian mineral water negative control in the 

Ames fluctuation test with TA98 in the absence of S9 after 90 min exposure. The red line indicates the cut-off of 50% for 

severe cytotoxicity. Concentrations of the water samples during exposure are expressed as REF. 
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Figure 1B: Percentage cytotoxicity caused by water samples as compared to the Evian mineral water negative control in the 

Ames fluctuation test with TA98 in the presence of S9 after 90 min exposure. The red line indicates the cut-off of 50% for 

severe cytotoxicity. Concentrations of the water samples during exposure are expressed as REF.  

 

 
Figure 2A: Number of revertant wells induced by water samples in the Ames fluctuation test with TA98 in the absence of S9 

after 90 min exposure. NT indicates that a concentration is not tested, cyt indicates that the concentration showed severe 

cytotoxicity (see Figure 1A). Concentrations of the water samples during exposure are expressed as REF. None of the water 

samples showed a positive response for mutagenicity.  
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Figure 2B: Number of revertant wells induced by water samples in the Ames fluctuation test with TA98 in the presence of S9 
after 90 min exposure. NT indicates that a concentration is not tested, cyt indicates that the concentration showed severe 

cytotoxicity (see Figure 1B). Concentrations of the water samples during exposure are expressed as REF. None of the water 

samples showed a positive response for mutagenicity. 

 

 
Figure 2C: Number of revertant wells induced by water samples in the Ames fluctuation test with TA100 in the absence of S9 

after 90 min exposure. NT indicates that a concentration is not tested, cyt indicates that the concentration showed severe 

cytotoxicity in TA98 (see Figure 1A) and * indicates a positive response for mutagenicity (based on statistical significance). 

Concentrations of the water samples during exposure are expressed as REF.  
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Figure 2D: Number of revertant wells induced by water samples in the Ames fluctuation test with TA100 in the presence of 

S9 after 90 min exposure. NT indicates that a concentration is not tested, cyt indicates that the concentration showed severe 

cytotoxicity in TA98 (see Figure 1B). Concentrations of the water samples during exposure are expressed as REF. None of the 

water samples showed a positive response for mutagenicity. 

3.2 Umu test 

In the absence of S9, positive controls and negative controls showed the expected responses (data not shown). 

In the presence of S9, the positive control did not show the expected response (data not shown). Since the 

positive control in the presence of S9 showed a positive response for genotoxicity in an umu test that was 

performed simultaneously and the negative control showed the expected response (data not shown), the results 

of the current project were considered reliable. No cytotoxicity was observed in the umu test for any of the 

water samples at any of the concentrations tested up to the maximum REF of 200 during exposure, as reflected 

by growth factors > 0.5 both in the absence and presence of S9 (data not shown). In the absence of S9, WWTP A 

effluent, WWTP B effluent and WWTP C effluent exceeded the IR of 1.5 and were therefore considered 

genotoxic from a REF of 50 (WWTP B effluent) or 100 (WWTP A effluent and WWTP C effluent) during exposure. 

Rainwater, rainwater after treatment and treated WWTP B effluent did not show a genotoxic response in the 

absence of S9 (Figure 3A). The absence of a genotoxic response in treated WWTP B effluent indicates that the 

treatment is effective in removing substances that can induce the SOS response in bacterial mutagenesis. In the 

presence of S9, a genotoxic response was observed for WWTP C effluent only, from a REF of 100 during 

exposure. Rainwater, treated rainwater, WWTP A effluent, WWTP B effluent and treated WWTP B effluent did 

not show a genotoxic response in the umu test in the presence of S9 (Figure 3B).  
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Figure 3A: Responses of the different water samples expressed as induction factor in the umu test in the absence of S9 after 
in total 4h exposure. The red line indicates the criterion of induction ratio (IR) ≥ 1.5 for a positive response. Concentrations of 
the water samples are expressed as REF. 

 

 
Figure 3B: Responses of the different water samples expressed as induction factor in the umu test in the presence of S9 after 
in total 4h exposure. The red line indicates the criterion of induction ratio (IR) ≥ 1.5 for a positive response. Concentrations of 
the water samples are expressed as REF. 

3.3 Micronucleus test 

Three independent micronucleus experiments were performed to obtain robust results for each water sample at 

non-cytotoxic concentrations. Positive controls and negative controls showed the expected responses (data not 

shown) and acceptance criteria for a valid test were met in all cases. Cytotoxicity was determined based on cell 

proliferation and was observed for all water samples, except for treated rainwater up to the maximum REF of 

200. Rainwater was cytotoxic from a REF of 50 during exposure, WWTP A effluent was cytotoxic from a REF of 

12.5, WWTP B effluent was cytotoxic from a REF of 33.3, treated WWTP B effluent was cytotoxic from a REF of 

28.5 and WWTP C effluent was cytotoxic from a REF of 16.7. Overall, cytotoxicity showed a dose-related trend 

(Figures 4A-4C). The treatment process applied to rainwater seems to be effective in removing substances that 

are cytotoxic to HepG2 cells after 72 hours. However, the treatment process of WWTP B effluent did not seem 

to be effective to remove cytotoxic activity in this cell model. From the bioassay results it cannot be 

distinguished if cytotoxic substances are not removed, or that they are removed, but also being formed during 

the treatment process. Results of severe cytotoxic concentrations were not taken into consideration for 

genotoxicity evaluation to exclude false positive responses.    
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Figure 4A: Percentage cytotoxicity caused by water samples as compared to the concurrent Evian mineral water negative 

control in the micronucleus test with HepG2 cells after 72h exposure (first experiment). The red line indicates the cut-off of 

50% for severe cytotoxicity. Concentrations of the water samples during exposure are expressed as REF.  

 

 
Figure 4B: Percentage cytotoxicity caused by water samples as compared to the concurrent Evian mineral water negative 

control in the micronucleus test with HepG2 cells after 72h exposure (second experiment). The red line indicates the cut-off 

of 50% for severe cytotoxicity. Concentrations of the water samples during exposure are expressed as REF.  
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Figure 4C: Percentage cytotoxicity caused by water samples as compared to the concurrent Evian mineral water negative 

control in the micronucleus test with HepG2 cells after 72h exposure (third experiment). The red line indicates the cut-off of 

50% for severe cytotoxicity. Concentrations of the water samples during exposure are expressed as REF.  

 

None of the water samples showed a genotoxic response in the micronucleus test with HepG2 cells at non-

cytotoxic concentrations, except for rainwater which showed negative as well as positive results at non-cytotoxic 

concentrations, and was therefore considered equivocal (Figures 5A-5C).  

 

 
Figure 5A: Percentage micronuclei induced by water samples as compared to the concurrent Evian mineral water negative 

control in the micronucleus test with HepG2 cells after 72h exposure (first experiment). Cyt indicates cytotoxicity, * indicates 

a genotoxic response. Results of severe cytotoxic concentrations were not taken into consideration for genotoxicity 

evaluation to exclude false positive responses Concentrations of the water samples during exposure are expressed as REF.  
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Figure 5B: Percentage micronuclei induced by water samples as compared to the concurrent Evian mineral water negative 

control in the micronucleus test with HepG2 cells after 72h exposure (second experiment). Cyt indicates cytotoxicity, * 

indicates a genotoxic response. Results of severe cytotoxic concentrations were not taken into consideration for genotoxicity 

evaluation to exclude false positive responses Concentrations of the water samples are expressed as REF.  

 

 
Figure 5C: Percentage micronuclei induced by water samples as compared to the concurrent Evian mineral water negative 

control in the micronucleus test with HepG2 cells after 72h exposure (third experiment). Cyt indicates cytotoxicity, * 

indicates a genotoxic response. Results of severe cytotoxic concentrations were not taken into consideration for genotoxicity 

evaluation to exclude false positive responses. Concentrations of the water samples are expressed as REF.  
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3.4 Comet assay 

For practical reasons, in the comet assay a single concentration of the water samples of a REF of 100 was tested 

in HepG2 cells using a 3h and 24h exposure period. Positive controls and negative controls showed the expected 

responses (data not shown) and acceptance criteria for a valid test were met in both cases. Severe cytotoxicity 

was observed after 24h exposure for rainwater, WWTP A effluent, WWTP B effluent and WWTP C effluent, 

whereas rainwater after treatment and WWTP B effluent after treatment did not show severe cytotoxicity. None 

of the water samples caused severe cytotoxicity after 3h exposure (Figure 6). From these bioassay results it 

cannot be distinguished if the more pronounced results after 24h exposure are due to metabolization of 

substances into more cytotoxic ones (assuming metabolic competence of HepG2 cells) or related to a longer 

exposure period. The lower cytotoxicity observed for treated rainwater and treated WWTP B effluent indicates 

that the treatment processes used are effective in removal of substances that are cytotoxic to HepG2 cells. 

Severe cytotoxic concentrations were not taken into consideration for genotoxicity evaluation to exclude false 

positive responses.  

 

 
Figure 6: Percentage cytotoxicity caused by water samples as compared to the Evian mineral water negative control in the 

comet assay with HepG2 cells after 3h and 24h exposure. The red line indicates the cut-off of 50% for severe cytotoxicity.  

Samples were tested at a concentration REF of 100.  

 

A genotoxic response was observed for WWTP A effluent after 3h exposure at the maximum REF of 100. There 

was no reason to repeat the experiment with lower concentrations of WWTP A effluent after 24h exposure, 

because the response at lower concentrations will not change the conclusion on genotoxicity. Rainwater, treated 

rainwater, WWTP B effluent, treated WWTP effluent and WWTP C effluent did not show a genotoxic response, 

neither after 3h nor after 24h exposure, up to the maximum REF of 100 (Figure 7). Since the severe cytotoxic 

response of WWTP B effluent and WWTP C effluent was not associated with a higher %tail DNA or higher 

number of ghost cells, it was considered that repeating the 24h exposure with lower concentrations of WWTP B 

effluent and WWTP C effluent was not needed to confirm the absence of genotoxicity.   
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Figure 7: Percentage tail DNA induced by water samples in the comet assay with HepG2 cells after 3h and 24h exposure. Cyt 

indicates cytotoxicity, * indicates a genotoxic response based on the cut-off of a 3-fold increase over the Evian mineral water 

negative control. Samples were tested at a concentration REF of 100. 

3.5 p53 CALUX 

Positive controls and negative controls showed the expected responses both in the absence and presence of S9 

(data not shown) and acceptance criteria for a valid test were met. Cytotoxicity was observed in the cytotox 

CALUX for rainwater and treated WWTP B effluent at the maximum REF of 100, for WWTP effluent A from a REF 

of 3 and for WWTP B effluent from a REF of 33 (Figure 8).  

 

 
Figure 8: Percentage cytotoxicity caused by water samples as compared to the concurrent Evian mineral water negative 

control in the Cytotox CALUX after 24h exposure. The red line indicates the cut-off of 20% for severe cytotoxicity. 

Concentrations of the water samples during exposure are expressed as REF. 

 

None of the water samples showed a response above the detection limit in the p53 CALUX and hence, no 

genotoxicity was observed for any of the water samples tested up to the maximum REF of 100, both in the 

presence and absence of S9.  
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3.6 ToxTracker 

Cytotoxicity in the ToxTracker assay was determined based on cell survival. In the absence of S9, WWTP A 

effluent was found to be severely cytotoxic from a REF of 12.5 during exposure, WWTP effluent B was found to 

be severely cytotoxic at the maximum REF of 100 and WWTP C effluent was found to be severely cytotoxic from 

a REF of 50 (Figure 9A). In the presence of S9, severe cytotoxicity was observed for WWTP A effluent from a REF 

of 50, for WWTP B effluent at the maximum REF of 100 and for WWTP C effluent from a REF of 12.5 (Figure 9B). 

Severe cytotoxic concentrations were not taken into consideration for genotoxicity evaluation to exclude false 

positive responses.    

 

 
Figure 9A: Percentage cytotoxicity caused by water samples as compared to the concurrent Evian mineral water negative 

control in the ToxTracker assay in the absence of S9 after 24h exposure. The red line indicates the cut-off of 25% for severe 

cytotoxicity. Concentrations of the water samples during exposure are expressed as REF.  

 

 
Figure 9B: Percentage cytotoxicity caused by water samples as compared to the concurrent Evian mineral water negative 

control in the ToxTracker assay in the presence of S9 after 24h exposure. The red line indicates the cut-off of 25% for severe 

cytotoxicity. Concentrations of the water samples during exposure are expressed as REF.  
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None of the water samples showed a genotoxic response in the ToxTracker assay at non-cytotoxic 

concentrations (Figure 10).  

 

 

 
Figure 10: Summary of ToxTracker assay results after 24h exposure of mES cells to the water samples. For the classification 

‘Direct DNA reactive genotoxin’, ‘Indirect genotoxin: Oxidative stress’ and ‘Indirect genotoxin: Aneugen’, the number of 

coloured squares indicates the likelihood of a certain mode of action, based on the pattern of reporter activation. For 

‘Oxidative stress’ and ‘Protein stress’, the number of coloured squares indicates the strength of the reporter induction in 

such a way that 1 square is low level but above 2, 2 or 3 squares are more activation, and 4 squares is strong activation 

comparable to the positive control (ToxTracker Test Report, R. Derr and I. Brandsma, 2022 and accompanying 

correspondence)3.  

  

 
3 In the report, WWTP C effluent was  considered equivocal for genotoxicity. Based on updated criteria for classification of test substances based on a 

OECD validation study, the responses led to a non-genotoxic conclusion for WWTP C effluent.  

WWTP C effluent 
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3.7 Integrated results of the six bioassays 

WWTP A effluent, WWTP B effluent and WWTP C effluent showed a genotoxic response in at least one bioassay, 

which can be explained by the higher levels of chemical micropollutants in these samples compared to, for 

example, rainwater. WWTP C effluent showed two positive responses for genotoxicity (Ames fluctuation test and 

umu test, at an REF of 100 and 50, respectively). WWTP A effluent also showed two positive responses (comet 

assay and umu test, at an REF  100), and WWTP B effluent showed a positive response for genotoxicity in the 

umu test only (at an REF of 50). Rainwater showed an equivocal response in the micronucleus test. Treated 

rainwater and treated WWTP effluent B did not show a genotoxic response in any of the bioassays performed 

(Table 2). Interpretation of the genotoxicity results is further discussed in sections 5.1 and 5.3.  

 

All water samples, except for rainwater after treatment, showed severe cytotoxicity in three or more bioassays 

at varying concentrations (expressed as REF). Rainwater was found to be severely cytotoxic in three bioassays 

(comet assay, micronucleus test and p53 CALUX), treated WWTP B effluent showed severe cytotoxicity also in 

three bioassays (Ames fluctuation test, micronucleus test and p52 CALUX), and WWTP A effluent, WWTP B 

effluent and WWTP C effluent were found to be severely cytotoxic in five bioassays (Ames fluctuation test, 

comet assay, micronucleus test, p53 CALUX and ToxTracker). Concentrations where positive responses were 

obtained for the different water samples varied between the assays (Table 3). The absence of a severe cytotoxic 

response for treated rainwater can be explained by an absence or very low presence of chemical micropollutants 

in the sample. Interpretation of the cytotoxicity results is further discussed in section 5.1. 

 
Table 2: Summary of genotoxicity responses of the six bioassays applied to six water samples from various water cycles. 

Genotoxicity responses shown in the table occurred at non-cytotoxic concentrations. Genotoxicity responses were regarded 

as positive if at least one condition (with or without S9 for exogenous metabolic activation) was found to be positive based 

on the concurrent assay-specific criteria. The lowest concentration during exposure expressing a genotoxic response is 

indicated between brackets (expressed as REF). Red: positive response, orange: equivocal response, green: negative 

response for genotoxicity.  

 

  Genotoxicity 

  
Mutagenicity 

Chromosome 
damage 

DNA damage response 

  

Ames 
fluctuation 

test 

Comet 
assay 

Micronucleus 
test 

umu test 
p53 

CALUX 
Tox 

Tracker 

Rainwater Negative Negative 
Equivocal 

(25) 
Negative Negative Negative 

Rainwater (after 
treatment) 

Negative Negative Negative Negative Negative Negative 

WWTP A effluent  Negative 
Positive 

(100) 
Negative Positive 

(100) 
Negative Negative 

WWTP B effluent  Negative Negative Negative 
Positive 

(50) 
Negative Negative 

WWTP B effluent (after  
additional treatment) 

Negative Negative Negative Negative Negative Negative 

WWTP C effluent 
Positive 

(100) 
Negative Negative 

Positive 
(50) 

Negative Negative 
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Table 3: Summary of cytotoxicity responses of the six bioassays applied to six water samples from various water cycles. The 

lowest concentration during exposure that caused severe cytotoxicity is indicated between brackets (expressed as REF). Red: 

(severe) cytotoxic, green: non-cytotoxic.  

  

  Cytotoxicity 

  

Ames 
fluctuation  

test 
Comet assay 

Micronucleus 
test 

umu test p53 CALUX ToxTracker 

  
Bacterial 
growth 

Colour 
conversion 

Cell 
proliferation 

Bacterial 
growth 

Cell 
viability 

Cell 
viability 

Rainwater 
Not 

cytotoxic 

Cytotoxic 

(100) 

Cytotoxic 
(33) 

Not  
cytotoxic 

Cytotoxic 
(10) 

Not 
cytotoxic 

Rainwater (after 
treatment) 

Not 
cytotoxic 

Not  
cytotoxic 

Not  
cytotoxic 

Not  
cytotoxic 

Not 
cytotoxic 

Not 
cytotoxic 

WWTP A effluent  
Cytotoxic 

(200) 
Cytotoxic 

(100) 

Cytotoxic 
(8.3) 

Not  
cytotoxic 

Cytotoxic 
(3) 

Cytotoxic 
(25) 

WWTP B effluent  
Cytotoxic 

(200) 

Cytotoxic 

(100) 

Cytotoxic 
(33) 

Not  
cytotoxic 

Cytotoxic 
(33) 

Cytotoxic 
(50) 

WWTP B effluent (after  
additional treatment) 

Cytotoxic 
(200) 

Not 
cytotoxic 

Cytotoxic 
(28.5) 

Not  
cytotoxic 

Cytotoxic 
(100) 

Not 
cytotoxic 

WWTP C effluent 
Cytotoxic 

(200) 

Cytotoxic 

(100) 

Cytotoxic 
(16.7) 

Not  
cytotoxic 

Cytotoxic 
(33) 

Cytotoxic 
(100) 
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4 Results of the literature study 

4.1 Literature search output 

From the output produced by the literature search, 51 papers were identified as relevant for the state-of-the-art 

overview on the application of in vitro bioassays to investigate genotoxicity and endocrine disruption in a water 

reuse context. Neurotoxicity was not part of this overviews since the use of bioassays for this endpoint is less 

well established at this moment. After careful reading of the abstracts of these 51 papers, it was concluded that 

the number of papers that specifically focused on water reuse was relatively low, i.e., in most case the reuse 

purpose of the water investigated was not specified, e.g., WWTP effluent was investigated as a potential 

alternative water source. Nevertheless, all papers that were considered relevant for the application of in vitro 

bioassays to investigate genotoxicity and endocrine disruption in a water reuse context were summarized (Table 

II).  

 

Wastewater/WWTP effluent appeared to be the most investigated water type (n=33 papers), followed by 

surface water (n=13 papers), hospital wastewater/effluent (n=5 papers), stormwater (n=2 papers) and drinking 

water (n=2 paper). For three out of the 51 papers the water type (source) was not specified (Table A). Details of 

the studies can be found in Table II.  

 

Table A: Water types studied in abstracts that were identified as relevant in the context of the application of 

in vitro bioassays to investigate genotoxicity and endocrine disruption in a water reuse context. 

Total Wastewater/ 

WWTP effluent 

Hospital 

wastewater/ 

effluent 

Stormwater Drinking water Not specified 

51 33 5 2 2 3 

 

In most cases, the application (water reuse purpose) was not entirely clear from the literature search (n=36 

papers). Indeed, as mentioned above, not all papers identified specifically focused on water reuse. Drinking 

water (n=9 papers) was the most identified application, which was produced from surface water (n=7 papers) or 

an unspecified source (n=2 papers), thus representing de facto reuse (Beard et al. 2019, Houtman et al. 2010). It 

is acknowledged that the number of papers on drinking water quality assessment using bioassay is notably 

higher, but these papers did not come up in the current literature search due to the inclusion of water reuse 

related search terms in the string. Specific water reuse applications included groundwater recharge (n=3 

papers), infiltration in superficial aquifer with downstream abstraction for irrigation (n=1 paper) and urban non-

potable reuse and agriculture4 (n=1 paper) (Table B). One paper specifically mentioned that the wastewater 

treatment that was investigated aimed at improvement of surface water quality. Although not specifically 

mentioned in the other papers, it can be assumed that in line with the Water Framework Directive the ultimate 

goal of all WWTP is be to protect and, where necessary, restore water bodies in order to reach good status, and 

to prevent deterioration protect or even improve surface water quality (2000/60/EC). Details of the studies can 

be found in Table II. 
  

 

4 Classes A+, A and B according to https://www.epa.vic.gov.au/.  

https://www.epa.vic.gov.au/
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Table B: Purposes of water reuse studied in abstracts that were identified as relevant in the context of the 

application of in vitro bioassays to investigate genotoxicity and endocrine disruption in a water reuse context. 

Total Unspecified Drinking 

water 

production 

Groundwater 

recharge 

Infiltration 

superficial aquiferb 

Urban non-potable 

reuse and agriculture3 

51 36 9a 3 1 1 
a Produced from surface water (n=7 papers) or unspecified source (n=2 papers), thus representing de facto reuse.  
b With downstream abstraction for irrigation 

4.1.1 Genotoxicity 

From the 51 papers that were identified as relevant, 26 papers were considered relevant for the state-of-the-art 

overview on the application of in vitro genotoxicity bioassays in a water reuse context. In those 27 papers, seven 

different in vitro bioassays (Ames test (Reifferscheid et al. 2012), micronucleus test (Reifferscheid et al. 2008), 

chromosomal aberration (Galloway et al. 1987), comet assay (Singh et al. 1988), umu test (Oda et al. 1985), SOS 

chromo (Quillardet et al. 1982), p53 CALUX (Van der Linden et al. 2014) were used. These six bioassays were 

used to measure three endpoints (mutagenicity, chromosomal aberrations and adaptive response to DNA 

damage). The most frequently used bioassay was the Ames (fluctuation) test (n=16 papers), followed by the 

micronucleus test (n=12 papers), umu (n=10 papers) and Comet assay (n=8 papers). Both the SOS chromo and 

p53 CALUX tests were described in one paper only (Table C). Details of the studies can be found in Table II.  

 

Table C: Bioassays used in abstracts that were identified as relevant in the context of the application of in 

vitro bioassays to investigate genotoxicity in a water reuse context. 

Total Ames 

(fluctuation) test 

Micronucleus 

test 

Umu test Comet assay SOSa 

chromotest 

p53b CALUX 

26 16 12 10 8 1 1 
a Response-pathway of DNA damage present in prokaryotic cells (unicellular organisms such as bacteria) (Galloway et al. 1987) 
b Protein that initiates pathway to protect cells from DNA damage in vertebrates (Van der Linden et al. 2014)) 
 
The number of identified papers and specific water types was too low to make a relevant distinction between 

water type/water reuse purpose and specific genotoxicity bioassays (i.e., to investigate if a certain bioassay was 

performed specifically for a certain water type). Generally, it can be concluded that the bioassays described are 

technically applicable to all water types, but relevance of a bioassay for specific types of water and reuse 

applications can be defined. This discussion was considered out of scope of the current project because more 

data with water samples would be needed, e.g., information on the limit of quantification, expected responses 

based on sample composition etc. Moreover, there are developments on test batteries for water quality 

assessment (section 4.2), of which the most recent developed test strategies (STF2 and GWRC) define different 

strategies for different water types, also related to genotoxicity (section 4.2.1).  

4.1.2 Endocrine effects 
From the 51 papers that were identified as relevant, 41 papers were considered relevant for the state-of-the-art 

overview on the application of in vitro bioassays for endocrine disruption in a water reuse context. Several 

bioassays have been developed to investigate hormone-mediated adverse effects, such as chemical activated 

luciferase expression (CALUX) assays (Sonneveld et al. 2005, Van der Burg et al. 2013) and yeast-based screening 

assays for estrogenicity and androgenicity (Arnold et al. 1996, Kolle et al. 2010). The application of these assays 

to several samples of the water cycle, including waste water, surface water and rainwater, has been described 

(Hamers et al. 2003, Murk et al. 2002, van der Linden et al. 2008). 

Endocrine disruption includes multiple modes of action (MOA), including estrogen receptor (ER)-activity, 

androgen receptor (AR)-activity, glucocorticoid receptor (GR)-activity, progesterone receptor (PR)-activity and 
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thyroid receptor (TR)-activity. From these MOA, based on the literature search, ER-activity is the best studied 

biological effect (n=39 papers), followed by AR-activity (n=20 papers) (Table D). With regards to ER-activity, the 

ER CALUX was most-frequently used (n=12 papers), closely followed by the E-screen (n=11 papers) and YES (n=9 

papers), and two-hybrid ER (n=5 papers), anti-ER CALUX (n=4 papers), T47D-Kbluc (n=3 papers), VM7Luc4E2 

(n=2 papers) and ER GeneBLAzer (n=2 papers) (Table E). There were some assays that were described in one 

paper only. Details of the studies can be found in Table II. 

 

Table D: MOA measured in abstracts that were identified as relevant in the context of the application of in 

vitro bioassays to investigate endocrine disruption in a water reuse context. 

Total ER-activity AR-activity PR-activity GR-activity TR-activity 

41 39 20 10 8 6 

 

Table E: Bioassays used in abstracts that were identified as relevant in the context of the application of in 

vitro bioassays to investigate estrogenic activity in a water reuse context. 

Total ER 

CALUX 

E-screena YESb Two-

hybrid ERc 

Anti-ER 

CALUX 

T47D-

Kblucd 

VM7Luc4E2d,e ER Gene-

BLAzer 

39 12 11 9 5 4 3 2 2 
a Estrogen-screen 
b Yeast estogen screen 
c Molecular biology technique to study protein-protein or protein-DNA interacties  
d-Modified breast cancer cell lines modified with a luciferase gene (Rogers and Denison, 2000; Wilson et al. 2004) 
e Formerly designated as BG1Luc4E2 (Dvořáková et al. 2016) 

 

Likewise, the AR-CALUX (n=12 papers) was the most frequently used bioassay to study AR-activity, followed by 

YAS (n=5 papers), anti-AR CALUX (n=4 papers), AR GeneBLAzer (n=2 papers) (Table F). There were some assays 

that were described in one paper only. Details of the studies can be found in Table II. It must be noted that for 

investigation of AR-activity, bioassays for agonism (e.g. AR CALUX) as well as antagonism (e.g. anti-AR CALUX) 

were applied. More details regarding the methodology of assessing agonism and antagonism can be found in 

Neale and Leusch (2015).  

a Yeast androgen screen 

 

PR-activity was studied in 10 out of 41 papers, of which 7 used the PR CALUX. The PR GeneBLAzer (n=3 papers), 

anti-PR CALUX (n=3 papers), PR-Laz (n=2 papers) and UEL zfPR (1 paper) were also used to determine PR-activity 

(Table G). Details of the studies can be found in Table II.  

 

Table G: Bioassays used in abstracts that were identified as relevant in the context of the application of in 

vitro bioassays to investigate progesteronic activity in a water reuse context. 

Total PR CALUX Anti-PR CALUX PR GeneBLAzer Two hybrid PRa UEL zfPRb 

10 7 3 3 2 1 
a Molecular biology technique to study protein-protein or protein-DNA interacties (Fields and Sternglanz 1994) 
b Reporter cell line to study GR-activity (Neale et al. 2020) 

 
  

Table F: Bioassays used in abstracts that were identified as relevant in the context of the application of in 

vitro bioassays to investigate androgenic activity in a water reuse context. 

Total AR CALUX YASa Anti-AR CALUX AR GeneBLAzer 

20 12 5 4 2 
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GR-activity was studied in 8 out of the 41 of the identified papers relevant for endocrine disruption, of which 7 

used the GR CALUX. The GR GeneBLAzer (n=5 papers), anti-GR CALUX (n=3 papers), GR Switchgear (n=2 papers), 

anti-GR GeneBLAzer (n=1 paper) and UMLN zfGR (n=1 paper) were also used to determine GR-activity (Table H). 

Details of the studies can be found in Table II. 

 

Table H: Bioassays used in abstracts that were identified as relevant in the context of the application of in 

vitro bioassays to investigate glucortocoid activity in a water reuse context 

Total GR CALUX GR Gene-

BLAzer 

Anti-GR CALUX GR Switchgear Anti-GR 

GeneBLAzer 

UMLN zfGRa 

8 7 5 3 2 1 1 

a Reporter cell line to study GR-activity (Neale et al. 2020) 

 

From the papers identified, TR-activity was the least studied endocrine disruption MOA in a water reuse context 

(n=6 papers), for which the TR/TR CALUX (n=3 papers), T-screen (n=2 papers), two-hybrid TR (n=1 paper) and 

PC-DR-Luc (n=1 paper) were used (Table I). Details of the studies can be found in Table II. 

 

a Thyroid screen 
b Molecular biology technique to study protein-protein or protein-DNA interacties (https://en.wikipedia.org) 
c Avian PC12 cells modified with luciferase gene to study thyroid receptor activity 

 

Similar to the genotoxicity endpoint, the number of identified papers and specific water types was too low to 

make a relevant distinction between water type/water reuse purpose and specific bioassays to study endocrine 

effects (i.e., to investigate if a certain bioassay was performed specifically for a certain water type). Generally it 

can be concluded that the bioassays described are technically applicable to all water types, but relevance of a 

bioassay for specific types of water and reuse applications can be defined. This discussion was considered out of 

scope of the current project because more data with water samples would be needed, e.g., information on the 

limit of quantification, expected responses based on sample composition etc. (Recent) developments on test 

batteries for water quality assessment also include various assays for endocrine disruption (section 4.2). From 

the literature search, the following was concluded:  

 The amounts of material needed for the assays varied between the assays studied, e.g. ER-binding assay >> 

YES > ER-CALUX (Murk et al. 2002) 

 Generally, mammalian cell lines are considered more sensitive towards endocrine disrupting chemicals than 

yeast cell lines (Dopp et al., 2021; Gehrmann et al., 2018; Leusch, et al. 2017). The mammalian cell lines are 

also closer to human physiology. For robustness the opposite is true as yeast bioassays were considered 

more robust (less subjective to variability) than mammalian cell lines (Dopp et al., 2021). 

 

Since development of a test battery for estrogenic activity was out of scope of the current project, results and 

conclusions were not investigated in further detail, but provide a starting point for subsequent research.  

4.1.3 Neurotoxicity 

From the 3 papers that were obtained and identified as relevant (Tables J and K), all papers used the 

acetylcholine esterase (AchE) assay for evaluation of neurotoxicity (He et al. 2018; Macova et al. 2010; Macova 

et al. 2011). An additional relevant paper (Hamers et al. 2000) on the application of the AchE assay on rainwater 

samples was referred to and found during reading of these papers. The AchE assay quantifies the potency of the 

compounds present to inhibit the acetylcholine esterase enzyme. AchE hydrolyses the neurotransmitter 

Table I: Bioassays used in abstracts that were identified as relevant in the context of the application of in vitro 

bioassays to investigate thyroidic activity in a water reuse context 

Total TR/TR CALUX T-screena Two hybrid TRb PC-DR-Lucc 

6 3 2 1 1 

https://en.wikipedia.org/
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acetylcholine and effects are measured by a colorimetric reaction and is specifically designed for the detection of 

organophosphates and carbamate insecticide (He et al. 2018; Macova et al. 2010). Details regarding the AchE 

assay can be found in Ellman et al. (1961). A German standard method is available for the examination of water, 

waste water and sludge (DIN 38415-1, 1995). Application of the AchE has been explored in previous KWR 

research to investigate the robustness of drinking water treatment processes, but was not selected for the 

experiments because further optimization was considered to be required (Schriks et al. 2016).  

 

 
Since the group of neuroactive substances is not limited to organophosphates and carbamate insecticides, and 

because neurotoxicity is a complex toxicological endpoint in which multiple molecular and cellular processes are 

involved, additional neurotoxicity bioassays are required to cover this toxicological endpoint in water quality 

assessment (Reus et al. 2020a). A testing strategy specific for neurotoxicity in the context of water quality 

assessment is discussed in section 4.2.3. 

4.2 (Recent) developments in test batteries for water quality assessment 

Regulatory test batteries for genotoxicity as defined by European authorities for safety assessment of chemicals, 

pharmaceuticals and food ingredients include one or two tests for gene mutations and one for cytogenetic 

damage (ECHA 2017, EFSA 2011, EMA 2012). In line with this, for water quality assessment a genotoxicity test 

battery including 2-3 genotoxicity bioassays would also be considered as a minimum requirement to cover the 

different mechanisms of genotoxicity. It is known that adding additional genotoxicity assays may only marginally 

increase the sensitivity (defined as the ability to produce a positive response with a rodent carcinogen), but it 

may decrease the specificity (defined as the ability to give negative results with known rodent non-carcinogens), 

which may lead to more false positive results (Kirkland et al. 2005). For complex mixtures such as water samples, 

however, it is difficult to identify whether the observed response in such a test battery is in concordance with 

the expected results. The availability of multiple bioassays for different endpoints in water quality assessment, 

and within the same endpoint, raises the question which ones can be applied best in terms of feasibility, 

accuracy and cost-efficiency.  

 

The DEMEAU project that was performed within the European Union Seventh Framework Programme aimed at 

selecting a panel of bioassays that is relevant for (drinking) water quality assessment. The selection was based on 

various selection criteria including assay applicability, ease of use and assay performance and resulted in an 

overview of promising in vitro bioassays for water quality determination (Figure 11, Schriks et al. 2015). The 

number of bioassays (for each specific pathway) in this overview is relatively high and the project did not 

establish a testing battery, but the overview provided a good starting point for follow-up research.  

Table J: Water types studied in abstracts that were identified as relevant in the context of the application of 

in vitro bioassays to investigate neurotoxicity in a water reuse context 

Total Wastewater/WWTP effluent Surface water Rainwater 

4 3 1 1 

Table K: Purposes of water reuse studied in abstracts that were identified as relevant in the context of the 

application of in vitro bioassays to investigate neurotoxicity in a water reuse context 

Total Discharge to surface water Drinking water Unspecified 

4 3 1 1 
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Figure 11: Overview of promising in vitro bioassays for water quality determination from the DEMEAU project, categorized 
by toxicity endpoints for water quality monitoring and subcategorized by specific pathway (Schriks et al. 2015). AhR: aryl 
hydrocarbon receptor, AR: androgen receptor, ARE: antioxidant responsive element, DR: dioxine receptor, ERα: estrogen 
receptor α, GR: glucocorticoid receptor, H295R: human adrenocortical carcinoma cell line, HG5LN: human cervical 
carcinoma cell line, MDA-kb2: human breast cancer cell line, Nrf2: nuclear factor erythroid 2–related factor 2 p53: tumour 
suppressor protein, PXR: pregnane X receptor, YES: yeast estrogen assay.  

 

For the application of bioassays on surface water, the Smart Integrated Monitoring (SIMONI) strategy was the 

first bioanalytical tool to be applied in surface water quality monitoring programs in the Netherlands. The first 

tier of the SIMONI strategy includes bioanalytical hazard identification of sites and the second tier focuses on 

identifying the risk drivers and confirming in vitro results with in vivo assays at the sites with the highest hazard 

indication only. The SIMONI strategy applies bioassays to detect specific modes of action, including the p53 

CALUX for genotoxicity (Van der Oost et al. 2017a, Van der Oost et al. 2017b). For the interpretation of bioassay 

results in terms of environmental hazards and risks, effect-based trigger values (EBT) were developed for all 

bioassays. For an overall estimation of the environmental risks all risk quotients (bioassay effect divided by EBT) 

were used to calculate the SIMONI Risk Indication (SRI, formerly known as SIMONI score).  

 

Since then, other bioassay testing strategies have been developed. In a Global Water Research Coalition (GWRC) 

project, a decision-making tool was developed that groups bioassays into three test batteries based on assay 

sensitivity, with test battery selection depending on the sampling campaign context and purpose (Figures 12 and 

13) (Neale et al. 2021). A comparable approach where water context is considered in the bioassay strategy, is 

the basis set of bioassays (SFT2) that has been defined in the Dutch KIWK5-project, a collaboration between the 

Dutch government, provinces, water authorities, drinking water companies and knowledge institutes (De Baat et 

al. 2022). The SFT2 (Key factor Toxicity 2.0) is a follow-up of the ESF Toxicity (Ecological key factor Toxicity) which 

proposed a testing and interpretation strategy for the use of bioassays in water quality assessment, largely based 

upon the SIMONI strategy (Posthuma et al. 2016). The EBT for the interpretation of bioassay results are similar in 

SFT2 and the SIMONI model, except for the one used for PAH CALUX that is almost four times lower in SFT2.  

 
5 ‘Kennisimpuls Waterkwaliteit’, in English: knowledge impulse water quality 
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More recent, commissioned by the Dutch Ministry of Infrastructure and Waterways (I&W) a ‘guidance for 

conducting biological effect monitoring for advanced treatment of WWTP effluents’ was developed by several 

stakeholders from the water sector. In this context, conduct of the ERα CALUX, PAH CALUX, PXR CALUX, Cytotox 

CALUX and Microtox are proposed as mandatory bioassays for those water boards that on a voluntary basis 

participate in the contribution plan ‘Purification of pharmaceutical residues’6 from I&W and the innovation 

program ‘Micropollutants from WWTP effluent’ (IMPV)7 that is being implemented together with STOWA8 and 

the water boards. The p53 CALUX is only mandatory in case advanced treatment processes such as ozone, H2O2 

and UV, that are being used to treat the WWTP effluent due to concerns of the formation of genotoxic 

transformation products (Figure 15) (Ecofide, 2023). The bioassays of this guidance show to some extent overlap 

with the SFT2 bioassays.  

 

 
Figure 12: GWRC recommended endpoints in the different test batteries to apply for water quality monitoring (Neale et al. 
2021). For battery selection depending on the context and purpose of the sampling campaign, see Figure 13. AhR: aryl 
hydrocarbon receptor, ER: estrogen receptor.  

 

 
Figure 13: GWRC battery selection depending on sampling campaign context and purpose (Neale et al. 2021). For 
description of the different test batteries, see Figure 12. CCP: critical control points.  

 

 
6 In Dutch: Bijdrageregeling ‘Zuivering medicijnresten’ 
7 In Dutch: Innovatieprogramma ‘Microverontreinigingen uit RWZI-afvalwater’ (IPMV) 
8 Foundation for Applied Water Research, https://www.stowa.nl/english  

https://www.stowa.nl/english
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Figure 14: SFT2 bioassays developed to detect toxic substances and mixtures in a water quality context (De Baat et al. 2022). 
AchE: acetyl choline esterase, AR: androgen receptor, ARE: antioxidant responsive element, ERα: estrogen receptor α, GR: 
glucocorticoid receptor, PAH: polyaromatic hydrocarbon, PPARγ: peroxisome proliferator-activated receptor, PR: 
progesterone receptor, PXR: pregnane X receptor, Nrf2: nuclear factor erythroid 2–related factor 2, TTR: transthyretin. 
Drinkwater: drinking water (blue background), oppervlaktewater: surface water (green background), afvalwater: 
wastewater (yellow background). Basis: basic set, extra inzicht/bevestiging: additional information/confirmation, 
experimenteel: experimental. Bioassays in green text: hormone receptor mediated effects, red text: adaptive stress 
response, blue text: xenobiotic metabolism, purple text: apical effects (i.e. cytotoxicity). Bioassays surrounded by a dashed 
line: no effect-based trigger (EBT) value available. 

 

 
Figure 15: Bioassay battery for biological effect monitoring for advanced treatment of WWTP effluents , AR: androgen 
receptor, ERα: estrogen receptor α, PAH: polyaromatic hydrocarbon, PXR: pregnane X receptor. a) Oxidative techniques such 
as ozone, H2O2 or UV can result in the formation of by-products. Some of these will not be environmentally hazardous, but 
substances with genotoxic properties, for example, may also be formed. To determine this effect, the p53-Calux without 
metabolic S9 activation is mandatory. In addition, substances can be formed, which are not genotoxic in themselves, but 
which (once in surface water) can still be converted into a genotoxic substance (precursor). This conversion is mimicked by 
performing the p53-Calux also with metabolic activation by S9. Once it has been determined for the WWTP and advanced 
treatment technique in question that the likelihood of genotoxic effects is limited (no/limited increase in response), follow-
up research can be limited to either implementation method. This choice will be based on the results obtained (Ecofide, 
2023) 
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4.2.1 Genotoxicity test batteries for water quality assessment 

In both the GWRC and SFT2 decision making tools, genotoxicity testing is only considered for drinking water 

(section 4.2). The SFT2 solely recommends the Ames test (type not specified) for genotoxicity testing. The Ames 

test is categorized as an assay to investigate the adaptive stress response, together with the Nrf2 CALUX in the 

basic set and with AREc32 in additional experimental setting. Both Nrf2 CALUX and AREc32 are oxidative stress 

assays that also are recommended for surface water and wastewater (either in the basic set or in additional 

experimental setting) (Figure 14). The GWRC test battery does not provide a recommendation for a specific 

genotoxicity bioassay in the testing battery itself, however the report mentions that either the umu test for 

genotoxicity or the Ames assay for mutagenicity could be applied as both are commonly applied to water 

samples. Like the SFT2, the GWRC test battery also recommends oxidative stress for water contexts other than 

drinking water (Neale et al. 2021).  

 

Specifically, for genotoxicity assessment, the section ‘Toxicology of Drinking Water and Swimming Pool Water’ at 

the German Environment Agency (UBA) developed a strategy within the Tox-Box consortium to investigate 

potential adverse effects of water samples. Their genotoxicity battery includes the Ames, umu and in vitro 

micronucleus test using V79 cells (Figure 16), and the combined results should give an indication of possible 

adverse effects on human health. In terms of risk assessment and management, the Tox-Box strategy describes 

the derivation of health-related indicator values (HRIVs) for single substances (Grummt et al. 2020), but the 

bioassay testing strategy can also be applied to complex mixtures such as water samples. However, it must be 

noted that single substances can be tested up to their solubility limit within the HRIV/Tox-Box concept, while the 

water samples contain substances in lower concentrations, even after concentration, e.g. using SPE (personal 

communication J. Kuckelkorn). Currently, only the ToxBox strategy meets the requirement of including the two 

different mechanisms of genotoxicity, i.e. mutagenicity and chromosome damage. 

 

 
Figure 16: ToxBox basic test battery consisting of three in vitro tests, which together represent the assessment-relevant 
endpoints “gene mutation” and “chromosome mutation” (Grummt et al. 2020). 

 

Although differences may exist between water quality assessment and safety assessment for the authorization 

of substances, it is relevant to follow new developments in hazard assessment of regulatory testing to align with 

state-of-the-art methods and testing strategies for individual substances. The European Partnership for the 

Assessment of Risks from Chemicals (PARC) (PARC, 2022), for example, is a recent initiative that has a subtask on 

the development of an integrated approaches to testing and assessment (IATA) for individual substances in a 

regulatory context. In the work package on the development of Integrated approaches to testing  

and assessment (IATA) of chemicals new approach methodologies (NAM), such as the Ames fluctuation test and 

ToxTracker, are considered along with various other methodologies (Marx-Stoelting et al. 2023).  
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4.2.2 Test batteries for endocrine effects in water quality assessment 

Assays to investigate endocrine disruption (hormone-mediated effects), as well as oxidative stress, metabolism 

and general toxicity have been included in recently developed test batteries for water quality assessment (STF2 

and GWRC, Figures 12 and 14). Based on the literature study of the current project, estrogenic effects were 

investigated most, followed by (anti-)androgenic effects, supporting the main focus on reproduction toxicity 

within the field of endocrine disruption. Since there are different endpoints within endocrine disruption related 

to reproduction toxicity (e.g. estrogenic, (anti-)androgenic effects, (anti-)progestogenic effects (Houtman et al. 

2021) inclusion of multiple assays in a test battery is recommended.  
 

The ToxBox strategy describes a test battery specific for endocrine disruption, which is more extensive than the 

few reporter gene assays suggested by GWRC and SFT2. The ToxBox test battery for endocrine effects includes a 

tiered approach, including a receptor-mediated test (e.g. CALUX or Yeast screen) and the H295R steroidogenesis 

assay9. The second tier includes an in vivo reproduction test (Grummt et al. 2020) (Figure 17).  

 

 

 
Figure 17: Schematic overview of the test strategy for endocrine effects of individual substances. The concentration is given 
an equivalent of the respective hormone (Grummt et al. 2020). GOW, Gesundheitlicher Orientierungswert (health 
benchmark).  

  

 
9 The H295R steroidogenesis assay is an in vitro test system for the identification of non-receptor-bound effects of endocrine disruptors (Hecker et al. 

2011) and OECD Test no. 456: H295R Steroidogenesis Assay (2022).  
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4.2.3 Neurotoxicity test batteries for water quality assessment 
To date, there are no in vitro regulatory neurotoxicity assays or in vivo bioassays in non-vertebrates that have 

been accepted for authorization of substances. Legradi et al. (2018) provided an ecotoxicological view on 

neurotoxicity assessment and concluded that neurotoxicity assessment is challenging due to the increasing 

number of neuroactive pollutants and complexity of the endpoint. Developments on in vitro neurotoxicity 

bioassays and their applicability for water quality assessment in the context of human health were also 

summarized previously (Reus et al. 2020a). Many bioassays for neurotoxicity are labour-intensive, costly, of 

limited relevance for humans, depending on limitedly available test systems and/or associated with ethical 

considerations. There is a need for a test battery for neurotoxicity in water quality assessment given the 

substances that may be present in different types of water for which this endpoint is relevant (e.g. pesticides). 

Information on occurrence and effects of such substances in the environment is needed as long term exposure 

to low concentrations may be associated with potential adverse effects to the nervous system (Davies, 1990). 

Development and validation of such a test battery, however, requires a lot of research. It is therefore 

recommended to continue following the current developments on neurotoxicity assessment.  

 

Currently, neurotoxicity is not included in the GWRC test battery. The SFT2 test battery includes AchE assay for 

neurotoxicity assessment, but not in the basic set. The Tox-Box strategy includes a tiered approach including 

multiple neurotoxicity bioassays. A crucial step is the distinction of neurotoxicity from cytotoxic effects. 

Therefore, in the first test stage (tier), cytotoxicity studies are carried out. This also serves to determine the 

(maximum) test concentrations for subsequent specific neurotoxicity studies. This concept is a first important 

step in the evaluation of neurotoxicity (Grummt et al. 2020) and was validated in the follow-on project “Neuro-

Box” (Grummt and Kuckelkorn, 2020). Based on the results, the existing test strategy could be further adapted 

and optimized (Figure 18). However, the investigation of new cell lines (microglial cells or induced human 

pluripotent stem cell (ihPSC) neurons) showed that practice-oriented use does not seem to make sense at this 

point in time. Nevertheless, the MTT test with neuronal stem cells, for example, was able to detect neurotoxicity 

with great sensitivity. The same applies to the use of -omics, which have been able to show various influences of 

the test substances at the molecular and behavioral level, but the corresponding biomarkers have not (yet) been 

identified. Both the extended EST (neuronal differentiation) and the studies on the embryo model were able to 

demonstrate the neurotoxic effect of hormone-active substances, which emphasizes the great interactive 

importance of these substances on the (early) developmental stages. The retinal assay and the olfactory 

epithelial assay proved to be good methods to detect effects on the sensory organs of fish. However, the 

transfer or linking of these findings to human neurotoxic effects still needs to be validated and is still pending. In 

addition, in the case of complex environmental samples, the additive effect with a similar direction of action or 

the antagonistic effect with different mechanisms of action, which could be predicted with CA and IA models, 

must be considered.  

 
Nevertheless, the results also showed the further development potential for overcoming research-oriented 

possibilities and practice-oriented needs. The use of primary cells, pluripotent stem cells or highly specific cell 

lines; the use of -omics; the transfer of results from fish embryo tests to human toxicology; the evaluation of 

complex mixtures compared to the existing individual substance evaluation; all these are examples that can 

better map the known complexity of neurotoxic effects. 
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Figure 18: Scheme for in vitro testing for potential neurotoxicity of individual substances (Grummt and Kuckelkorn, 2020). 
Abbreviations: PI: propidium iodide, MMP: matrix metalloproteinase, ROS: reactive oxygen species, DCFH-DA: Dichloro-
dihydro-fluorescein diacetate assay, GSH: glutathion, RTCA: real-time cell analysis, HRIV: health related indicator value. 
Jurkat, U-937, HepG2, SH-SY5Y, hCMEC/D3 and NHA are cell lines.  
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5 Discussion 

A set of bioassays assessing different types of DNA damage were applied to different types of water samples 

from defined water cycles. DNA damage was selected as the primary biological effect for the experimental part 

because of the availability of well-established in vitro assays and its relevance for human health by inducing 

mutations and tumor formation. According to the standardized (ISO) protocols, cytotoxicity was measured 

simultaneously to assess if the observed genotoxicity response was not associated with excessive cytotoxicity. 

The aim was to develop a genotoxicity test battery for water quality assessment whilst considering cost-

efficiency (considering labour-intensity and material costs) and sensitivity and specificity (based on the 

experimental data obtained in the present study and data available from literature). In addition, the conduct of 

bioassays for endocrine disruption and neurotoxicity has been explored in a literature search.  

5.1 Reflection on experimental results 

The bioassays selected for the experimental part of the current project highly aligned with the bioassays found 

to be used for water quality monitoring in the literature. In addition, the SOS chromotest was also found 

regularly in literature, but not included for the experimental part of the current project because the SOS 

chromotest and umu test show high similarity in endpoint. Moreover, the preference of the umu test over the 

SOS chromotest has been reported earlier as the umu test was demonstrated to be more sensitive and more 

cost-effective, and therefore more suitable for screening large numbers of environmental samples (McDaniels et 

al. 1990). Based on literature, the p53 CALUX was not often used for water quality assessment in a water reuse 

context, but this bioassay was selected for the experimental part of the current project because of its availability 

and common use for water quality monitoring in the Netherlands in practice. No literature was found on the use 

of the ToxTracker with water samples, however this assay was selected because of its availability and promising 

preliminary studies for water quality (Baken and Dingemans, 2017). 

 

Based on the bioassay results of the current project, it is concluded that bioassays are able to discriminate 

between contaminated (untreated) samples and less contaminated (treated) samples. The treatment process 

applied to rainwater (UF-RO) was found to reduce the induction of cytotoxicity, which is associated with reduced 

amounts and/or concentrations of chemical micropollutants that are capable of inducing cytotoxicity, as 

reflected by absence of a severe cytotoxic response in the comet assay, micronucleus test and p53 CALUX 

observed for treated rainwater, whereas for untreated rainwater cytotoxicity was observed in the same assays. 

The additional treatment process applied to WWTP B effluent (a combination of ozonation and active carbon 

filtration) seemed also effective in removing chemical micropollutants that cause genotoxic responses, 

associated with the removal of substances with genotoxic properties, as reflected by absence of a positive 

response for treated WWTP B effluent in the umu test, absence of severe cytotoxicity in the comet assay and 

ToxTracker and a lower concentration where severe cytotoxicity occurred in the p53 CALUX when compared to 

WWTP B effluent. Reduction of genotoxicity after treatment of WWTP effluent has been observed previously 

(Macova et al. 2010, Mišík et al. 2011, Ternes et al. 2017, Zhang et al. 2019). However, increases in genotoxicity 

during ozonation or medium pressure UV treatment of WWTP effluent have been reported as well, but active 

carbon filtration genotoxicity or other subsequent treatment steps generally reduced the genotoxicity (Leusch et 

al. 2014a, Ternes et al. 2017, Zhang et al. 2019). This corresponds to the results of the present study in which 

samples of treated rain water and treated WWTP B effluent were collected at the end of the treatment process 

where genotoxicity and cytotoxicity were expected to be reduced. However, in case of the Ames fluctuation test 

and the micronucleus test, there was no, or hardly any, difference in severe cytotoxicity concentration levels 

between WWTP B effluent and treated WWTP B effluent (see Section 3.6, Tables 2 and 3). This could be related 

to the assay-specific characteristics of the bioassays, including the parameter used for cytotoxicity assessment 
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(bacterial growth/cell proliferation in Ames fluctuation test/micronucleus test vs. colour conversion/cell viability 

in comet assay/p53 CALUX and ToxTracker).  
 

Most of the positive responses for genotoxicity were obtained in the umu test (three in total: WWTP A effluent, 

WWTP B effluent and WWTP C effluent), followed by the Ames fluctuation test (WWTP C effluent only) and 

comet assay (WWTP A only). The micronucleus test showed an equivocal response for genotoxicity for 

rainwater. None of the water samples showed a genotoxic response in the p53 CALUX (Table 2). Absence of p53 

induction was confirmed by absence of activation of the Btg2-GFP reporter in the ToxTracker assay (ToxTracker 

Test Report and raw data, R. Derr and I. Brandsma, 2022). In the ToxTracker, none of the samples was found to 

induce aneugenicity (loss of complete chromosomes). Aneugenic substances are considered to exhibit non-linear 

dose-response curves and in terms of risk assessment a threshold is usually estimated, including identification of 

reference points for establishing a health-based guideline value or use in a margin of exposure approach (EFSA, 

2021). The micronucleus test (Hashimoto et al. 2010, Benameur et al. 2011) and ToxTracker ACE10 (Brandsma et 

al. 2020) can both be used to distinguish an aneugenic response from a clastogenic response (partial loss of 

chromosomes) by using a modified protocol or scoring method, however this was beyond the scope of this 

project. Since water samples are mixtures of compounds with different modes of action, estimation of a 

threshold based on aneugenicity may be less applicable in water quality assessment, unless aneugenicity is the 

only type of DNA damage caused (i.e. the sample only contains (predominantly) aneugenic substances e.g., 

pharmaceuticals such as colchicine, vinblastine sulphate and paclitaxel, but not other genotoxic compounds). 

Thresholds for aneugenicity are expected to differ from the current thresholds (e.g., EBT) that are applied for 

bioassay data interpretation in water quality assessment. More information on bioassay data interpretation can 

be found in section 5.3.  

 

The results of the present study are in line with previous studies which reported positive responses for 

wastewater or WWTP effluent obtained with the Ames fluctuation test (Mišík et al. 2011, Papa et al. 2016), umu 

test (Escher et al. 2014, Jia et al. 2015, Leusch et al. 2014a, Watson et al. 2012) and comet assay (Mišík et al. 

2011, Papa et al. 2016). Negative responses with wastewater have been reported as well for the Ames 

fluctuation test (Ragazzo et al. 2017), which is in line with the observation that not all WWTP effluent samples 

showed positive responses in these bioassays in the present study. The micronucleus test with WWTP effluent 

showed only negative responses in the present study, which is in line with results from literature (Magdaleno et 

al. 2014, Mišík et al. 2011, Papa et al. 2016). Responses above the LOQ have been reported for wastewater in 

the p53 CALUX (without S9), but not with WWTP effluent (Välitalo et al. 2017), in line with the responses below 

LOQ for WWTP effluent in the present study. Since the number of samples and publications on wastewater, 

WWTP effluent in combination with the p53 CALUX is limited, comparison of the results of the present study 

with literature is difficult.  

 

Available literature on rainwater was limited. A couple of studies in literature compared results of stormwater 

(which can be compared to results obtained with rainwater in the present study) with WWTP effluent and 

concluded that stormwater had a slightly different toxicity pattern to WWTP effluents based on algae 

photoinhibition, but that it was also dominated by pesticides (Escher et al. 2014). Low or no genotoxicity of 

stormwater samples has been observed with the umu test, with responses around or slightly above the level 

typically found in secondary treated WWTP effluents (Tang et al. 2013). This indicates that positive genotoxic 

responses with stormwater can be obtained, which is in the current study reflected by the equivocal response of 

the micronucleus test.   

 

10 ACE:Aneugen and Clastogen Evaluation 
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While most of the positive responses for genotoxicity were obtained for the umu test, none of the water 

samples showed severe cytotoxicity in this bioassay. Three water samples were severely cytotoxic in the 

ToxTracker assay (WWTP A effluent, WWTP B effluent and WWTP C effluent), four samples were severely 

cytotoxic in the Ames fluctuation test (WWTP A effluent, WWTP B effluent, treated WWTP B effluent and WWTP 

C effluent) and comet assay (rainwater, WWTP A effluent, WWTP B effluent and WWTP C effluent) and five 

samples showed severe cytotoxicity in the micronucleus test and p53 CALUX (all water samples except treated 

rainwater; Table 3). The relatively high number of samples for which severe cytotoxicity was observed in the 

micronucleus test and p53 CALUX is not reflected by a higher number of positive responses for genotoxicity. 

From these data it seemed that there is an inversely proportional relationship between severe cytotoxicity and a 

positive genotoxic response for the micronucleus test and p53 CALUX. This can be related to differences in the 

duration of the exposure and recovery times (with the umu test having the shortest exposure/recovery time and 

the micronucleus test the longest), in the sensitivity of the cell types towards genotoxicity and cytotoxicity 

(bacteria vs. human cell lines vs. mouse embryonic stem cells) and in the different endpoints (e.g. mutagenicity, 

chromosome damage and cytotoxicity) and parameters (e.g. number of yellow wells, micronuclei, bacterial 

growth, cell proliferation and viability) (see also Table 1). 

 

Although no cytotoxicity was observed for any of the samples in the umu test, growth factors below 0.5 have 

been reported previously for some wastewater samples (influent) (Välitalo et al. 2017). It must be noted that all 

effluent samples of the present study have undergone treatment, resulting in less contaminated samples which 

explains absence of cytotoxicity in the umu test.  

 

In the current project, the results of the p53 CALUX and micronucleus test were highly comparable in terms of 

qualifying water samples genotoxic or cytotoxic. The only difference was that rainwater showed an equivocal 

response in the micronucleus test and a negative response in the p53 CALUX and the lowest concentrations 

showing genotoxic or cytotoxic responses varied between the two assays. A relationship between p53 induction 

and micronuclei formation was demonstrated by Salazar et al. (2009), who indicated that the level of p53 is 

associated with chromosomal damage human RKO cells11. Further research is warranted to confirm this and to 

investigate the relationship between p53 induction and micronuclei formation in water quality monitoring in 

practice to conclude if the p53 CALUX and micronucleus test can be considered interchangeable in a test battery. 

 

In the present study, samples showed positive responses in the absence of S9, and not in the presence of S9. 

This is in line with previous observations for the Ames fluctuation test (Zhang et al. 2019), umu test (Macova et 

al. 2010, Tang et al. 2014) and is likely to represent detoxification of substances in the water samples.  

5.2 Provisional genotoxicity test battery for water samples 

Based on the performance of the bioassays and practical considerations, an attempt was made to develop a 

testing battery for genotoxicity testing of water samples.  

5.2.1 Performance of the bioassays 

In contrast to individual substances for which in vivo genotoxicity and carcinogenicity data can be available, it is 

difficult to investigate the performance of the bioassays for water samples, as it is not known what to expect as 

the samples are mixtures of (usually) varying, unknown chemicals. Even with mixtures of known chemicals it is 

difficult to define the expected response due to interactions between the chemicals (e.g., synergism, addition, 

antagonistic). In general, it can be assumed that with samples that are known to contain a high amount of 

contaminants (such as wastewater and effluent) there is a higher chance of a positive response, whereas for 

relatively clean samples (rainwater and drinking water) a positive response is unlikely.  

 
11 RKO is a poorly differentiated human colon carcinoma cell line. It can be used as the control cell line for investigating the effects of p53 and gadd45 

on cellular parameters (https://www.atcc.org)  

https://www.atcc.org/
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Based on the results obtained in the current project, the most conservative option would be to use the umu test 

as first tier in a testing battery, as it showed the most positive responses (3 out of 6 samples) compared to the 

other bioassays. Reifferscheid et al. (1996) concluded a relatively low sensitivity and specificity of the umu test. 

In the present study, the positive responses obtained in the umu test were found in the samples that are 

expected to contain a relatively high amount of contaminants, showing that the umu test appears to be able to 

discriminate between contaminated and less contaminated to clean samples. Based on data available from 

literature on individual substances (Table 4), the ToxTracker shows the highest sensitivity and specificity, 

followed by the p53 CALUX. It must be noted, however, that sensitivity and specificity calculations are highly 

dependent on the number of carcinogens and non-carcinogens used and the properties of the substances (e.g. 

genotoxicity mechanism, water solubility, test concentrations) that are included. In addition, sensitivity and 

specificity of bioassays using (human) cell lines may be higher that bioassays using bacteria because (human) cell 

lines are physiologically closer to animals (to which the data of in vitro tests often is compared) and humans. 

Moreover, the SOS response, which is principle of the umu test, is not present in eukarytic cells (Janion, 2008). 

This may explain the relatively low sensitivity and specificity calculated for the Ames (fluctuation) and umu test.    

 
Table 4: Sensitivity and specificity of current genotoxicity assays for prediction of carcinogenicity12. The number of chemicals 
showing a response and the total number of chemicals used for the calculation of the sensitivity and specificity is shown 
between brackets. 

Test name Sensitivity (%) Specificity (%) References 

Regulatory 

Bacterial reverse mutation (Ames) test1 60 (326/541) 77 (136/176) Kirkland et al. 2005 

Mammalian cell mutation test1 81 (198/245) 48 (50/105) Kirkland et al. 2005 

In vitro micronucleus test1 81 (72/89) 54 (14/26) Kirkland et al. 2005 

In vitro chromosome aberration test1 70 (245/352) 55 (75/136) Kirkland et al. 2005 

Comet assay 88 (74/84) 

89 (31/35) 

64 (7/11) 

78 (6/27) 

Anderson et al. 19982 

Kirkland et al. 20063 

Screening    

Ames fluctuation test 58 (28/48) 63 (5/8) Kamber et al. 2009 

Umu test 62 (93/149) 72 (18/25) Reifferscheid et al. 1996 

p53 CALUX 82 4,5 90 4,5 Van der Linden et al. 

2014 

ToxTracker 95 4 94 4 Hendriks et al. 2016 
1 If equivocal responses are counted positive 
2 Not taking account of the difference between in vitro and in vivo responses, species differences or organ and tissue 

differences. 
3 In vivo comet assay 
4 Number of chemicals unknown 
 5 Sensitivity and specificity for prediction of in vivo genotoxicity 

5.2.2 Practical considerations 

Although it is acknowledged that sensitivity and specificity is important in the selection of bioassays, for water 

quality assessment it is important to consider practical considerations as well. Water extracts are costly and 

consequently generally available at low quantities. In addition, since water quality monitoring requires frequent 

testing of multiple water samples, a cost-effective test battery is preferred.  

 
  

 

12 This table was adopted from the ToxTracker Test Report (R. Derr and I. Brandsma, 2022) and expanded with additional bioassays 
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Based on personal experience of the authors, in terms of cost efficiency, the umu test may be favored as it is a 

relatively fast and cost-effective bioassay (results are available within one working day). The Ames fluctuation 

test and p53 CALUX can be regarded as moderately cost-efficient (requiring a couple of days to obtain results, 

taking into account initiation of cell culture, exposure and recovery times). The comet assay and micronucleus 

test are more labour-intensive than the umu test, Ames fluctuation test and p53 CALUX. In the current study, for 

the comet assay a separate experiment for cytotoxicity assessment was conducted, while for the other assays 

cytotoxicity was measured within the genotoxicity assay. While the data analysis of the umu test, Ames 

fluctuation test and p53 CALUX can be done within a couple of minutes or hours after the test is completed, 

scoring of comets and micronuclei can take days. However, there are high-throughput options available for the 

comet assay and micronucleus test, which makes these bioassays more attractive for cost-efficient water quality 

monitoring than the classic versions (Shibai-Ogata et al. 2011; Stang and Witte 2009; Sykora et al 2018). The 

ToxTracker is comparable to the Ames fluctuation test and p53 CALUX in terms of duration.  

 

Costs for performance of a bioassay are also associated with the generation of water sample extracts. Many 

different protocols are used worldwide to concentrate water samples into extracts for in vitro bioassays, and the 

optimum protocol depends on the water matrix and toxicological endpoint investigated with the assay (Abbas et 

al. 2019). The concentration factor also affects the bioassay response, with higher concentration factors 

increasing the chance of an effect, but at the same time this may increase the number of false positive 

responses. However, this should not be the case when the bioassay responses are compared to an EBT taking 

into account correction for the REF. In order to reduce the number of false positives in genotoxicity assessment 

of individual substances in a regulatory context, lowering the maximum concentration is recommended (Corvi et 

al. 2017). Indeed, several international organisations have updated their guidance regarding top dose selection 

for genotoxicity testing in the last decade (Galloway et al 2011, ICH 2012, OECD, 2022). However, testing of 

individual chemicals is notably different from testing of complex mixtures such as those occurring in water 

samples, and hence, it is difficult to establish a top concentration that is sufficiently high to detect a response 

and at the time avoids a false positive response. In the current project, the maximum REF tested varied between 

100 and 200 for different assays, and for most of the samples either a genotoxic or cytotoxic response was 

observed, indicating that the concentration factor of 10.000x applied was sufficiently high to induce an effect. 

The exceptions are treated rainwater (neither genotoxicity nor cytotoxicity was found in any of the tests), and 

rainwater and treated WWTP B effluent in case of the Ames fluctuation test, comet assay and/or ToxTracker 

(negative for both genotoxicity and cytotoxicity). These samples can be assumed the cleanest samples after 

treated rainwater, thus the absence of a cytotoxic response is not unexpected. Higher concentration factors will 

increase the chance of an effect, but at the same time increase the chance of false positive responses.  

 

In terms of the volume of water extract that is required for bioassay analyses, from the six genotoxicity assays 

used in the current project, the p53 CALUX is the most efficient assay, followed by the umu test, comet assay 

and micronucleus test (the latter depending on the plate type used, number of replicate cultures and 

experiment), while the Ames fluctuation test and ToxTracker require the highest volumes of water extract. 

Indeed, the Ames fluctuation test and ToxTracker include multiple bacterial strains or cell lines, thus requiring 

more volume of water extract is logical.  

5.2.3 Possible position of genotoxicity bioassays in a test battery for water quality assessment 

It can be argued that in particular water samples for which long-term human exposure is foreseen, e.g. drinking 

water, should be tested for genotoxicity. However, also with respect to other (reuse) purposes and 

environmental health, it is acknowledged that exposure to genotoxic substances, also via water, should be 

avoided as much as possible. The Ames test was added to the SFT2 testing battery for drinking water because of 

the formation of potential genotoxic transformation products that can be induced by specific drinking water 

treatment processes (De Baat et al. 2022), e.g. ozone oxidation and chlorination (Han et al. 2018, Zhang et al. 

2016). Since advanced treatment of WTTP effluent is increasingly applied, also within the context of water reuse, 

genotoxicity testing may be recommended for treated WWTP effluent as well. If needed, additional treatments 
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(e.g. additional of a granular activated carbon (GAC) filtration) steps can be included to remove such activity 

(Heringa et al. 2011). In the current study, the genotoxic responses of WWTP B were removed after the 

additional treatment process, as demonstrated by absence of a genotoxic response in all genotoxicity assays 

performed.  

 

Important to note is that the DNA damage detected by the comet assay can be reversible (Tice et al. 2000) and 

that the umu test, p53 CALUX and ToxTracker indicate activation of the DNA damage response (Hendriks et al. 

2016, Oda et al. 1985, Van der Linden et al. 2014), and thus can be considered as indicator assays. The mutations 

and cytogenetic damage detected with the Ames fluctuation test and micronucleus test represent irreversible 

DNA damage. 

 

Although the ToxTracker can be applied as genotoxicity screen in the (non-regulatory preclinical) development 

phase of pharmaceuticals and personal care products, it is foreseen that for water quality assessment the 

ToxTracker has a potential in following up a battery of genotoxicity bioassays to provide insight into mode of 

action of (genotoxic compounds in) samples and herewith support a weight of evidence approach13. Moreover, it 

can be considered a more advanced assay as it uses six cell lines and covers multiple relevant mechanisms of 

genotoxicity, including clastogenicity and aneugenicity.  

 

To date, the Ames (fluctuation) test is the only bioassay applied in water quality assessment that is designed to 

detect mutagenicity. There are other in vitro bioassays available, such as the mammalian cell gene mutation test 

(OECD 476, 2016; OECD 490, 2015) but these are less suitable for water quality monitoring for practical reasons 

(time consuming and requiring relatively high amounts of sample volume). Therefore, it is acknowledged that a 

test battery should include at least the Ames fluctuation test for mutagenicity assessment.  

 

In addition to the Ames fluctuation test to detect mutagenicity, a test battery for genotoxicity should include a 

bioassay to detect chromosomal damage. The micronucleus test, preferably a medium to high-throughput 

version e.g., using flow cytometry analysis, is a good candidate. Similar to the Ames test, this test has been 

accepted and implemented in testing strategies for regulatory purposes. Further research is warranted to 

investigate if the p53 CALUX and micronucleus test can be considered interchangeable in a test battery, as there 

may be a relationship between p53 induction and micronuclei formation (Salazar et al. 2009). Further research is 

also warranted to investigate if the ToxTracker and micronucleus test can be considered interchangeable due to 

overlapping mechanism (clastogenicity/aneugeniciy). In addition, the ToxTracker may be a valuable assay to 

follow-up a positive responses for genotoxicity.  

 

Prantl. et al. (2018) proposes an in vitro genotoxicity test battery consisting of the Ames fluctuation test with 

two tester strains (ISO 11350), the umu test and the micronucleus test, or the Ames test with five tester strains 

(OECD 471) and the micronucleus test (i.e., with more strains in the Ames test the umu is considered not 

needed). The Tox-Box strategy (Grummt et al. 2018) also includes Ames fluctuation test, micronucleus test and 

umu. Indeed, the umu test is complementary to the Ames fluctuation test and micronucleus test and could be 

included in a genotoxicity test battery as a third bioassay. The umu test is considered cost efficient (section 

4.3.2), which can be helpful in case of emergencies such as sudden contamination of a drinking water source. 

However, similar to the Ames fluctuation test, the umu test has the disadvantage of having a relatively low 

sensitivity and specificity compared to the other assays in Table 4. Further research is warranted to investigate if 

the umu test is of added value for genotoxicity assessment of water samples.  

 

Using a test battery with 2-3 genotoxicity bioassays may often result in conflicting results. Positive responses in 

one bioassay cannot be neglected, even when one or two other bioassays show negative responses. For 

regulatory purposes, chemicals, pharmaceuticals and food and feed ingredients are subjected to in vivo (rodent) 

 

13 Inspired by https://www.criver.com/products-services/safety-assessment/toxicology-services/genetic-toxicology/toxtracker-assay?region=3696.  

https://www.criver.com/products-services/safety-assessment/toxicology-services/genetic-toxicology/toxtracker-assay?region=3696
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genotoxicity testing when one or more positive results are obtained with in vitro genotoxicity tests (ECHA 2017, 

EFSA 2011, EMA 2012). However, besides ethical issues that would arise with testing water samples in rodents, 

in vivo testing is expensive and time-consuming, and therefore not recommended as follow-up option. If positive 

responses are obtained with water samples in bioassays, follow-up research is recommended to investigate the 

cause of the positive response by effect-directed analysis (Zwart et al. 2020) or chemical composition 

identification (Béen et al. 2021a) and integrated human health risk assessment (Baken, 2018). 

5.3 Interpretation of bioassay responses for different water types 

With regards to interpretation of positive responses for genotoxicity and cytotoxicity, it should be emphasized 

that the water samples selected for the current project were chosen to include different water qualities, and 

that risk assessment requires more data (including repeat measurements and exposure data). It should also be 

emphasized that the samples chosen are not necessarily representative of rainwater and WWTP effluent in 

general, and that outcomes may vary per location and season. In addition, it must be considered that the 

samples tested here are concentrated before application in the bioassay to increase sensitivity of the analyses, 

which is in line with the requirements of regulatory testing (ECHA 2017, EFSA 2011, EMA 2012), which can be 

seen as a worst-case scenario. Furthermore, it is known that in vitro assays are generally considered 

oversensitive with respect to animal models and humans (Kirkland et al. 2007, Lynch et al. 2011). Bioassay 

results of the current project are interpreted to demonstrate methods rather than making conclusions on risks. 

Nevertheless, the results obtained in the current project demonstrate that the application of bioassays in a 

water (re)use context is of added value to prioritize water samples for further evaluation. When there is reason 

to further investigate possible risks to humans and the environment on the basis of effect-based methods 

(bioassay responses), effect-directed analysis (EDA) can be used to conduct a targeted search for the chemical 

identity of the substances that caused this response (Brack et al. 2016, Houtman et al. 2020, Zwart et al. 2018). 

For those identified substances with missing toxicity data, in silico approaches, such as quantitative structure-

activity relationships (QSARs) and read-across using in silico tools (e.g., QSAR Toolbox14 (Dimitrov et al. 2015)), 

and existing experimental databases (e.g., ToxCast15 (Dix et al. 2007)) can be used to link bioassay responses to 

specific substances and subsequent estimation of potential human and environmental health risks (Shao et al. 

2019). This may direct selection and deployment of measures and decision-making processes in (drinking) water 

production to mitigate any health or environmental risks in targeted ways (Reus et al. 2022a, Reus et al. 2023a). 

5.3.1 Effect-based trigger values 

Extrapolation from in vitro test results to the relevance for human health and the environment is challenging. 

Effect-based trigger (EBT) values may aid in this context, where responses above the EBT value should indicate 

that a human or environmental health risk cannot be excluded (i.e. require further investigation) and responses 

below the EBT value indicate that there is a low risk. EBT values for human and environmental health risks are 

available for multiple reporter gene assays including the ER-CALUX (Béen et al. 2021b, Brand et al. 2013, Escher 

et al. 2015, Escher et al. 2018, Van der Oost et al. 2017a). Currently, for the six bioassays used in the current 

project, no EBT values are available. Projects to develop an EBT value for the Ames fluctuation test, umu test and 

p53 CALUX are ongoing at KWR. Since the responses of the p53 CALUX in the present study were found to be 

below the limit of quantification, comparison to the EBT value is not relevant.  

 

Experimental Ames fluctuation test and umu results of the current study were compared to preliminary EBTs 

derived for these tests (Reus et al. 2023b). Responses of the water samples of both bioassays were expressed as 

equivalents of the reference compound 4-nitroquinoline-n-oxide (4-NQO). The WWTP C effluent sample 

exceeded the least conservative EBT value of the Ames fluctuation test derived by Reus et al. (2023b). For the 

umu test, the least conservative EBT value derived by Reus et al. (2023b) was exceeded by WWTP effluent A, 

 
14 https://qsartoolbox.org 
15 https://www.epa.gov 

https://qsartoolbox.org/
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WWTP effluent B and WWTP C effluent. Exceedance of the EBT indicates that a health risk after consumption of 

this water cannot be excluded. However, it is not likely that WWTP effluent and WWTP C effluent will be 

consumed directly by humans or animals (except in cases where the effluent is discharged to small surface 

waters in periods of drought). In addition to the considerations made in the first paragraph of section 5.3, it 

must be noted that the currently developed EBT values for the Ames fluctuation test and umu test are 

developed for human risk assessment, not animal or ecological risk assessment. Since the absolute responses in 

the bioassays were a between 100-10000 and 10-100 times higher than the EBT value, for the Ames fluctuation 

test and umu test, respectively, further evaluation of the EBT using additional individual chemical and validation 

data is warranted. 

5.3.2 Toxic equivalency factor  

EBT values have not (yet) been developed for all bioassays. In absence of an EBT value, the response of the 

bioassay can also be expressed as equivalents of a reference compound, followed by applying a threshold based 

on the toxic equivalency factor (TEF). In this approach, based on the obtained reference compound equivalent 

concentrations for the tested water samples and carcinogenicity data of the reference compound (in case of 

genotoxicity bioassays), an indication of the associated risk of the tested water samples is obtained via the 

margin of exposure (MOE). The MOE is the ratio of its no-observed-adverse-effect level to its theoretical, 

predicted, or estimated dose or concentration of human intake (Benford et al. 2010). Martijn et al (2016) 

developed this TEF approach for the Ames fluctuation test in in UV/H₂O₂ water treatment samples using the 

reference compound 4-NQO. Based on a rodent carcinogenicity study, a body weight of 70 kg and assuming a 

drinking water consumption of 2 L per day, it was concluded that the 4-NQO equivalent concentration should 

not exceed 80 ng/L associated with a negligible risk. Application of this approach on samples from MP UV/H2O2 

treated water of a full-scale drinking water production facility, a 4-NQO equivalent concentration of 107 ng/L 

was established. These results indicate a safety concern in case this water would be distributed as drinking water 

without further post treatment (Martijn et al. 2016). In principle, this approach can also be applied to other 

(genotoxicity) bioassays and overcomes the limitation of requiring data availability of sufficient compounds to be 

included in the EBT derivation, but requires thorough risk assessment based on existing toxicity data of the 

reference compound.  

 

When the positive responses of the Ames fluctuation test of the current study are compared with the 80 ng  

4-NQO equivalents/L threshold derived by Martijn et al. (2016), the threshold is exceeded only for the WWTP C 

effluent sample. When the positive responses of the umu test are compared to the same threshold, it is 

exceeded only for the WWTP effluent B and WWTP C effluent sample. However, because of the high 

concentration of anthropogenic substances as indicated by the positive response of the WWTP A effluent in the 

umu test, direct consumption of WWTP A effluent should also be avoided. The same considerations for 

interpretation of the results should also be considered here. Furthermore, it is recommended to further evaluate 

the applicability of the threshold value of 80 ng 4-NQO eq/L for the umu test by generating more data. It should 

also be considered that the TEF approach is based on a single compound, whereas the EBT approach is based on 

multiple chemicals with a different effect potency. For the TEF approach it is extremely important to select an 

appropriate, relevant reference compound.  
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6 Conclusions and future perspectives 

Raising interest in the (re)use of alternative water sources requires consideration of potential risks resulting from 

circulating and potentially accumulating microbial and chemical contaminants in water cycles. Effect-based 

methods (bioassays) offer a powerful approach to investigate relevant hazards of complex low-level chemical 

mixtures in the water cycle. Available test batteries are useful decision-making tools for bioassay selection for 

investigation of water treatment efficacies and quality assessment of various types of water, including 

wastewater, surface water and drinking water. Guidance on bioassay selection for other types of water use, 

including non-potable use such as (sub-)irrigation is not yet available. In these cases, recommendations for water 

types that are comparable to the water use of interest can be followed (e.g. surface water or WWTP-effluent in 

case of sub-irrigation), but this should be further elaborated. Initiatives in this field have started (e.g., TKI project 

‘Borging van effluent RWZI voor glastuinbouwsector’).  

 

Genotoxicity bioassays used in the present study were able to discriminate between untreated and treated 

samples in water cycles. The responses between the bioassays differed due to differences in assay-specific 

characteristics, e.g., genotoxicity mechanism, sensitivity and specificity. Based on the experimental results of the 

water samples obtained in this study, it was not possible to define a test battery for genotoxicity. Based on 

literature, the Ames fluctuation test and micronucleus test are most commonly used for genotoxicity assessment 

in water quality monitoring. These bioassays cover both mechanisms of genotoxicity (base pair mutations and 

chromosomal damage) and are obliged for regulatory testing of chemicals, pharmaceuticals and food and feed 

ingredients. Recommendations regarding individual genotoxicity bioassays were made in the current research, 

along with suggestions for further research. Guidance on the selection of genotoxicity bioassays supplements 

existing bioassay batteries (such as GWRC and SFT2). Genotoxicity testing is considered most important for 

water types associated which long-term human exposure is foreseen (e.g. drinking water), though for other 

water types and in the context of environmental health, the presence of genotoxic substances should also be 

avoided as much as possible. Suggestion of future research include further investigation of the performance of 

bioassays by testing additional water samples and mixtures with known genotoxic and/or non-genotoxic 

compounds. Current guidance gaps including neurotoxicity, immunotoxicity and microbiological hazards, and 

their data interpretation should also be considered in future research to expand the applicability of effect-based 

methods to safeguard the chemical quality of water resources. 

 

For interpretation of the bioassay results, the use of assay-specific criteria are recommended. Benchmarking of 

the bioassay response by comparison to an EBT provide insight in potential risks for human health and the 

environment, where environmental EBT can be used for non-potable (re)use. However, the derivation of 

preliminary EBT for genotoxicity bioassays warrants further research.  

 

In a water (re)use context, bioassays are of added value to evaluate safety and prioritize water samples for 

further evaluation, including chemical identification and integrated risk assessment. Using existing methods such 

as effect-directed analysis, in silico tools to predict toxicity and evaluation of available experimental databases, 

observed bioassay responses can be linked to specific substances, which may direct selection and deployment of 

measures and decision-making processes in (drinking) water production and to mitigate any health or 

environmental risks in targeted ways. This approach supports decisions on applicability of alternative water 

sources while safeguarding human and environmental health.  

 

  

https://www.tkiwatertechnologie.nl/projecten/borging-van-effluent-rwzi-voor-glastuinbouwsector/
https://www.tkiwatertechnologie.nl/projecten/borging-van-effluent-rwzi-voor-glastuinbouwsector/
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Tables 

Table I – Overview of bioassays recommended in different test batteries applied for water quality monitoring (abbreviations on next page) 

 DEMEAU (Schriks et al. 

2015) 

Tox-Box Guideline 

(Grummt et al. 2018b) 

SIMONI (Van der Oost 

et al. 2017a, Van der 

Oost et al. 2017b) 

GWRC (Neale et al. 2021) SFT2 (De Baat et al. 2022)3 Guidance WWTP 

effluent (Ecofide, 

2023) 

Genotoxicity   

   Mutagenicity Ames fluctuation test, 
ToxTracker 

Ames fluctuation test - Ames fluctuation assay Ames test4 - 

   Cytogenetic   
   damage 

Micronucleus test, 
ToxTracker 

Micronucleus test - - - - 

   DNA damage  
response 

Umu test, Vitotox, p53 
CALUX, BlueScreen 

Umu test p53 CALUX Umu test - p53 CALUX 

  

(Anti-)estrogenic 
activity 

ERα CALUX, YES ERα CALUX, RYES ER-CALUX ERα CALUX1, YES, E-screen, 
EASZY 

ERα CALUX ERα CALUX 

(Anti-)androgenic 
activity 

AR CALUX, AR-MDA-kb2 AR CALUX, RYAS Anti-AR CALUX - AR CALUX, anti-AR CALUX - 

Other hormone-
mediated effects 

GR CALUX, GR-MDA-kb2 H295R Steroidogenesis 
Assay for non-receptor 
bound effects of 
endocrine disruptors, 
reproduction test with 
Potamopyrgus 
antipodarum 

GR-CALUX (immune 
response, metabolism 
and development) 

- GR CALUX (immune 
response, metabolism and 
development), PR CALUX, 
TTR CALUX (thyroid 
hormone-mediated 
effects) 

 

Oxidative stress Nrf2 CALUX, AREc32 assay - Nrf2 CALUX AREc32 assay, Nrf2 CALUX2 Nrf2 CALUX, AREc32 assay  
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 DEMEAU (Schriks et 

al. 2015) 

Tox-Box Guideline 

(Grummt et al. 2018b) 

SIMONI (Van der Oost et al. 

2017a, Van der Oost et al. 

2017b) 

GWRC (Neale et al. 2021) SFT2 (De Baat et al. 2022)3 Guidance WWTP 

effluent (Ecofide, 

2023) 

Other 
toxicological 
endpoints 

H5GLN PXR assay, PXR 
HepG2 assay, DR 
CALUX, AhR 
geneblazer 
(xenobiotic 
metabolism), various 
nuclear receptor 
assays, H295R assay 
for developmental 
toxicity 

A test battery for 
neurotoxicity has been 
proposed. Details can be 
found on page 23 of 
Grummt et al. 2018b.  

Microtox, Algaltoxkit, 
Daphniatoxkit, cytotox 
CALUX (general toxicity) PXR-
CALUX, DR-CALUX, PAH-
CALUX, PPARγ-CALUX 
(metabolism), RIKILT 
WaterSCAN (antibiotic 
activity),  

AhR CALUX, PAH CALUX 
(xenobiotic metabolism) 

AchE assay (neurotoxicity), 
algae inhibition, Dahnia 
immobilization, Zebrafish, 
Microtox, cytotox CALUX 
(general toxicity), PAH 
CALUX, PXR CALUX 
(xenobiotic metabolism), 
PPARγ CALUX (metabolism) 

Microtox (general 
toxicity) PAH 
CALUX, PXR CALUX 
(xenobiotic 
metabolism) 

Abbreviations to Table I:  
AhR: aryl hydrocarbon receptor, ARE: antioxidant responsive element, AR: androgen receptor, EASZY: zebrafish embryo assay, ERα: estrogen receptor α, GR: glucocorticoid receptor, Nrf2: nuclear factor erythroid 2-
related factor 2, PAH: polycyclic aromatic hydrocarbon, PR: progesterone receptor, PXR: pregnane X receptor, RYAS: (recombinant) yeast androgen screen, IYES: (recombinant) yeast estrogen screen, TTR: transthyretin 
receptor.  
1 And other mammalian reporter gene assays such as ERα GeneBLAzer, Hela-9903, MELN, T47D-Kbluc 
2 And similar assays such as ARE GeneBLAzer, Nrf2 reporter gene assay, Nrf2-MDA-MB 
3 Recommended assays for specific water types (drinking water, surface water and wastewater) and level (basic set, confirmatory and experimental) can be found in De Baat et al. 2022.  
4 Type not specified 
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Table II: Bioassays applied for the assessment of genotoxicity and endocrine disruption (search terms of the literature search described in section 2.4.1).  

 

Reference  Water source Reuse application Genotoxicity assays  Endocrine activity assays 

Bain et al. 2014   Wastewater Unspecified  ER/AR/GR/PR-CALUX, Anti-ER/AR-CALUX 

Chaves et al. 2020   Wastewater Unspecified  YES 

Dopp et al. 2021   Wastewater Unspecified Ames, Micronucleus, Comet ER-CALUX, A-YES 

Giebner et al. 2018   Wastewater Unspecified Ames YES, YAS, YAES, YAAS 

Hamilton et al. 2016   Wastewater Unspecified  ERBA, E-screen, Two-hybrid-ER 

Houtman et al. 2018   Wastewater Unspecified  ER/AR/GR/PR-CALUX  

Inoue et al. 2011   Wastewater Unspecified  Two-hybrid-ER/TR 

Jia et al. 2015   Wastewater Unspecified Ames, Umu 
ER/AR/GR/PR-CALUX, Anti-ER/AR/GR/PR-CALUX,  
YES, YAS, GR-GeneBLAzer, GR-Switchgear 

Kusk et al. 2011   Wastewater Unspecified  YES 

Leusch et al. 2014a Wastewater Unspecified Umu E-screen, AR-CALUX 

Leusch et al. 2014b   Wastewater 

Groundwater recharge,  
infiltration in superficial  
aquifer with downstream  
abstraction for irrigation 

Ames, Micronucleus ER/AR/GR/PR-CALUX 

Lundqvist et al. 2019   Wastewater Unspecified  VM7Luc4E2, AR-EcoScreen 

Mišík et al. 2011   Wastewater Unspecified Ames, Micronucleus, Comet  

Papa et al. 2016   Wastewater Unspecified Ames, Micronucleus, Comet E-screen 

Ragazzo et al. 2017   Wastewater Unspecified Ames, Micronucleus, Comet  

Rao et al. 2014   Wastewater Unspecified  Two-hybrid-ER/AR/PR 

Schilirò et al. 2012   Wastewater Unspecified  E-screen, MELN  

Tang et al. 2014   Wastewater Grondwater recharge Umu  

Ternes et al. 2017   Wastewater Unspecified Ames YES, YAS, YAES, YAAS 

Välitalo et al. 2017   Wastewater Unspecified Umu, p53-CALUX ER/AR-CALUX 

Watson et al. 2012   Wastewater 
Urban non-potable reuse  
and agriculture 

Umu ER/AR-CALUX 

Westlund et al. 2017   Wastewater Unspecified  YES, YAS, YAES, YAAS 

Zhang et al., 2019   Wastewater Unspecified Ames  



 KWR 2023.043 | June 2023 Bioassays for water quality monitoring in the circular economy 54 

Reference  Water source Reuse application Genotoxicity assays  Endocrine activity assays 

Etteieb et al., 2015   
Wastewater,  
surface water 

Unspecified  E-screen 

Neale et al., 2020   
Wastewater,  
surface water 

Unspecified  HELN zfER1, UALH zfAR1, UMLN zfGR1, UEL zfPR1 

Escher et al., 2011   WWTP effluent Unspecified  E-screen 

Li et al., 2011   WWTP effluent Unspecified  Two-hybrid-ER/AR/TR/PR 

Mehinto et al., 2015   WWTP effluent Unspecified  ER/AR/GR/PR-GeneBLAzer 

Jia et al. 2015 WWTP effluent 
Groundwater recharge,  
influent AOP pilot plant 

Ames, Umu 
ER/AR/GR/PR/TRb-CALUX, Anti-ER/AR/GR/PR-CALUX, 
YES, GR-GeneBLAzer, Anti-GR-GeneBLAzer,  
GR-Switchgear, T-screen 

Leusch et al. 2014a WWTP effluent Unspecified Ames, Micronucleus ER/AR/GR/PR/TR-CALUX 

Comtois-Marotte et al. 2017   
WWTP effluent,  
surface water  

Unspecified  YES 

Macova et al. 2010   
WWTP effluent,  
surface water  

Industrial water Umu E-screen 

Medlock Kakaley et al. 2020   
WWTP effluent,  
surface water  

Drinking water  T47D-Kbluc, MDA-kb2, CV1-hGR 

Sun et al. 2016   
WWTP effluent,  
surface water  

Surface water  
quality improvement 

MDA-kb2, YES 

Leusch et al., 2018    
WWTP effluent,  
surface water,  
drinking water 

Unspecified  ER/AR/GR/PR-GeneBLAzer, GR/PR-CALUX 

Escher et al., 2014   

WWTP effluent,  
surface water,  
stormwater,  
drinking water 

Unspecified 
Ames, Micronucleus,  
SOS chromotest, Umu 

ER/AR/GR/PR/TR-CALUX, Anti-ER/AR/GR/PR-CALUX 
E/T-screen, YES, YAS, ER/AR/GR/PR-GeneBLAzer  
and more 

Janousek et al. 2021 Hospital effluent Unspecified 
Ames, Micronucleus,  
Comet assay, Chicken egg genotoxicity assay 

 

Jírova et al. 2019 Hospital effluent Unspecified Ames, Micronucleus, Comet YES/YAS assay 

Gehrmann et al. 2018   Hospital wastewater Unspecified  ER/AR-CALUX, YES, YAS, A-YES/YAS 

Perrodin et al. 2013 
Hospital wastewater,  
surface water 

Unspecified Ames, Comet   

Magdaleno et al. 2014 
Hospital wastewater,  
WWTP effluent 

Unspecified 
Chromosomal abberation,  
Micronucleus test 

 

Dias et al. 2015   Surface water Unspecified  YES 

Feretti et al. 2020   Surface water Drinking water Ames, Micronucleus, Comet  



 KWR 2023.043 | June 2023 Bioassays for water quality monitoring in the circular economy 55 

Reference  Water source Reuse application Genotoxicity assays  Endocrine activity assays 

Gou et al. 2016   Surface water Drinking water  T47D-Kbluc, E-screen 

Oskarsson et al. 2021   Surface water Drinking water Micronucleus VM7Luc4E2 

Valbonesi et al. 2021   Surface water Drinking water Micronucleus E-Screen 

Valcárcel et al. 2018   Surface water Drinking water  HeLa-9903, PC-DR-Luc 

Tang et al. 2013 Stormwater Unspecified Umu E-screen 

Neale et al. 2012   Unspecified Drinking water Umu  

Shen et al.  2018   Unspecified Drinking water  Two-hybrid-ER/AR 

Van Zijl et al. 2017   Unspecified Drinking water  T47D-Kbluc, YES 

AR: androgen receptor, A-YES: Arxula yeast estrogen assay, CALUX: chemical activated luciferase expression assay, CV1 cell line transduced with the human glucocorticoid receptor (Medlock Kakaley et al. 2020), E-
screen: estrogen screen, ER: estrogen receptor, ERBA: estrogen receptor binding assay, GR: glucocorticoid receptor, Hela9903: cervical carcinonoma cell line modified with luciferase gene to study estrogenic receptor 
activity, MDA-kb2: breast cancer cell line, MELN: estrogen-sensitive human breast cancer cells (MCF-7), PC-DR-Luc: avian PC12 cells modified with luciferase gene to study thyroid receptor activity, PR: progesterone 
receptor, T47D-Kbluc: breast cancer cell line modified with luciferase gene to study estrogenic receptor activity, T-screen: thyroid screen, TR: thyroid receptor, VM7Luc4E2: breast cancer cell line modified with 
luciferase gene to study estrogenic receptor activity,  YAAS: yeast anti-androgen assay, YAS: yeast androgen assay, YAES: yeast anti-estrogen assay, YES: yeast estrogen assay,  
1 Reporter cell lines to study specific endocrine activities (Neale et al. 2020)
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Annex I – Description of bioassay methods 

Ames fluctuation test (KWR) 

The potential of a substance to induce gene mutations can be detected by the bacterial reverse mutation (Ames) 

test, for which a modified version of the classical Ames test has been developed and validated for water samples 

(Reifferscheid et al. 2002). In the current project, the Ames fluctuation test was performed as previously (Heringa 

et al., 2011), with minor modifications (Timmers et al. 2022). In brief, Salmonella typhymurium strains TA98 and 

TA100 (Xenometrix, Switzerland) were exposed to three dilutions of the water extracts in culture medium (REF 50, 

100 and 200). Dilutions of the water extracts were tested in the presence and absence of an exogenous metabolic 

activation system (rat liver S9 mix), resulting in four different test conditions (TA98-S9, TA98 +S9, TA100-S9 and 

TA100 +S9). Negative controls (extracts of Evian mineral water), solvent controls (DMSO) and appropriate positive 

controls were run in parallel. A single experiment was performed in triplicate cultures. After an incubation period of 

90 minutes at 37°C and gently shaking on a rocking platform (250 rpm), cultures were incubated with indicator 

medium for another 48 hours at 37°C. The number of yellow wells per 48 wells per culture were counted manually. 

Cytotoxicity was measured in parallel by measuring optical density at 595 nm before and after the 90 minute-

exposure according to the International Organization for Standardization (ISO) protocol 11350:2012. An individual 

response was considered positive for genotoxicity if the response of the sample was different from the procedure 

control with a certainty of 99%, based on a binominal distribution (Heringa et al., 2011). In addition to statistical 

significance, biological relevance was taken into account to interpret the results. This implies evaluation of a 

concentration-response and cytotoxicity, where sample dilutions showing >50% cytotoxicity compared to the 

negative control were regarded as severely cytotoxic. Severely cytotoxic concentrations were not taken into 

consideration for mutagenicity evaluation to exclude false negative responses.   

Umu test (KWR) 

The umu test is based on the principle of activation of the umuC gene as a response to genetic damage, where the 

umuC gene is coupled to a gene coding for the β-galactosidase enzyme in the genetically engineered S. 

typhimurium strain TA1535/pSK1002. Expression of the β-galactosidase enzyme is quantified using a colorimetric 

measurement (Oda et al. 1985). In the current project, the umu test was performed based on the protocol 

provided with the test kit (EBPI Environmental Bio-Detection Products Inc., Canada) and based on ISO 13829:2000. 

In brief, S. typhimurium strain TA 1535 pSK1002 were exposed to four dilutions of the water extracts in sterile 

water (REF 25, 50, 100 and 200). Dilutions of the water extracts were tested in the presence and absence of S9, 

resulting in two different test conditions (-S9 and +S9). Negative controls (extracts of Evian mineral water), solvent 

controls (DMSO) and appropriate positive controls were run in parallel. A single experiment was performed in 

triplicate cultures. After an incubation period of in total 4 hours at 37°C, bacterial growth was determined by 

measuring optical density at 620 nm. Then the plates were incubated for 30 min at 37°C and the induction of the 

umuC-gene was determined by measuring optical density at 405 nm. An individual response was considered 

positive if the induction ratio (IR) was >1.5. Cytotoxicity was assessed in parallel by evaluating  the growth factor. 

Both the IR and growth factor were obtained from a calculation sheet provided by the supplier of the test kit. In 

addition to numerical significance, biological relevance was taken into account to interpret the results. This implies 

evaluation of a concentration-response and cytotoxicity, where sample dilutions showing a growth factor 0.5 were 

regarded as severe cytotoxic to avoid interpretation of false positive responses. 
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Micronucleus test (UBA) 

Cytogenetic damage can be detected with the micronucleus test (Sommer et al. 2020), for which a modified version 

has been developed and validated for water samples (Reifferscheid et al. 2008). In the current project, the 

micronucleus test was performed according to OECD TG 487 (2016) and ISO 21427-2 (2006). In brief, HepG2 liver 

cells were exposed to dilutions of the water samples in culture medium (REF varying from 5 to 200, depending on 

the response of the sample in the first experiment). Negative controls (extracts of Evian mineral water), solvent 

controls (DMSO) and appropriate positive controls were run in parallel. Three biologically independent replicates 

(experiments) were performed and each replicate was carried out in quadruple technical replicates. After an 

incubation period of 72 hours at 37°C, cell nuclei/micronuclei were sequentially stained with two different dyes 

(chromatin of dead/dying cells and vital cells). Fluorescence was detected and cell nuclei and micronuclei were 

separately counted with flow cytometry and the number of micronuclei was used as a parameter for genotoxicity. A 

response was considered genotoxic if there was a 2-fold increase of micronuclei compared to the negative control. 

Cytotoxicity was assessed in parallel by calculation of the cell proliferation rate based on cell nuclei counts and in 

comparison with the negative control. In addition to numerical significance, biological relevance was considered to 

interpret the results. This implies the assessment of a concentration-response relationship and cytotoxicity, with 

sample dilutions showing a cell proliferation rate <50% of the negative control being considered as highly cytotoxic 

to avoid interpretation of false positive responses. 

Comet assay (HU) 

The comet assay or single cell electrophoresis assay provides another method to investigate both gene mutations 

and cytogenetic damage (Singh et al. 1988) and can also be applied to water samples (Heringa et al. 2011, 

Rosenmai et al. 2008). The principle of the comet assay is the migration of DNA fragments in an agarose gel during 

electrophoresis, where a tail is formed by small DNA fragments and intact DNA of the cell nuclei forms a head. The 

comet assay can be performed with any cell type and allows rapid detection of genetic damage such as single and 

double DNA strand breaks, alkali labile sites and incomplete excision repair sites (Tice et al. 2000). In the current 

project, the comet assay was performed as previously (Heringa et al. 2011). In brief, HepG2 liver cells were exposed 

to a single dilution of the water extract (REF 100). Negative controls (extracts of Evian mineral water), solvent 

controls (DMSO) and appropriate positive controls were run in parallel. A single experiment was performed in 

duplicate cultures. The comet assay was performed both after 3h and 24h exposure to be able to detect direct as 

well as indirect acting (metabolism requiring) genotoxins, assuming that HepG2 cells are metabolically competent 

and that a 24h exposure period is sufficient for pro-genotoxins to be metabolized into genotoxins. These two 

exposure periods are in line with comet assays in HepG2 cells performed by others (Heringa et a. 2011, Valentin-

Severin et al. 2003) and are also in line with the OECD guideline of the in vivo comet assay (OECD 489). In the 

present study, after an incubation period for 3 hours or 24 hours (i.e. two independent experiments) at 37 °C, a 

single cell suspension was prepared, mixed 0.5% low melting agarose and added to a microscopic slide pre-coated 

with 1.5% normal melting agarose. After overnight lysis at 2-10 °C and 30 minutes unwinding in ice-cold electro-

phoresis buffer, electrophoresis was performed in ice-cold electrophoresis buffer for 30 minutes at 25 V (0.83 

V/cm) and  ± 300 mA. After neutralization of the slides, slides were dehydrated in ethanol and allowed to dry. For 

comet analysis, slides were stained with SYBR Green and evaluated using a fluorescence microscope and Comet 

Score (TriTek Corp, USA). At least 50 cells per slide and two slides per culture were evaluated, resulting in a total of 

at least 200 analyzed cells per water sample. The median tail intensity (%DNA in the tail) was calculated per slide 

and averaged for the two slides per culture, followed by calculation of the mean of the two slides per water sample. 

The water extracts were considered positive for genotoxicity when a three-fold increase in tail intensity over the 

negative control was observed. Cytotoxicity of the water samples to HepG2 cells was assessed after 3 hours and 24 

hours of exposure by fluorometric determination of alamarBlue™ conversion. In addition to numerical significance, 

biological relevance was taken into account to interpret the results. This implies evaluation of cytotoxicity, where 

samples showing a >50% cytotoxicity compared to the negative control were regarded as severely cytotoxic to 

avoid interpretation of false positive responses. The 50% cut-off was adopted from Buchner et al. (2019), Prantl et 

al. (2018),  
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p53 CALUX (HWL) 

The p53 CALUX is a human osteosarcoma cell line (U2OS)-derived pathway selective reporter gene assay. In this 

assay, a luciferase gene has been coupled to p53 responsive elements to detect activation of the tumor suppressing 

gene TP53, which play a role in regulation or progression through the cell cycle, apoptosis, and genomic stability by 

means of several mechanisms. Levels of p53 are indicative of genotoxicity, as the p53 protein responds to DNA 

damage, and is a transcription factor for genes related to DNA-damage repair, cell-cycle arrest and apoptosis. In the 

p53 CALUX, the p53 responsive elements have been coupled to a luciferase gene (Van der Linden et al. 2014). In 

the current project, the p53 CALUX® reporter gene assay (BioDetection Systems B.V., Amsterdam, the Netherlands) 

was performed as described by Van der Linden (2014) and as laid down in the protocols of the supplier. In the 

experiments, p53 CALUX cells were exposed to five dilutions of the water samples (REF 1, 3, 10, 33, 100) for 24 

hours in the presence and absence of S9, resulting in two different test conditions (-S9 and +S9). Negative controls 

(extracts of Evian mineral water), solvent controls (DMSO) and appropriate positive controls were run in parallel. A 

single experiment was performed in triplicate cultures. The reference compounds were actinomycin D (-S9) and 

cyclophosphamide (+S9) and a ten-point calibration curve of the reference compound was included on each plate. 

Responses of dilutions of the water were expressed as fold induction above the response of the solvent control 

(DMSO). A sigmoidal curve was fitted for the dilution response (induction ratio) series. With this curve, the dilution 

was calculated corresponding to an induction ration of 1.5. With this value, the genotoxic activity in a sample was 

calculated and expressed as equivalents of the reference compounds per liter water. Cytotoxicity was measured in 

parallel with the cytotox CALUX® (Van der Linden et al. 2014), for which tributyltin acetate (TBT) was used as 

reference compound. Sample dilutions were considered positive for cytotoxicity if they induced <80% of the 

luminescence of that induced by the solvent control (DMSO).  

ToxTracker (Toxys) 

ToxTracker is a green fluorescent protein based genotoxicity assay consisting of different genetically engineered 

mouse embryonic stem (mES) reporter cell lines having the green fluorescent protein (GFP) gene coupled to a 

variety of reporter genes involved in oxidative stress and the cellular response to different direct and indirect 

genotoxic effects. ToxTracker is also able to provide insight into the primary toxic properties of compounds through 

integrated evaluation of the results from the different reporter cells in the test (Hendriks et al. 2012). In the current 

project, the ToxTracker assay was performed as previously described (Baken and Dingemans, 2017; Hendriks et al. 

2012). In brief, the six different reporter cell lines were exposed to five dilutions of the water samples (REF 6.25, 

12.5, 25, 50 and 100) in the presence and absence of 0.25% S9 and required co-factors (RegenSysA+B, Moltox), 

resulting in two different test conditions (-S9 and +S9). Negative controls (extracts of Evian mineral water), solvent 

controls (DMSO) and the standard relevant positive controls were run in parallel. Three independent repeat 

experiments were performed. Induction of the green fluorescent protein (GFP) reporters was determined after 24 

hours exposure using a flow cytometer. Only GFP expression in intact single cells was determined. Mean GFP 

fluorescence was measured and used to calculate GFP reporter induction compared to a vehicle control treatment. 

Cytotoxicity was estimated by cell count after 24 hours exposure using a flow cytometer and was expressed as 

percentage of intact cells after 24 hours exposure compared to solvent exposed controls. Relative GFP induction 

was calculated compared to the solvent control and a 2-fold increase or more was considered as positive response 

for each marker. If activation of the Bscl2-GFP and/or Rtkn-GFP marker above 2 was observed, the test substance 

was classified as genotoxic. In addition to numerical significance, biological relevance was taken into account to 

interpret the results, where sample dilutions showing >25% cytotoxicity compared to the negative control were 

regarded as cytotoxic to avoid interpretation of false positive responses. For cytotoxicity assessment in the 

ToxTracker assay, the relative cell survival for the six different reporter cell lines was averaged, because the levels 

were very similar, and normalized to Evian mineral water. Cytotoxicity (%) was calculated by subtracting the relative 

survival rate from 1 and multiplying  by 100.   


	Collaborating Partners
	Report
	Summary
	Contents
	1 Introduction
	1.1 Challenges in freshwater (re)use
	1.2 Decision-support system for safe water (re)use cycles
	1.3 Bioassays for safe water (re)use cycles
	1.4 Relevant biological effects for water quality assessment
	1.4.1 Genotoxicity
	1.4.2 Endocrine disruption
	1.4.3 Neurotoxicity

	1.5 Project description

	2 Materials and methods
	2.1 Collection of water samples
	2.2 Preparation of water extracts
	2.3 Bioassays
	2.4 Literature study
	2.4.1 Genotoxicity and endocrine disruption
	2.4.2 Neurotoxicity
	2.4.3


	3 Experimental results
	3.1 Ames fluctuation test
	3.2 Umu test
	3.3 Micronucleus test
	3.4 Comet assay
	3.5 p53 CALUX
	3.6 ToxTracker
	3.7 Integrated results of the six bioassays

	4 Results of the literature study
	4.1 Literature search output
	4.1.1 Genotoxicity
	4.1.2 Endocrine effects
	4.1.3 Neurotoxicity

	4.2 (Recent) developments in test batteries for water quality assessment
	4.2.1 Genotoxicity test batteries for water quality assessment
	4.2.2 Test batteries for endocrine effects in water quality assessment
	4.2.3 Neurotoxicity test batteries for water quality assessment


	5 Discussion
	5.1 Reflection on experimental results
	5.2 Provisional genotoxicity test battery for water samples
	5.2.1 Performance of the bioassays
	5.2.2 Practical considerations
	5.2.3 Possible position of genotoxicity bioassays in a test battery for water quality assessment

	5.3 Interpretation of bioassay responses for different water types
	5.3.1 Effect-based trigger values
	5.3.2 Toxic equivalency factor


	6 Conclusions and future perspectives
	Acknowledgement
	Tables
	References
	Annex I – Description of bioassay methods
	Ames fluctuation test (KWR)
	Umu test (KWR)
	Micronucleus test (UBA)
	Comet assay (HU)
	p53 CALUX (HWL)
	ToxTracker (Toxys)


