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Summary 

To date, chemicals are used ubiquitous in everyday life and an increasing 

consumption of pharmaceuticals and personal care products and industrial 

chemicals results in an increased water pollution. Conventional wastewater 

treatment plants are not able to completely remove the variety of (polar) organic 

compounds from today’s wastewater and thus serve as constant key point sources 

for the unintentional release of (micro-)pollutants into the aquatic environment. 

Anthropogenic micropollutants are detectable in very low concentrations in almost 

every aquatic compartment and may cause adverse effects on aquatic organisms. 

Considering the current situation of water pollution and to enhance water quality 

with regard to environmental and human health, the implementation of advanced 

wastewater treatment technologies, such as ozonation and activated carbon 

filtration was extensively discussed and investigated in recent years. Yet, besides 

their advantages regarding the efficient removal of a variety of recalcitrant, organic 

compounds as well as pathogens from the wastewater, it is known that especially 

the treatment with ozone may lead to the formation of largely unknown ozonation 

by-products with often unknown toxicity and unknown threats to human and the 

environment. To address these topics the joint research project TransRisk aimed at 

the “characterization, communication and minimization of risks originating from 

emerging contaminants and pathogens in the water cycle”. Within this research 

project the present thesis focuses on the ecotoxicological investigation of emerging 

waterborne contaminants, including their potential transformation products (TPs). 

Additionally, focus was laid on the investigation of combined effects of 

anthropogenic contaminants and pathogens with effects especially on aquatic 

invertebrate organisms.  

The potential ecotoxicological effects of the antiviral drug acyclovir and two of its 

structurally identified TPs, were investigated on three aquatic organisms 

(Raphidocelis subcapitata, Daphnia magna and embryos of Danio rerio). While the 

parent compound acyclovir caused no acute toxicity up to a tested concentration of 

100 mg/l on any of the investigated organisms, both TPs were shown to exhibit an 

increased aquatic toxicity. Carboxy-acyclovir, the biodegradation product of 
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acyclovir, significantly reduced reproduction of D. magna by 40% at 102 mg/l, and 

the ozonation product COFA significantly inhibited growth of green algae R. 

subcapitata (EC10 = 14.1 mg/l). In the present case, advanced wastewater treatment 

was shown to lead to the formation of TPs, that reveal a higher toxicity towards 

investigated organisms, than the parent compound. Results highlight the necessity 

of further research related to the topic of identification and characterization of TPs, 

formed during advanced wastewater treatment processes. 

To investigate the potential reduction or enhancement of toxic effects of nine 

differently treated wastewater effluents, selected bioassays with Daphnia magna, 

Lumbriculus variegatus and Lemna minor were conducted in flow-through test 

systems on a pilot treatment plant. The different treatment processes included 

ozonation of conventional biological treatment, with subsequent filtration 

processes as well as membrane bioreactor treatment in combination with 

ozonation. While exposure to the conventionally treated wastewater did not result 

in significant impairing effects on D. magna and L. minor, a reduced abundance of L. 

variegatus (by up to 46%) was observed compared to the medium control. 

Subsequent ozonation and additional filtration of the wastewater enhanced water 

quality, visible in an improved performance of L. variegatus. In general, direct 

evidence for the formation of toxic TPs due to the advanced wastewater treatments 

was not found, at least not in concentrations high enough to cause measurable 

effects in the investigated test systems. Additionally, no evidence for immunotoxic 

effects of the investigated wastewater effluents were observed. Yet, study-site- and 

species-specific effects hindered the definite interpretation of results. That 

underline the importance of a suitable test battery consisting of representatives of 

different taxonomic groups and trophic levels, to ensure a comprehensive 

evaluation of the complex matrix of wastewater and to avoid false-negative or false-

positive results. 

With aim to improve knowledge regarding immunotoxicity in invertebrates, the 

potential immunotoxic effects of the immunosuppressive pharmaceutical 

cyclosporine A (CsA) were investigated by applying the host-parasite model system 

Daphnia magna – Pasteuria ramosa in an adapted host resistance assay. Co-exposure 

to CsA and Pasteuria synergistically affected long-term survival of D. magna. 
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Additionally, the enhanced virulence of the pathogen upon chemical co-exposure 

was expressed in synergistically increased infection rates and an increased speed of 

Pasteuria-induced host sterilization. In conclusion, results provide evidence for a 

suppressed disease resistance in a chemically stressed invertebrate host, 

highlighting the importance of investigating the conjunction of environmental 

pollutants and pathogens in the environmental risk assessment of anthropogenic 

pollutants. 
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Zusammenfassung 

Der zunehmende Konsum von Pharmazeutika, Körperpflegeprodukten und 

Industriechemikalien führt zu einer erhöhten Wasserverschmutzung und es besteht 

eine wachsende öffentliche und wissenschaftliche Besorgnis über das Vorkommen 

von anthropogenen Chemikalien in der aquatischen Umwelt. Oberflächengewässer 

aber auch Grundwasserreservoirs sind Lebensraum für zahlreiche aquatische 

Organismen und dienen gleichzeitig als Haupttrinkwasserquelle. Vor allem in 

Ballungsgebieten werden diese Wasserspeicher durch hauptsächlich organische 

Schadstoffe aus Kläranlageneinträgen belastet. Konventionelle Kläranlagen sind 

darauf ausgelegt, Nährstoffe, wie anorganische Stickstoffverbindungen und 

Phosphat zu reduzieren und relevante Schadstoffparameter, wie beispielsweise den 

chemischen und den biologischen Sauerstoffbedarf zu senken, sowie potentielle 

Krankheitserreger zu entfernen. Durch die Sorption an Klärschlamm wird zusätzlich 

die Abtrennung vieler unpolarer Stoffe realisiert, während die Mehrzahl der polaren 

Verbindungen in konventionellen Kläranlagen schlecht abbaubar ist. Herkömmliche 

Kläranlagen fungieren daher als ständige Punktquellen für die unbeabsichtigte 

Freisetzung von (Mikro-)Schadstoffen in die aquatische Umwelt. Anthropogene 

Mikroverunreinigungen sind mittlerweile in sehr geringen Konzentrationen in fast 

allen aquatischen Kompartimenten messbar und negative Auswirkungen, wie 

beispielsweise akute und chronische, sowie endokrine Effekte auf 

Wasserorganismen aber auch Antibiotikaresistenzen von Mikroorganismen 

konnten nachgewiesen werden. Bislang existieren keine regulatorischen Richtlinien 

für die Überwachung und den Eintrag der Vielzahl der anthropogenen 

Mikroschadstoffe und ihrer potentiellen Transformationsprodukte in aquatische 

Ökosysteme. 

In Anbetracht der aktuellen Situation der Wasserverschmutzung und mit dem Ziel 

einer verbesserten Wasserqualität in Bezug auf die Umwelt und die menschliche 

Gesundheit, wurde in den letzten Jahren die Einführung fortschrittlicher 

Technologien zur Abwasserbehandlung, wie Ozonung als oxidatives und 

Aktivkohlefiltration als adsorptives Verfahren, intensiv diskutiert und untersucht. 



 

 

IX 

 

Während Substanzen mithilfe der Aktivkohlefiltration durch Sorption entfernt 

werden, führt die Ozonung des Abwassers zu einem strukturellen Umbau der 

Substanzen, wobei nur die wenigsten dieser Verbindungen vollständig mineralisiert 

werden. Neben den Vorteilen der effizienten Entfernung einer Vielzahl von 

organischen Verbindungen sowie von Krankheitserregern aus dem Abwasser, 

wurde festgestellt, dass insbesondere die Abwasserbehandlung mit Ozon zur 

Bildung von weitestgehend unbekannten Transformationsprodukten mit oft 

unbekannter Toxizität führen kann. Neben anthropogenen Chemikalien, bedroht 

auch das Vorhandensein von Krankheitserregern, wie Viren, Bakterien oder 

Protozoen, die Qualität des verfügbaren Süßwassers und kann Risiken für Mensch 

und Umwelt darstellen. Neben einem direkten Infektionsrisiko, birgt die Interaktion 

von anthropogenen Mikroschadstoffen und Krankheitserregern Risiken, die gerade 

für aquatische Invertebraten bisher kaum untersucht wurden. 

Bezugnehmend auf oben genannte Zusammenhänge untersuchte das vom 

Bundesministerium für Bildung und Forschung (BMBF) geförderte 

Forschungsprojekt TransRisk die "Charakterisierung, Kommunikation und 

Minimierung von Risiken durch neue Schadstoffe und Krankheitserreger im 

Wasserkreislauf". Im Rahmen dieses Forschungsprojektes konzentrierte sich die 

vorliegende Thesis auf die ökotoxikologische Untersuchung wasserbürtiger 

Schadstoffe, einschließlich ihrer potentiell toxischen Transformationsprodukte. 

Dazu wurden einerseits bereits identifizierte Transformationsprodukte 

ökotoxikologisch charakterisiert, andererseits wurden erweiterte 

Abwasserbehandlungen auf ihr Potential hin untersucht, zu einer veränderten 

Toxizität des Abwassers beizutragen. Ein weiterer Schwerpunkt lag auf der 

Untersuchung der kombinierten Wirkung von anthropogenen Schadstoffen und 

Krankheitserregern mit Auswirkungen insbesondere auf wirbellose 

Wasserlebewesen. Dazu wurde das Wirt-Pathogen-Modell Daphnia magna – 

Pasteuria ramosa verwendet, um in adaptierten host resistance assays die 

Auswirkungen potentiell immuntoxischer Verbindungen zu untersuchen.  
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Das Virostatikum Aciclovir (ACV) ist ein Beispiel für ein Humanpharmakon mit 

strukturell identifizierten Transformationsprodukten, die während der 

konventionellen Abwasserbehandlung und nach anschließender Ozonung 

entstehen. Vor Beginn dieser Thesis lagen keine ökotoxikologischen Daten 

bezüglich der Ausgangsverbindung und der beiden Transformationsprodukte vor. 

Die möglichen ökotoxikologischen Wirkungen der drei Verbindungen wurden daher 

mit Raphidocelis subcapitata, Daphnia magna und Embryonen von Danio rerio als 

Vertreter verschiedener trophischer Ebenen untersucht. Während die 

Ausgangsverbindung Aciclovir bei keinem der untersuchten Organismen zu einer 

akuten Toxizität führte, zeigten beide Transformationsprodukte eine erhöhte 

aquatische Toxizität. Während Carboxy-Aciclovir, das Bioabbauprodukt von 

Aciclovir, die Reproduktion von D. magna signifikant um 40% reduzierte (bei einer 

Konzentration von 102 mg/l), führte das Ozonungsprodukt COFA, zu einer 

signifikanten Wachstumshemmung der Grünalge R. subcapitata (EC10 = 14,1 mg/l). 

Die vorliegenden Ergebnisse verdeutlichen, dass erweiterte Abwasserbehandlung, 

und vor allem Ozonung, zur Bildung von polaren Transformationsprodukten führen 

kann, die unter Umständen eine höhere Toxizität gegenüber untersuchten 

Organismen aufweisen als die jeweilige Ausgangsverbindung. Die Ergebnisse 

unterstreichen die Notwendigkeit weiterer Forschung im Zusammenhang mit der 

Identifizierung und Charakterisierung von Transformationsprodukten, die bei 

erweiterten Abwasserbehandlungsprozessen entstehen können.  

Um die mögliche Verringerung oder Verstärkung der toxischen Wirkung von neun 

unterschiedlich behandelten Abwässern zu untersuchen, wurden ausgewählte 

Tests mit Daphnia magna, Lumbriculus variegatus und Lemna minor in Durchfluss-

Testsystemen auf einer Pilot-Kläranlage durchgeführt. Die verschiedenen 

Behandlungsprozesse beinhalteten Ozonung konventionell behandelten Abwassers 

mit anschließenden Filtrationsprozessen, sowie Membranbioreaktorbehandlung in 

Kombination mit Ozonung. Es wurde die Hypothese getestet, dass oxidative 

Prozesse, wie beispielsweise die Behandlung des Abwassers mit Ozon, 
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beeinträchtigende Effekte auf eingesetzte Organismen nach sich ziehen, und dass 

solche Effekte durch anschließende Filtrationstechniken reduziert werden können. 

Während die Exposition gegenüber konventionell gereinigtem Abwasser keine 

signifikanten Effekte auf D. magna und L. minor zur Folge hatte, wurde eine im 

Vergleich zur Negativkontrolle um bis zu 46% reduzierte Anzahl von L. variegatus 

beobachtet. Ozonung des konventionell geklärten Abwassers und zusätzliche 

Filtration führten zu einer verbesserten Wasserqualität, welche sich vor allem in der 

erhöhten Anzahl von L. variegatus zeigte. Erhöhte Nitrit- und Ammoniumwerte im 

Ablauf der Membranbioreaktoren (sowohl mit als auch ohne anschließende 

Ozonung) führten zu einer drastischen Reduktion der Abundanz von L. variegatus. 

Nach Exposition gegenüber GAK-gefiltertem Abwasser wurde ein signifikant 

reduziertes Wachstum von L. minor beobachtet, was eine Folge der 

Nährstoffentfernung durch Filtration sein kann. 

Entgegen der Erwartungen wurde kein direkter Nachweis für die Bildung toxischer 

Transformationsprodukte nach erweiterter Abwasserbehandlung gefunden, 

zumindest nicht in Konzentrationen, die hoch genug waren, um messbare Effekte in 

den untersuchten Testsystemen zu verursachen. Studienort- und artspezifische 

Effekte, erschwerten jedoch die eindeutige Interpretation der Ergebnisse. Dies 

unterstreicht die Bedeutung einer geeigneten Testbatterie bestehend aus 

Vertretern verschiedener taxonomischer Gruppen und trophischer Ebenen, um eine 

umfassende Bewertung der komplexen Abwassermatrix zu gewährleisten und 

falsch-negative oder falsch-positive Ergebnisse zu vermeiden. 

Mit dem Ziel, das Wissen über Immuntoxizität bei Wirbellosen zu verbessern, und 

die Eignung des gewählten Wirt-Pathogen-Modells Daphnia magna – Pasteuria 

ramosa zu überprüfen, wurde der Einfluss des humanen Immunsuppressivums 

Cyclosporin A (CsA) auf die Virulenz von P. ramosa in einem adaptierten host 

resistance assay untersucht. Es wurde vermutet, dass sich potentielle 

immunsuppressive Effekte der Modellsubstanz CsA in einer erhöhten Virulenz des 

Pathogens, und damit einhergehend in einer erhöhten Sterilisationsrate und 

verminderter Überlebensrate von D. magna äußert. Daphnien, die zu Testbeginn 
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weniger als 24 h alt waren, wurden für 21 Tage gegenüber CsA exponiert, wobei 

während der ersten 72 Stunden eine zusätzliche Exposition gegenüber dem 

Pathogen erfolgte. Die simultane Exposition gegenüber CsA und Pasteuria führte zu 

einem signifikant reduzierten Überleben von D. magna. Zusätzlich wurde eine 

erhöhte Virulenz des Pathogens in Anwesenheit von CsA beobachtet, die sich in 

synergistisch erhöhten Infektionsraten und einer erhöhten Geschwindigkeit der 

Pasteuria-induzierten Sterilisation von D. magna bemerkbar machte. Die Ergebnisse 

liefern eindeutige Hinweise, dass ein Arzneimittel, welches die humane 

Immunantwort unterdrücken soll, ebenfalls immuntoxische Wirkung auf wirbellose 

Organismen zeigen kann. Die Ergebnisse unterstreichen die Notwendigkeit, 

Immuntoxizität in der Umweltrisikobewertung zu berücksichtigen und geeignete 

standardisierte Methoden zu diesem Zweck zu entwickeln. 

Zusätzlich wurde das gewählte Wirt-Parasit-System D. magna – P. ramosa zur 

Untersuchung des immuntoxischen Potentials von Abwässern nach konventioneller 

Behandlung, sowie nach anschließender Ozonung und nach Biofiltration eingesetzt. 

Dazu wurden juvenile Daphnien in einem Durchflusstestsystem für 21 Tage 

gegenüber den verschiedenen Abwässern exponiert. Die Exposition in den ersten 72 

Stunden erfolgte statisch und mit zusätzlicher Exposition gegenüber dem Pathogen 

P. ramosa. Keines der untersuchten Abwässer lieferte Hinweise auf ein 

immuntoxisches Potential. Es wurde vielmehr eine im Vergleich zur Pasteuria-

Kontrolle reduzierte Infektionsrate der Daphnien nach kombinierter Exposition 

gegenüber Abwasser und P. ramosa beobachtet. 

Die Ergebnisse der vorliegenden Thesis unterstreichen die Wichtigkeit der Auswahl 

relevanter Testsysteme und zu untersuchender Endpunkte, um einseitige und 

möglicherweise falsch-positive oder falsch-negative Ergebnisse zu vermeiden und 

unter anderem auch immuntoxische Potentiale zu erkennen.  
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General introduction 

1 General introduction 

Water is one of the greatest goods for human kind and the environment. It covers two 

thirds of the earth’s surface, composes essential parts of all living organisms and is 

fundamental for life on earth. According to the United Nations, clean drinking water 

and sanitation are human rights and should therefore be made accessible to the entire 

world population. However, there is concern, that by 2040 only 70% of the total global 

water demand will originate from natural sources and already today more than 2 

billion people have no access to safe drinking water and sanitation (UN-Water, 2018). 

The worldwide expanding population density and the associated increasing 

consumption of pharmaceuticals and personal care products (PPCPs) and industrial 

chemicals are resulting in an increase in water pollution, with potential risks for human 

health and still unknown ecotoxicological long-term impacts on aquatic organisms. 

More than 143 million organic and inorganic chemical substances are currently 

identified and listed in the American Chemical Society’s Chemical Abstracts Service 

(CAS) Registry and this enormous number continues to grow – daily, approximately 

15,000 chemicals are added to the list (www.cas.org). Since chemicals are used 

ubiquitous in everyday life (in industrial processes and products, as pesticides and 

biocides, as flame retardants, in human and veterinary pharmaceuticals and in 

personal care and cleaning products to only name a few) a huge amount of these 

anthropogenic pollutants is ending up in surface and even drinking waters. For the 

majority of these substances and their possible emerging transformation products 

(TPs), there is no or only insufficient information available regarding potential hazards 

to humans and the environment (Daughton & Ternes, 1999; Eggen et al., 2014).  

Besides anthropogenic chemicals, the presence of waterborne pathogens, such as 

viruses, bacteria or protozoans is threatening the quality of available freshwater and 

may pose risks for humans and the environment (Ross, 2010; Rizzo et al., 2013). In 

addition to the direct risk of infection, the interaction of anthropogenic micropollutants 

and pathogens may pose risks that have barely been studied, especially for 

invertebrate aquatic organisms. 
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1.1 Scope of the present thesis 

One of the key aspects of the present thesis was the investigation of aquatic toxicity of 

anthropogenic emerging contaminants, including their potential TPs, which may be 

present in ozonated wastewater. The second focus was laid on the investigation of 

possible joint effects of anthropogenic contaminants and pathogens with effects 

especially on aquatic invertebrate organisms. Research was financially supported by 

the Federal Ministry of Education and Research (German: Bundesministerium für 

Bildung und Forschung - BMBF) within the joint research project TransRisk (FKZ: 

02WRS1275F, duration 11/2011 – 04/2015) which aimed at the “characterization, 

communication and minimization of risks originating from emerging contaminants 

and pathogens in the water cycle”. The concerns regarding possible hazards of 

anthropogenic contaminants and their TPs as well as the conjunction of xenobiotics 

and pathogens with regard to aquatic organisms are addressed in the following 

chapters. 

 

1.2 Anthropogenic micropollutants  

Todate anthropogenic micropollutants, i.e. substances that are detectable in very low 

concentrations, such as the ng to µg L-1 range, are measurable in almost every 

compartment in the aquatic environment (Lapworth et al., 2012; Margot et al, 2013).  

There are a variety of pathways for micropollutants to enter surface waters, most of 

them related to human activities, such as industrial production, agricultural activities, 

use of PPCPs or cleaning products. Most of the detectable anthropogenic 

micropollutants are very persistent and their removal during wastewater treatment, 

mainly by sorption to suspended solids, may be limited by their polarity (Ternes et al., 

2004; Behera et al., 2011).  

For these reasons, there is concern that municipal wastewater treatment plants 

(WWTPs), which were in fact originally designed for the removal of nutrients and non-

polar chemical compounds, are not or only partially able to remove the variety of 

(polar) organic compounds from today’s wastewater (Janssens et al., 1997; Bolong et 
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al., 2009; Gros et al., 2010) and thus serve as significant and continuous sources for the 

release of micropollutants into surface and even ground waters and though into the 

aquatic environment (e.g. Choubert et al., 2011; Deblonde et al., 2011; Lapworth et al., 

2012; Prasse et al., 2015). A variety of anthropogenic micropollutants has been 

detected in water cycles globally (Schwarzenbach et al., 2006; Kasprzyk-Hordern et al., 

2009; Regnery & Püttmann, 2010; Spongberg et al., 2011) and WWTP-discharges have 

already been linked to adverse environmental effects on aquatic species including 

acute and chronic toxicity, endocrine disrupting effects as well as antibiotic resistance 

of microorganisms (Fent et al., 2006; Pruden et al., 2006; Ashauer, 2016). To date, no 

limiting regulatory guidelines exist regarding discharge and monitoring of the variety 

of micropollutants and their potential by-products (Bolong et al., 2009). The European 

Commision has been adressing this issue by adopting the Water Framework Directive 

(WFD) (2000/60/EC), and by listing 33 priority substances for monitoring of the 

chemical status of surface and ground waters. In 2013 the Environmental Quality 

Standards Directive (2008/105/EC) added 12 additional priority substances. Yet, most 

likely these priority substances do not necessarily represent the most problematic 

substances present in the aquatic environment. 

 

1.3 Advanced wastewater treatment  

Initially conventional WWTPs were designed for the removal of nutrients, such as 

nitrogen, phosphorus and total organic carbon (TOC), for the decrease of relevant 

pollution parameters (such as the chemical oxygen demand (COD), the biological 

oxygen demand (BOD) or the load of total suspended solids (TSS)) and for elimination 

of pathogens and coliforms. By sorption to sewage sludge the removal of many non-

polar substances is realized additionally, whereas the majority of the more recalcitrant, 

polar compounds is poorly degradable within conventional WWTPs (Ternes & Joss, 

2004). Conventional WWTPs usually consist of a preliminary treatment (for the 

removal of coarse solids and other large materials), a subsequent mechanical pre-

treatment (for the removal of settleable organic and inorganic solids by sedimentation 

and the removal of floatable materials by skimming), followed by secondary biological 

treatment (e.g. activated sludge treatment) with nitrification and denitrification steps. 
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Residual organics and suspended solids are usually removed in a final clarification 

step. 

With regard to the current situation of water pollution and related to the requirements 

of the European WFD, which aims at achieving a good ecological status of inland and 

coastal waters as well as groundwaters until 2027 (originally target dates were 2015 

(1st agreement) and 2021 (2nd agreement)), the upgrade of conventional WWTPs with 

tertiary treatment processes, such as different filtration techniques (e.g. activated 

carbon), advanced oxidation processes (AOPs) such as ozonation, or membrane 

bioreactor (MBR) treatment processes became more important in recent years (e.g. 

Eggen et al., 2014; Luo et al., 2014). Large-scale trials already provided evidence for 

the successful removal of a broad range of target micropollutants (Hollender et al., 

2009; Margot et al., 2013). 

Since tertiary treatment processes are usually associated with high energy 

consumption and expensive treatment costs, the decision to implement such advanced 

treatment processes is always related to national environmental and public health 

policies and are often bound to long term decision processes. To date, several countries 

focus on the implementation of advanced wastewater treatment processes, yet 

Switzerland still pioneers with their policy to upgrade ~100 of their WWTPs within 

the next ~20 years (Eggen et al., 2014).  

Due to the heterogeneity of the vast group of micropollutants, it is challenging to find 

a universal treatment solution. However, considering removal of hydrophilic organic 

compounds and energetic as well as cost-balances, activated carbon treatment and 

oxidation processes currently seem to be the most promising tertiary treatments 

following conventional activated sludge treatment (Ternes & Joss, 2007; Joss et al. 

2008). Within the research project TransRisk ozonation of wastewater in combination 

with different (subsequent) processes was investigated for the treatment of municipal 

wastewater with aim to improve removal of anthropogenic micropollutants and 

pathogens. The treatment processes were installed in pilot-plant scale on a pilot 

treatment plant in Southern Hesse, receiving real wastewater from a WWTP with 

municipal and industrial origin (about 70% and 30% respectively). In addition to 

conventional biological treatment, ozonation with subsequent filtration processes 

(activated carbon and biofilter treatment) (Fig. 1) as well as MBR treatment in 
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combination with ozonation were investigated (Fig. 2). The resulting nine different 

effluents were ecotoxicologically evaluated in the present thesis using an in vivo test 

battery consisting of aquatic representatives of different taxonomic groups. Respective 

results are presented in the Annex I.II.  

The combined treatment processes are in detail described by Knopp et al. (2016) and 

shortly addressed in the following subchapters. 

 

 

Figure 1: Schematic overview of the investigated advanced treatment processes related to 

the 1st ozone system with subsequent filtration techniques. GAC – granulated activated 

carbon. Effluents investigated in the in vivo test systems are indicated by red dots. (Reprint 

from Knopp et al., 2016) 

 

 

 

 

Figure 2: Schematic overview of the investigated advanced treatment processes related to 

the MBR treatments and the 2nd ozone system. Effluents investigated in the in vivo test 

systems are indicated by red dots. 
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Ozonation 

Ozone (O3) is a powerful oxidizer with high elimination rates of microorganisms and 

organic contaminants for which adequate elimination by adsorption or conventional 

biological treatment is not provided (Janex et al., 2000; Snyder et al., 2006). Ozone is 

unstable in water and degrades into hydroxyl radicals (HO·), which are unspecific and 

powerful oxidizing radicals, that can react with a variety of dissolved compounds in the 

water matrix. Ozone itself reacts more selectively for electron-rich chemicals, e.g. 

compounds with double bonds (Acero & von Gunten, 2001; von Gunten, 2003a; Snyder 

et al., 2006).  

 

Activated carbon filtration 

Adsorption by activated carbon, both in granulated (GAC) and in powdered (PAC) form, 

is an efficient method to remove a broad range of dissolved organic compounds with 

non-polar characteristics and matching pore size and shape properties (Ghosh et al., 

1999; Matsui et al., 2002a, 2002b; Rossner et al., 2009;). Activated carbon is applicable 

in secondary as well as in tertiary treatment processes and is commonly related to the 

elimination of taste-, odor- and color-promoting compounds (Knappe et al., 1998; Luo 

et al., 2014). The main advantage of activated carbon treatment is the high elimination 

rate of micropollutants due to accumulation onto the solid phase, and thus reducing or 

even eliminating the risk of formation of toxic by-products. However, some polar 

components, such as the anticonvulsant drug gabapentin, are not completely 

eliminated by activated carbon treatment (Reungoat et al., 2010), pointing to the 

efficiency limitation of this treatment method. 

 

Biofilter processes 

In biofiltration processes, microorganisms are used for the purification of wastewater. 

Within the biofilm, the microorganisms live in close proximity and form symbiotic 

biocenoses, which are able to degrade even the more recalcitrant substances in the 

wastewater. A constant inflow of nutrients and organic matters is essential for the 

microorganisms and their effective functionality (Chaudhary et al., 2003). In addition 

to the biodegradation of organic compounds and nutrients, a retention of suspended 

solids is optimally realized.  
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Membrane bioreactor 

A combination of conventional activated sludge treatment and membrane filtration is 

given in MBR processes, which is beneficial with regard to higher solid contents in the 

reaction chamber, higher rates of microbial separation due to higher solids retention 

time and high effluent quality (Spring et al., 2007; Luo et al., 2014). MBRs were shown 

to be efficient in the removal of compounds, such as pharmaceuticals, that were not 

eliminated in conventional activated sludge treatment (Radjenović et al., 2007, 2009). 

 

1.4 Transformation products of anthropogenic micropollutants 

The main advantage of advanced wastewater treatment methods, such as activated 

carbon filtration or treatment with ozone, is the efficient removal of a variety of 

recalcitrant, organic compounds as well as pathogens and coliforms to a much greater 

extent than observed in conventional biological treatment (Huber et al., 2005; 

Hollender et al., 2009; Reungoat et al., 2010, 2012; Margot et al., 2013).  

Yet, whereas complete mineralization of compounds during wastewater treatment is 

scarce, as for example demonstrated for aspirin (Richardson & Bowron, 1985), many 

compounds are not completely mineralized, but rather transformed into a variety of 

largely unknown TPs with often unknown toxicity and unknown threats for humans 

and the environment (Schulz et al., 2008; Oulton et al., 2010; Zhang & Li, 2011; Hübner 

et al. 2014). Often there is more than one by-product formed, as for example 

demonstrated for the antiepileptic drug carbamazepine, or the beta blocker 

propranolol (McDowell et al., 2005; Benner & Ternes, 2009a). 

While ozonation, as an effective tool for the removal of pathogens and anthropogenic 

contaminants, is one of the most promising advanced treatment methods, it is 

simultaneously known to be associated with the formation of ozonation by-products 

(Richardson et al., 2007). A well-known example is the microbial degradation of the 

fungicide tolylfluanide to the non-toxic decomposition product N,N-dimethylsulfamide 

(DMS), which is transformed into the highly carcinogenic N-nitrosodimethylamine 

(NDMA) during ozonation (Schmidt & Brauch, 2008). Another example is the antiviral 

drug acyclovir (ACV), which is used for the treatment of herpes infections and has been 

detected in German WWTP influents in concentrations up to 2 μg/l (Prasse et al., 2011). 
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Aerobic degradation of ACV in the WWTP, due to the oxidation of the terminal hydroxyl 

group leads to the formation of the microbiologically very stable TP carboxy-acyclovir 

(C-ACV). C-ACV was detected in German rivers in concentrations up to 3.2 μg/l. C-ACV 

is almost completely eliminated after treatment with ozone. However, instead of 

degradation of the compound, the formation of another stable TP (N-(4-carbamoyl-2-

imino-5-oxoimidazolidine)formamido-N-methoxy-acetic acid, in the following called 

COFA) is reported (Prasse et al., 2011, 2012). In general TPs often have an only slightly 

altered chemical structure but can be very stable and, in some cases, have a similar or 

even higher (eco-) toxicological active potential than their parent compound (Boxall et 

al., 2004).  

In the present thesis, the potential ecotoxicological effects of a pharmaceutical and its 

TPs on different representatives of aquatic organisms were investigated using the 

example of ACV and its TPs (Annex I.I). 

 

1.5 Regulatory background 

Regarding chemical safety assessment, the European regulation concerning the 

Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH, 

regulation No 900/2014) controlls production, import and use of chemicals. The 

quality of surface waters and groundwater is addressed among others in the European 

Framework Directive (WFD, 2000/60/EC), the Federal Water Act 

(Wasserhaushaltsgesetz, WHG) or the German Surface Waters Ordinance 

(Oberflächengewässerverordnung, OgewV).  

REACH was initiated in 2007 (and subsequetly officially terminated on May 31, 2018) 

and aimed to ensure a high level of protection of human health and for the 

environment. The chemical safety assessment starts with a hazard assessment for 

humans and the environment, based on the physical and chemical properties of the 

substance. Among others, it investigates if the substance has persistent, 

bioaccumulative and toxic (PBT) or very persistent and very bioaccumulative (vPvB) 

properties. Subsequently, threshold concentrations for the environment and human 

health are derived. The Predicted No-Effect Concentration (PNEC) indicates the 

concentration of the substance in the environment at which no harmful effects are 
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expected. If a substance is classified as hazardous, or if it has PBT or vPvB properties, 

the registrant has to additionally estimate the Predicted Environmental Concentration 

(PEC) in an exposure assessment. Chemicals that are poorly soluble in water and/or 

easily soluble in fat, often exhibit no acute toxicity but may cause effects in long-term 

exposure scenarios such as increased mortality and reduced growth or reproduction. 

Therefore, data on long-term toxicity for invertebrates (Daphnia, REACH Annex IX, 

9.1.5) and fish (REACH Annex IX, 9.1.6) are required for substances with chemical 

properties of concern (e.g. low water solubility) and for substances that exceed a 

production or import quantity of 100 t/year.  

The WFD (2000/60/EC) aims to regulate the chemical, ecological and hygienic quality 

of all water bodies including surface and groundwater on the European level. A list of 

environmental quality standards for, to date, 45 priority substance was applied in the 

Environmental Quality Standards Directive (2008/105/EC), that mainly includes 

industrial chemicals as well as pestizides and biocides and defines threshold 

concentrations, which are considered to be unharmful for aquatic organisms, and that 

should not be exceeded in surface waters.  

The most important federal law on German level is the WHG, that aims to achieve good 

quality status for all water bodies until 2027, with regard to minimized pollutant levels 

and good ecological status for native aquatic species (animals and plants). The central 

objectives and management rules are implemented according to the WFD, and are 

executed due to “Subsidiary Directives” such as the OGewV. The OGewV controls 

emissions and discharges of priority substances and selected pollutants and 

implements EU legal provisions onto German law, such as the previously mentioned 

directives 2000/60/EC and 2008/105/EC. 

 

To date most emerging micropollutants as well as their potential TPs are currently not 

covered by existing environmental regulatory edicts. A few pharmaceuticals, such as 

the analgesic drug diclofenac, the hormones 17alpha-ethinylestradiol and 17beta-

estradiol, as well as three macrolide antibiotics have been listed on a watch-list of 

emerging aquatic pollutions by the European Commission, for systematic monitoring 

across Europe. This aims at the identification of the environmental impact, related to 
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these substances and to highlight the need to include micropollutants, such as 

pharmaceuticals in the list of priority substances according to the WFD.  

The regulatory assessment of TPs is currently only covered in the case of pesticide 

metabolits in the Pesticide Directive (1107/2009/EC), all other regulation directives 

do not involve TPs in their regulatory assessment. Besides TPs, effects of contaminant 

mixtures are also not covered in the regular regulatory edicts and toxicity assessment 

of chemicals still focus mainly on the investigation of individual substances (Beyer et 

al., 2014). 

 

1.6 Immunotoxicity of anthropogenic micropollutants 

Since pathogens are ubiquitous in almost every habitat, an intact immune system is 

inevitable for the protection of organisms and populations (Schmid-Hempel, 2011; 

Blaustein et al., 2012). In recent decades concern has grown about anthropogenic 

(micro-)pollutants that exhibit no or only marginal toxicity but may act as 

immunotoxicants and thereby disturb the immune function of both humans and 

wildlife.  

For various wildlife species, contamination of their habitats was discussed to be linked 

to an increasing susceptibility to infectious diseases. Respective contaminants can be 

effective even in very low concentrations and yet drastically minimize populations 

(Mason et al., 2013). That was for example seen in 1988 and 2002, when a total of 

approximately 53,000 wild seals (Phoca vitulina) died from phocine distemper virus 

(Härkönen et al., 2006). For the mass mortality of 1988, among others, the 

accumulation of polychlorinated biphenyls (PCBs) and 

dichlorodiphenyldichloroethylene (DDE) in the examined tissue of infected seals was 

held responsible for the increased susceptibility to the pathogen. In 2002 PCBs and 

DDE could hardly be detected in seal tissue, however “new” substances, such as 

organotin compounds or brominated flame retardants, were assumed to have caused 

observed effects in the affected seals (Härkönen et al., 2006). 

Substances that may exhibit immunotoxic properties can be associated to a broad 

range of chemical classes (Galloway and Depledge, 2001). Among others, 

immunosuppressive effects have been demonstrated for heavy metals (Pipe & Coles, 
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1995; Parry & Pipe, 2004; Sorvari et al., 2007), pesticides (Gagnaire et al., 2007; Coors 

et al., 2008; Cerbin et al., 2010; Coors & De Meester, 2011; De Coninck et al. 2013), 

industrial chemicals (Coles et al., 1994) and complex mixtures such as wastewater 

effluents (Gagné et al., 2007, 2008). Pharmaceuticals with intentionally 

immunosuppressant efficiencies, that enter the aquatic environment mainly due to 

improper elimination in the WWTPs (Kümmerer, 2009) may also pose serious threats 

to affected organisms (Gagné et al., 2006). These drugs are mainly prescribed to treat 

autoimmune diseases and to prevent allograft rejections. The consumption of 

immunomodulatory substances in Germany increased between 2002 and 2009 by 91% 

(from 6,799 kg to 13,005 kg) (Bergmann et al., 2011). Assuming an increased release 

of these immunomodulatory pharmaceuticals into all sorts of water bodies and thus 

into the aquatic environment, potential immunotoxic effects of pharmaceuticals in 

particular and anthropogenic micropollutants in general should be considered with 

regard to aquatic organisms. 

In the present thesis, the potential immunotoxic effects of the immunosuppressant 

drug cyclosporine A (CsA) were investigated on D. magna. CsA affects the innate as well 

as the adaptive immune system and is applied after transplants in humans to avoid 

organ rejections. CsA is a calcineurin-inhibitor and has also antibiotic as well as 

antifungal properties (Kümmerer, 2004). It was previously demonstrated to affect 

immune functions, such as the inhibition of phagocitic, cytotoxic and antibacterial 

peptides activity in some invertebrate species (Vilcinskas et al., 1999; Fiolka, 2008, 

2012).  

 
Immunotoxicity in invertebrates 

The attention regarding immunotoxicity has focused on vertebrates, especially 

mammals so far, while, despite their ecological importance, little information is 

available regarding immunotoxicity in invertebrates. Although invertebrates represent 

the vast majority (approximately 95%) of all species worldwide and play a vital 

functional role in the ecosystem, immunotoxicity is still a regulatory endpoint only 

with regard to toxicological but not to environmental risk assessments (ERA). Due to 

their importance in the ecosystem, invertebrates in particular require further attention 

to the toxic effects of environmental pollutants and additional (biotic) stressors. For 
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this reason, it is necessary to examine causal relationships between exposure to 

pollutants and the impairment of the immune system by means of experimental and 

multifactorial investigation approaches (Galloway and Depledge, 2001). 

Unlike vertebrates, invertebrates possess, as far as it is known, no adaptive immune 

system but only a nonspecific, so-called innate immune system similar to that of 

vertebrate organisms (Söderhäll & Cerenius, 1998). However, evidence of memory and 

specific immune functions, which are characteristics of the vertebrate immune system, 

were found even in some of the most basic invertebrate phyla such as Coelenterata and 

Cnidaria (Hildemann et al., 1977, 1979; Bigger et al. 1982). The main function of the 

innate immune system is the recognition of different cell types and the distinction 

between self and non-self agents to defend the organism against pathogenetic 

microorganisms.  

Using various measurements of general and specialized immune parameters 

(including measurements of cell viability, phagocytosis activity, number and activity of 

hematocytes, cytotoxicity assays, cytokines, macrophages, natural killer cells) possible 

immunosuppressive substances may be identified (Luebke et al., 2007). Yet so-called 

host resistance assays, where the resistance or susceptibility to pathogens is tested 

under the simultaneous influence of a chemical contaminant, serve as “gold-standard” 

for the investigation of immunotoxic effects (Descotes, 2006). A decreased clearance of 

an infectious pathogen or otherwise, an increased virulence serve as distinct evidences 

for a demonstrated immunotoxicity of an investigated substance (Burleson & Burleson, 

2008). 

Due to the inherent redundancy of the immune system, an experimental approach with 

in vivo experiments is indispensable for the confirmation of causal relationships 

between susceptibility to infection (and disease progression) and exposure to 

pollutants. Thus, host resistance assays seem to be a promising tool for the investigation 

of immunotoxicity in invertebrates. To date a considerable number of papers has been 

published in which an increased susceptibility of invertebrates to pathogens has been 

correlated with the influence of environmental pollutants in in vivo test systems (e.g. 

Chou et al., 1998; Shirakashi & El Matbouli, 2010; Coors & De Meester, 2008, 2011; De 

Coninck et al., 2013). However, no standardized test systems for the detection of 

immunotoxic effects in invertebrate organisms have been developed so far. 
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One host-parasite combination, that has been extensivley studied in recent years, with 

regard to ecological, epidemiological and genetic interactions, is the host-parasite 

model of Daphnia magna and Pasteuria ramosa (Ebert et al., 1998, 2016; Regoes et al., 

2003; Luijckx et al., 2011). The planktonic crustacean D. magna Straus is frequently 

used as model organism in standard tests of aquatic ecotoxicology. It reproduces via 

cyclic parthogenesis and is conctantly filter-feeding. The gram-positive, endospore-

forming bacterium P. ramosa is one of its obligate parasites (Ebert et al., 1996, Ebert, 

2005). Host infection takes place strictly horizontally by ingestion of endospores 

during filter-feeding and P. ramosa infects Daphnia hemolymph and muscles (Luijckx 

et al., 2011). The infection is microscopically and at an advanced stage also 

macroscopically visible (Fig. 3).  

 

 

 

Figure 3: Image of Pasteuria-infected (left) and uninfected Daphnia magna (right). Age of daphnids: 21 

days. P. ramosa spores appears as a dark mass that fills the entire body cavity of the host. Additionally, 

the brood chamber of the infected Daphnia is empty, indicating sterilization by P. ramosa, whereas the 

healthy female carries some embryos in the brood chamber. Source: L. Schlüter-Vorberg, ECT. 

 

Joint effects of P. ramosa and potential immunotoxic chemical substances on D. magna 

were demonstrated in several studies applying modified host resistance assays (Coors 

et al., 2008; Coors & De Meester, 2008, 2011; Buser et al., 2012; De Coninck et al., 2013).  

The host-parasite system D. magna – P. ramosa appears to be a promising model for 

the investigation of immunotoxicty in invertebrates due to high specific as well as 

distinct infection responses (Carius et al. 2001; Luijckx et al., 2011). 
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In the present thesis, joint effects of P. ramosa and the model substance CsA were 

investigated on D. magna (Annex I.III). Additionally, potential immunotoxic effects of 

wastewater samples from different advanced treatment methods, such as ozonation 

and biofiltration, were investigated using the model system D. magna – P. ramosa 

(Annex I.II).  

 

1.7 Integration of the present work into the current state of research  

The presence of anthropogenic micropollutants and pathogens in the water cycle is of 

great concern for those responsible in the water industry and to consumers of drinking 

water and also poses potential risks to aquatic ecosystems (Jekel et al., 2013; 

Richardson & Ternes, 2014; Stamm et al., 2015). In recent years, much research was 

done to improve knowledge and to develop technical solutions for the removal of the 

broad range of anthropogenic micropollutants during wastewater treatment (e.g. 

Rosal et al., 2010; Jelic et al., 2011; Ratola et al., 2012; Loos et al., 2013). Simultaneously 

great effort was made regarding the investigation of emergence of TPs formed during 

conventional biological and advanced wastewater treatment methods and their 

occurrence and effects in the aquatic environment. These include experimental studies 

and sampling campaigns on effluents of conventional and advanced treatment plants 

to identify and characterize various pharmaceutical compounds (Jelic et al., 2011, 

Reungoat et al., 2012), kinetic degradation studies of selected pharmaceuticals on the 

influence of different disinfection methods (Salgado et al., 2013) as well as literature 

studies (Farré et al., 2008; Fatta-Kassinos et al., 2011, Escher & Fenner, 2011). 

While there is also evidence on TPs formed during biological wastewater treatment 

(Zwiener et al., 2002; Quintana et al., 2005; Prasse et al., 2011), the main research focus 

(and main concern) relates to the formation of TPs as a consequence of AOPs (e.g. 

Huber et al., 2003; Petala et al., 2008; Oller et al., 2011; Prasse et al., 2012). According 

to previous studies, TPs of pesticides and biocides are in most cases less toxic than their 

parent compound, but in some cases may also exhibit higher aquatic toxicity (Boxall et 

al., 2004; Rosal et al., 2009; Stalter et al., 2010a, b). Prior to the start of the present 

thesis very little information was available for TPs of typical wastewater-borne 

pollutants such as PPCPs. 
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Related to the topic of immunotoxicity of anthropogenic micropollutants, several 

publications have been published in recent years, which investigated immunotoxic 

effects of pollutants on invertebrates, thus highlighting the relevance of this issue. In 

all these studies, the interaction of investigated pollutants and pathogens could be 

demonstrated, resulting in negative effects on respective host organisms. So far, there 

have been studies demonstrating immunosuppressive effects of environmental 

pollutants on invertebrates at the cellular level (e.g. Fang et al., 2013; Brandt et al., 

2016), by focusing on population relevant endpoints, such as host survival or infection 

status (e.g. Buser et al., 2012; Minguez et al., 2012; Wu et al., 2012; Aufauvre et al., 2012; 

Pettis et al, 2012; De Coninck et al., 2013) as well as literature reviews (Renault, 2015). 

A variety of host organisms, pathogens and substances have been investigated, 

however, there are still large knowledge gaps in this area and there are still no 

standardized ecotoxicological methods available for the ultimate detection of an 

immunotoxic effect of pollutants on invertebrates.  

Related to the issues mentioned above and arising from the current state of knowledge 

the joint research project TransRisk (FKZ: 02WRS1275F), funded by the BMBF, was 

initiated in 2011 to combine (eco)toxicological, chemical and technical approaches to 

develop strategies for the characterization and minimization of risks associated with 

effects of organic micropollutants and pathogens present in urban water cycles.  

The experiments conducted in the present thesis related to the ecotoxicological 

investigation of the antiviral drug ACV and two of its known TPs and their effects on 

three different aquatic organisms were based on previous studies published by Prasse 

et al. (2011, 2012). Investigations presented by Stalter et al. (2010b) and Magdeburg 

et al. (2012) and the results obtained in these experiments served as the basis for the 

on-site tests carried out in the course of the present thesis to ecotoxicologically 

characterize differently treated wastewater streams and for the selection of the in vivo 

test battery. The experimental investigation of immunotoxicity of wastewater and 

cyclosporine A on D. magna in the presence of P. ramosa were based on studies by 

Coors et al. (2008, 2011). 
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1.8 Objectives and hypotheses of the present thesis 

The present thesis aimed at the ecotoxicological investigation of emerging waterborne 

contaminants, their potential TPs formed during advanced wastewater treatment 

processes and their effects on different aquatic organisms. Additionally, joint effects of 

anthropogenic pollutants and P. ramosa as a selected Daphnia pathogen were 

investigated on D. magna as an invertebrate host model. The different investigated 

hypotheses are summarized here: 

 

1. Ecotoxicological investigation of acyclovir and two of its known transformation 

products 

The antiviral drug ACV, is an example of a pharmaceutical with structurally 

identified TPs emerging during conventional wastewater treatment and after 

subsequent ozonation. Yet, prior to this study, no ecotoxicological data were 

existing regarding the parent compound and the two TPs. The potential 

ecotoxicological effects of ACV and its by-products C-ACV and COFA were 

therefore investigated with Raphidocelis subcapitata, Daphnia magna and 

embryos of Danio rerio as representatives of different trophic levels.  

Based on previous findings regarding toxification of by-products after oxidation 

processes, it was assumed that at least the oxidation product may exhibit a 

greater toxicity compared to the parent compound. Findings related to the 

ecotoxicological investigation of ACV and its TPs are presented and discussed in 

the related publication provided in Annex I.I. 
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2. Investigation of differently treated wastewater streams on-site on a pilot plant in 

southern Hesse 

By using selected in vivo bioassays with Daphnia magna, Lumbriculus variegatus 

and Lemna minor, the potential reduction or enhancement of toxic effects of 

nine differently treated wastewater effluents were examined on-site on a pilot 

WWTP within the present thesis.  

The hypothesis was tested, that oxidation treatment methods such as ozonation 

may lead to a toxification resulting in impairing effects on affected organisms, 

and that such effects may be reduced due to subsequent filtration techniques.  

Results related to above mentioned topic are presented and discussed in the 

related publication provided in Annex I.II. 

 

 

3. Investigation of the potential immunotoxicity of cyclosporine A and of differently 

treated wastewater effluents on Daphnia magna in the presence of Pasteuria ramosa 

The potential immunotoxic effects of the immunosuppressive pharmaceutical 

cyclosporine A on an invertebrate host organism was investigated using the 

host-parasite model system D. magna – P. ramosa in an adapted host resistance 

assay. Aim was to improve knowledge regarding immunotoxicity in 

invertebrates, and to further explore the potential of the chosen system as 

invertebrate host resistance assay. Additionally, the chosen host-parasite system 

was applied for the investigation of the potential immunotoxicity of differently 

treated wastewater effluents. 

The hypothesis was tested that immunosuppressive effects of the model 

substance CsA and the tested wastewater effluents will result in an increased 

virulence of the model pathogen P. ramosa, leading to an enhanced sterilization 

rate and reduced survival of D. magna. Results regarding the investigation of 

immunotoxicity of the wastewater samples are provided in Annex I.II, results 

regarding immunotoxic effects of CsA on D. magna are provided in the 

manuscript in Annex I.III. 
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2 General discussion 

2.1 Main findings 

Annex I.I, Schlüter-Vorberg et al., 2015 

The ecotoxicological investigation of acyclovir (ACV) and two of its known 

transformation products (C-ACV and COFA) was conducted to detect potential 

impairing effects of pharmaceutical TPs with known presence in the environment on 

three aquatic organisms (Daphnia magna, Raphidocelis subcapitata, embryos of Danio 

rerio). The main findings are: 

 

• The parent compound ACV did not cause acute toxicity on the three aquatic 

organisms up to a tested concentration of 100 mg/l 

• C-ACV, the biodegradation product of ACV, significantly reduced reproduction 

and intrinsic growth rate of D. magna by 40% and 22% respectively at 102 mg/l 

C-ACV 

• The ozonation product COFA significantly inhibited growth of green algae R. 

subcapitata (EC10 = 14.1 mg/l) as shown in Fig. 4. 
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Figure 4: (A) Yield and (B) growth rate of Raphidocelis subcapitata after exposure for 72 h to ACV, its transformation 
products in the C-ACV and COFA treatments, the respective process control treatments B and B+O, and the control 
medium. Shown are mean responses with their 95% confidence intervals. Identical letters denote treatments that 
did not significantly differ from each other (Tukey HSD test; α = 0.05). Concentration−response curves for (C) yield 
and (D) growth rate of R. subcapitata after exposure for 72 h to dilutions of the COFA treatment (based on measured 
COFA concentrations). Shown are means per treatment fitted by a three-parameter log−logistic model: (△) 
laboratory control, (●) process control treatment (B+O), and (○) COFA treatments. 

 

 

• Neither the parent compound ACV nor the TPs C-ACV or COFA caused lethal or 

sublethal effects on embryos of D. rerio, indicating no acute fish toxicity of the 

tested compounds up to a concentration of 100 mg/l 

 

Overall, ozonation as a method for directed elimination of anthropogenic 

micropollutants was shown to pose risks of formation of polar TPs with measurable 

toxicity towards aquatic organisms.  
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Annex I.II, Schlüter-Vorberg et al., 2017 

The differently treated wastewater streams were ecotoxicological investigated on-site 

on a pilot plant. The aim was to compare different wastewater treatment processes 

regarding potential reduction or enhancement of toxic effects due to the elimination of 

micropollutants or the emergence of possible toxic TPs respectively. The potential 

effects of the differently treated wastewater effluents were investigated using three 

aquatic organisms (L. variegatus, D. magna and L. minor). Additionally, the 

immunotoxic potential of selected wastewater effluents was investigated, using the 

host-parasite model D. magna – P. ramosa. The main findings are summarized in the 

following: 

 

• The conventional biological treated wastewater obviously still contained active 

compounds in environmentally effective concentrations, resulting in a reduced 

abundance of L. variegatus (by up to 46%) compared to the medium control. 

• Ozonation and subsequent filtration of wastewater improved performance of L. 

variegatus 

• Elevated levels of nitrite and ammonium in the effluent of the MBRs (both with 

and without subsequent ozonation) caused drastic reduction of L. variegatus 

abundance during the first exposure period 

• Exposure to the conventionally treated wastewater did not result in significant 

impairing effects on D. magna and L. minor 

• GAK filtered wastewater negatively affected growth of L. minor, which may be a 

consequence of nutrient removal 
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Table 1: Summary of the results of the on-site in vivo tests regarding the investigation of the differently 
treated wastewaters of the pilot treatment plant. Shown are the differences between the individual 
wastewater streams compared to the conventional treatment and the respective media controls. 
Significant effects were obtained using the Fisher LSD test, alpha = 0.05. 
 

investigated
wastewater 
stream 

1st L. variegatus test 2nd L. variegatus test D. magna L. minor 

abundance biomass abundance biomass 
repro-

duction 

population 
growth 

rate 

growth 
rate  

yield  

B ↓ - ↓ - - ↑ - ↓ 

B+O3 ↓ ↓ - ↓ - - ↓ ↓ 

GAC ↓ ↓ - ↓ - - ↓ ↓ 

GAC+O2 ↓ ↓ - ↓ - ↑ ↓ ↓ 

BF ↓ ↓ ↓ ↓ - - - - 

BF+O2 ↓ ↓ ↓ ↓ ↑ ↑ ↓ ↓ 

MBR1 ↓ ↓ - ↓ ↓ - ↓ ↓ 

MBR1+O3 ↓ ↓ - ↓ ↓ - - - 

MBR2 ↓ ↓ ↑ - ↓ - ↓ ↓ 

B = conventional treatment; B+O3 = B after treatment with ozone; GAK = B+O3 after activated carbon filtration; GAK+O2 

= B+O3 after activated carbon filtration, aerated; BF = B+O3 after biofiltration; BF+O2 = B+O3 after biofiltration, aerated; 

MBR1 = effluent of membrane bioreactor 1; MBR1+O3 = effluent of membrane bioreactor 1 after treatment with ozone; 

MBR2 = membrane bioreactor 2  

 

 performance significantly improved in comparison to the conventional treatment (B) 

 performance significantly impaired in comparison to the conventional treatment (B) 

 performance not significantly different in comparison to the conventional treatment (B) 

↑ performance significantly improved in comparison to the respective medium control 

↓ performance significantly impaired in comparison to the respective medium control 

- performance not significantly different in comparison to the respective medium control 

 

• Infection rate of Pasteuria-exposed daphnids was reduced after exposure to the 

investigated wastewater streams in comparison with the Pasteuria-control 

• Overall performance of daphnids in Pasteuria-treatments were slightly better 

than in Pasteuria-free treatments 

 

No direct evidence for the formation of toxic TPs due to the advanced wastewater 

treatments was found, at least not in concentrations high enough to cause measurable 

effects in the investigated test systems. In addition, investigated wastewater effluents 

did not lead to immunotoxic effects, measurable with the chosen test system.  

Yet, interpretation of effects related to possible TPs were hindered due to some study-

site specific conditions, such as toxicity of conventional treated wastewater and 

elevated levels of nitrite and ammonium. Furthermore, effects seem to be species-
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specific, with L. variegatus here being more sensitive to the tested wastewater streams 

than D. magna and L. minor. That highlights the necessity of a test battery consisting of 

representatives of different taxonomic groups to cover different trophic levels, habitats 

(e.g. sediment, water phase) and sensitivities to individual mode of actions, to ensure 

a comprehensive evaluation of the tested matrix. 

 
 
 
Annex I.III, Schlüter-Vorberg et al., submitted 08/2018 

 

In the present study, the impact of an immunosuppressive environmental pollutant on 

an invertebrate host-parasite system was investigated to improve knowledge on 

immunotoxicity in invertebrates, and to further explore the potential of the chosen 

system as invertebrate host resistance assay. The main findings are characterized as 

follows: 

 

• While Pasteuria challenge alone did not lead to a significantly reduced host 

survival in comparison to the placebo-control, survival of D. magna was 

synergistically affected by the combination of CsA and Pasteuria 

• The sterilization rate in Pasteuria-exposed D. magna was significantly increased 

in the combined treatments (simultaneously exposed to CsA and P. ramosa) 

compared to the Pasteuria-control 

• Both investigated endpoints survival and Pasteuria-induced sterilization rate 

seem to be more sensitive in detecting immunotoxic effects in the present study, 

compared to the endpoints reproduction and intrinsic rate of population 

growth  

 

The present study provides clear evidence for a suppressed disease resistance in an 

environmentally stressed host. Enhanced virulence of the natural D. magna parasite P. 

ramosa due to co-exposure to the immunosuppressant CsA was expressed both in 

terms of reduced host survival and increased host infection rate in combined 

treatments. 
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2.2 Effects of wastewater ozonation 

Besides the beneficial effects of ozonation as advanced wastewater treatment method, 

such as the effective removal of pharmaceuticals and other micropollutants (Klavarioti 

et al., 2009; Margot et al., 2013), there are some mechanisms known, that may impair 

the quality of wastewater after treatment with ozone: 

Due to its strong disinfectant properties (Camel & Bermond, 1998; von Gunten, 2003b) 

ozonation is an effective tool to reduce bacterial load and diversity in wastewater 

effluents, however recent studies reported the relationship between ozonation and a 

shift to selected antibiotic-resistant bacteria (Lüddeke et al., 2015; Alexander et al., 

2016). Additionally, ozonation has been shown to lead to the formation of assimilable 

organic carbon (AOC) and the related subsequent undesired bacterial regrowth in 

water bodies (Hammes et al., 2006). The bacterial regrowth is of great concern 

especially when there is a potentiation of potentially pathogenic bacteria, such as 

coliforms, Legionella spp. and Pseudomonas spp. (van der Kooij, 1992). Furthermore, 

ozonation may increase the bioavailability of metals, due to mobilization of metal ions 

from suspended organic matters and thus will lead to an increased toxicity. Gagnon et 

al. (2014) reported a significantly increased bioaccumulation of different investigated 

metals in the tissue of mussels after exposure to ozone-treated effluents.  

Yet, the mechanism of greatest concern is the formation of largely unknown TPs, which 

is either influenced by the direct reaction of molecular ozone (O3) with the compound, 

or by indirect reaction with HO radicals (Langlais et al., 1991; von Gunten, 2003a). 

Ozonation may result in an increase of the polarity and the number of functional groups 

of a compound, which can be both advantageous and disadvantageous. In the case of 

pharmaceuticals, it is assumed that the intended mode of action will mainly disappear, 

resulting in TPs that are less active and thus less toxic, as for example shown for 

hydroxylated estrogens and hydroxylated antibiotics (Ternes et al., 2003). However, if 

the active moiety remains unchanged after the transformation process, some TPs may 

retain the same mode of action (Boxall et al., 2004; Evgenidou et al., 2015). 

Transformation can also lead to the creation of new toxicophores (chemical structures 

that are related to the toxicity of a compound) and thus result in an increased toxicity 

by similar or altered mode of action (Michael et al., 2014).  
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2.3 Potential toxicity of TPs 

In general, the occurrence of TPs in the environment is of great concern, since they may 

be more polar, more abundant and detectable in higher concentrations in investigated 

water bodies, compared to their parent compound (Kolpin et al., 2000; Boxall et al., 

2004; Lapworth & Gooddy, 2006; Lapworth et al., 2012). Simultaneously it is assumed 

that the majority of all emerging TPs is most likely not yet identified (Escher & Fenner, 

2011).  

In a comprehensive study Boxall et al. (2004) compared acute toxicity data of a huge 

number of pesticides, biocides and their degradates for fish, daphnia and algae. In 80% 

of the investigated compounds, the TPs were less or as toxic as the parent compound, 

yet the remaining 20% exhibited a higher toxicity than the parent compound, with an 

up to 100-fold toxicity increase observed for some of the investigated compounds. 

Even biological treatment may be accompanied by a toxification of compounds, as 

demonstrated e.g. for the formation of the toxicologically more potent 4-chlorphenol 

from clofibric acid (Kosjek et al., 2009). Yet, especially the treatment with ozone is 

known to highly contribute to the formation of TPs with in some cases higher toxicity 

compared to the parent compound. This was for example demonstrated among others 

for clofibric acid, DEET, ibuprofen, metoprolol, paracetamol, and thiamethoxam (Rosal 

et al., 2009; Benitez et al., 2013; Hamdi El Najjar et al., 2014). Ozonation may lead to 

the formation of TPs with functional groups such as aldehydes or hydroxylated 

aromatic compounds, that are known to exhibit a higher toxicological potency, as for 

example demonstrated for ozonation of propranolol (Benner & Ternes, 2009a). 

Aldehydes in general may reveal carcinogenic or mutagenic potential, due to the ability 

to interact with DNA (Richardson et al., 2007; Benner & Ternes, 2009b). A carcinogenic 

or mutagenic potential of wastewater after ozonation processes was already 

demonstrated by the formation of NDMA, due to ozonation of the fungicide 

tolylfluanide (Schmidt & Brauch, 2008), or the formation of bromate in the presence of 

bromide (von Gunten, 2003b). 

Toxicity investigations of TPs are severely limited by the non-availability of most TPs 

as pure substances for experimental testing (Evgenidou et al., 2015; Fatta-Kassinos et 

al., 2016). The ecotoxicological investigated TPs in the present thesis (Annex I.I), were 

therefore produced in lab-scale batch experiments, using treated wastewater and 
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sewage sludge incubated with ACV under aerobic conditions to generate C-ACV, with 

subsequent ozone-treatment to generate COFA.  

The only change in the molecular structure during transformation of ACV to C-ACV is 

the formation of a carboxylic acid, while transformation of C-ACV to COFA leads to a 

considerably different chemical structure (Fig. 4). The possibility that these alterations 

are responsible for the observed toxicity of C-ACV to Daphnia and that of COFA to algae 

cannot be excluded, as even small structural changes may affect receptor-molecule 

interactions and thereby lead to an altered toxicity (Boxall 2004). 

However, the toxicities observed in both tests are comparatively low, thus indicating 

an unspecific toxicity rather than a specific mode of action. The toxicity of COFA against 

R. subcapitata may furthermore be a toxicokinetic effect of ion trapping of the charged 

substance species inside the algal cells (Neuwoehner & Escher, 2011). 

 

 
Figure 5: Molecular structure of ACV and two of its known transformation products C-ACV and COFA. The blue circle 
indicates the formation of the carboxylic acid in the molecular structure of C-ACV after oxidation of the primary 
hydroxycarboxylic acid of ACV. 

 

The effective concentrations detected in the presented experiment are far higher than 

measured environmental concentrations, which are 2.4 μg/l and 0.001 µg/l for C-ACV 

and COFA respectively (Prasse et al., 2011; Knopp et al., 2016). Results therefore do 

not give direct cause for concern. However, this study provides evidence for the 

emergence of TPs with toxic potentials in the course of advanced wastewater 

treatment using the example of a pharmaceutical and its known TPs, that are actually 

detectable in surface and groundwaters. 

Acyclovir
(ACV)

Carboxy-Acyclovir
(C-ACV)

COFA
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TPs usually occur in complex mixtures, such as wastewater effluents, alongside their 

parent compounds. Thus, their contribution to the overall toxicity and the investigation 

of complex mixtures with appropriate test batteries should not be neglected.  

 

2.4 The challenge of investigating complex mixtures/multiple stressors 

Organisms in their natural habitats are generally exposed to a multitude of stressors, 

however ERA still focuses mainly on the investigation of individual stressors (Connon 

et al., 2012; Beyer et al., 2014). Unequivocally, these individual investigations are of 

great importance, as they provide important data on toxicity and dose-response 

relationships for single substances (Holmstrup et al., 2010). Yet, results of the standard 

toxicity testing are hard to transfer to the actual environmental situation, since many 

factors (such as bioavailability, interaction with other stressors and formation of TPs) 

influencing the mixture toxicity have to be considered (Heugens et al., 2001; Holmstrup 

et al., 2010; Laskowski et al., 2010). Additionally, even chemicals that are present in 

concentrations, individually causing no observable harm, nevertheless may contribute 

to mixture toxicity (Silva et al., 2002; Kortenkamp et al., 2009).  

Effects of multiple stressors on affected organisms are hard to predict, even in 

relatively simple laboratory tests. The interaction of several factors can lead to a 

synergistic as well as an antagonistic interaction (Berenbaum, 1989; Folt et al., 1999; 

Cedergreen, 2014) and does not only seem to be substance-dependent, but also 

species-specific. Different models exist, trying to predict the toxicity of mixtures of 

chemicals. The concept of concentration addition (CA) for example, is valid for 

chemicals with known toxicity and exhibiting the same modes of action, whereas the 

model of response addition or independent action (IA) is applicable for chemicals 

acting specifically and dissimilar (Altenburger et al., 2004; Tang et al., 2013). CA has 

been recommended as precautionary first tier in environmental risk assessment of 

complex mixtures (Backhaus & Faust, 2012). Related to the investigation of 

wastewater samples, toxicity mixture concepts are only applicable for identified 

micropollutants in the complex mixture. 
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2.4.1 Ecotoxicological investigation of wastewater  

Assessing the environmental risk of complex mixtures such as wastewater is 

challenging, due to the mostly unknown composition of the sample, and the mostly 

unknown ecotoxicity of most of the containing micropollutants (Beyer et al., 2014).  

The assessment of chemical quality of wastewater effluents is currently mainly based 

on chemical analysis, with measurements of global parameters such as BOD, COD, TSS 

and TOC and selected organic trace substances according to the Urban Wastewater 

Treatment Directive 91/271/EEC. Despite continual improvement of analytical 

methods, current chemical target analysis is not able to identify all containing chemical 

components, and may fail to detect especially the unknown, however simultaneously 

potentially harmful compounds, as well as potential mixture toxicity (Eggen et al., 

2004; Välitalo et al., 2017). Additionally, chemical analysis alone is not sufficient for the 

representation of biological responses caused by harmful components present in the 

wastewater effluents (Hernando et al., 2005). Therefore, the combination of chemical 

analysis with effect-based toxicity bioassays such as in vitro or in vivo tests with 

investigation of relevant endpoints, is of great importance for the complementary 

investigation of wastewater samples (Farré & Barceló, 2003; Connon et al., 2012).  

In vitro assays are cell-based, and often receptor mediated assays, that react sensitively 

and specific to a certain mode of action (e.g. genotoxic or estrogenic effects). These 

assays are relatively easy to apply and thus provide a suitable method for fast and 

simultaneous screening of a bigger number of samples. However, the ecological 

relevance of results of in vitro tests is limited since the cell-based experiments rather 

uncover toxicological potentials instead of replicating the precise cellular response in 

intact organisms.  

To observe the holistic toxicity on living organisms, the application of in vivo testing is 

therefore favorable. The most important advantage of in vivo biotests is the ability to 

capture effects of a broad range of the containing compounds with different mode of 

actions. Even effects of compounds not covered by the chemical analysis, such as TPs 

either entering the WWTP or being formed there during the treatment process are 

considered. A chosen test battery should therefore cover species of different habitats 

and different trophic levels, referring to different endpoints, to ideally depict the whole 

range of possible effects.  
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In recent years several studies were conducted investigating advanced treated 

wastewater, with focus on ozonated secondary effluents using vertebrate and 

invertebrate in vivo bioassays. In an acute toxicity test with bacteria (Alliovibrio 

fischeri) ozonated effluents were reported to cause toxic effects, which decreased with 

increasing sample storage time (Petala et al., 2006). In a study with embryos of Oryzias 

latipes (Japanese medaka) a significantly increasing 4-day mortality was observed with 

increasing ozone doses (Cao et al., 2009). Stalter et al. (2010a, b) and Magdeburg et al. 

(2012, 2014) observed increased toxicity of treated wastewater after half and full scale 

ozonation on L. variegatus and rainbow trout (Oncorhynchus mykiss), pointing to the 

emergence of toxic TPs after ozonation. A significant toxicity decrease was observed 

after a subsequent sand filtration step, elucidating the importance of additional post 

treatment, such as biologically active filtering processes, for the removal of toxic 

byproducts. In feeding trials with the crustacean Gammarus fossarum and lab-scale 

ozonated wastewater, the authors observed a slight toxicity reduction after ozonation, 

but assumed the formation of toxic TPs, that eventually masked positive effects related 

to ozonation of the wastewater effluents (Bundschuh et al., 2011). Da Costa et al., 2014 

reported an increased toxicity of domestic secondary effluents after lab-scale 

ozonation, investigated in acute toxicity tests with crustacean (Ceriodaphnia silvestrii, 

Daphnia similis) and fish (Danio rerio).  

Besides the studies elucidating the disadvantages of ozonation as tertiary treatment 

step, leading to the formation of toxic TPs (as mentioned above), several studies were 

found reporting also the beneficial side of wastewater ozonation. Escher et al. (2009) 

observed an enhanced water quality after ozone treatment for A. fischeri exposed to 

eluates of ozone and non-ozone treated wastewater. Likewise, Bundschuh & Schulz 

(2011) observed a reduced toxicity to crustacean (G. fossarum) after exposure to full-

scale ozonated wastewater of the same WWTP. Ozonation of primary-treated effluent 

of urban wastewater was reported to significantly decrease the toxic potency of 

pollutants to the freshwater mussel Elliptio complanata (Gagné et al., 2007). Cao et al. 

(2009) observed the elimination of acute toxicity of conventional treated wastewater 

towards D. magna due to ozone doses ranging from 4 to 15 mg/l. In a study with lab-

scale ozonation of secondary effluents, a 50% immobilization rate of D. magna was 

observed due to exposure against secondary effluents. After exposure to ozonated 
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samples, toxicity was reduced, yet still moderately pronounced (Kontana et al., 2009). 

Lundström et al. (2010) reported improved effluent quality and decreased toxicity 

after advanced treatment, including ozonation, investigated with a bioassay test 

batterie including among others Danio rerio (zebra fish) and Pseudokirchneriella 

subcapitata (micro algae). Margot et al. (2013) observed a significantly decreased 

toxicity of WWTP effluents on algae and fish (O. mykiss) after full scale ozonation. 

Within the present thesis the ecotoxicological investigation of differently treated 

wastewater streams was realized applying an in vivo test battery including L. 

variegatus, D. magna and L. minor (Annex I.II). The experiments were carried out in 

flow through systems investigating non-stored effluents under real conditions, 

covering temporary fluctuations in the wastewater composition over the entire test 

duration. In contrast to expectations and in concordance with studies mentioned 

above, reporting quality enhancement after ozonation of wastewater, the present 

study detected an improved performance of L. variegatus after ozonation in 

comparison to treatments exposed to conventional treated wastewater. However, 

some study-site specific conditions have to be considered, that eventually hindered the 

identification and interpretation of toxic effects related to TPs, that were evidenced by 

the associated chemical analysis (Knopp et al., 2016). As mentioned before, the 

conventional treated wastewater, which served as influent for the advanced treatment 

processes, assumable still contained amounts of (micro)pollutants in concentrations 

high enough to significantly decrease abundance of L. variegatus compared to the 

medium control. Since these negative effects were relativized after subsequent ozone 

and filtering treatments, potential negative effects due to the process of ozonation 

(with potential formation of toxic TPs) were eventually masked. Simultaneously 

elevated levels of nitrite and ammonia were observed in the effluent of the MBR1 

before and after ozonation, resulting in high mortality rates of L. variegatus. Ammonia 

and nitrite are highly toxic for aquatic invertebrate organisms (Epifanio & Srna, 1975; 

Schubaur-Berigan et al., 1995; Egeler et al., 2010; Romano & Zeng, 2013). Therefore, 

the distinction between toxic effects caused by elevated nutrient concentrations or by 

anthropogenic micropollutants was aggravated. Results gained from the tests with D. 

magna and L. minor also did not indicate the formation of toxic TPs, at least not in 

relevant concentrations causing toxic effects observable with the investigated biotests 
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and endpoints. As mentioned by Stalter et al. (2010) and confirmed by results of the 

present thesis, the growth inhibition test with L. minor appears to not be sensitive 

enough for the reliable detection of toxicity induced by micropollutants or TPs present 

in wastewater samples. Furthermore, L. minor seems vulnerable to nutrient removal, 

as for example given in GAK filtering systems, which additionally may hinder the 

interpretation of toxic effects due to pollutants. In contrast, L. variegatus exhibits a high 

sensitivity towards wastewater including potential toxic components, rendering it to 

be a promising organism for the in vivo investigation of (ozonated) wastewater (Stalter 

et al., 2010; Magdeburg et al., 2012). 

Overall, the comparison of results of different studies investigating the complex 

wastewater matrix is complicated, and results may be contradictory due to highly 

diverse initial conditions regarding wastewater compositions, reactor configurations 

and applied biotests. A promising approach to assess the environmental impact of 

mixtures of micropollutants in WWTP effluents may be the use of a prospective 

quantitative ERA, as recently proposed by Coors et al. (2018). Yet, all relevant 

compounds along their concentrations have to be identified for the successful 

prospective quantitative ERA of WWTP effluents, which again aggravates the 

characterization of samples with an unknown composition. 

 

2.4.2 Micropollutant-induced immunotoxicity in invertebrates 

 

While many classes of environmental pollutants have been demonstrated to possess 

the ability to disrupt immune functions in humans and wildlife, such as heavy metals, 

polycyclic aromatic hydrocarbons, dioxins and pesticides (Fournier et al., 2000a; Vos, 

2007), invertebrate immunotoxicity is still underrated in ecotoxicological risk 

assessment.  

Immunotoxic substances may disturb the invertebrate immune system through a 

variety of mechanisms, including direct effects on components of the immune system, 

as well as indirect activation of stress response mechanisms and may result in an 

enhanced susceptibility to infectious agents (Fournier et al., 2000b; Descotes, 2004). 

Immunotoxicity in invertebrates can be detected with help of biomarkers, which are 

defined as measurements of biological responses in body fluids, tissue samples or at 
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the whole organism level (Depledge & Fossi, 1994). The investigation of immune 

biomarkers is an effective tool to estimate an immunotoxic potential of a substance. 

Yet, changes in these individual cellular immune functions do not necessarily translate 

into organismal functions or an impaired overall immune response, with exception of 

mechanisms directly related to population growth rate, the reproductive output or the 

viability of offspring (Depledge & Fossi, 1994; Galloway & Depledge, 2001). 

In order to confirm causal relationships between immunotoxicity and exposure to 

pollutants, an experimental approach with in vivo experiments is therefore 

indispensable. Here host resistance assays provide a useful measure of the overall 

effective immune response related to host immunity and susceptibility to infectious 

pathogens (Thomas & Sherwood, 1996; Descotes, 2006; Burleson & Burleson, 2008). 

Host resistance assays have already been recommended as routine tests following an 

observed immunosuppression identified for example in preceding biomarker assays 

(Fournier et al., 2000b), however to date still no standardized host resistance assays 

exist for representatives of invertebrate organisms. 

The experiments conducted in the present thesis (Annex I.III) implied a valuable 

contribution to the further development of an invertebrate host resistance assay that 

provides reliable and causal evidence of immunotoxicity. Results of the laboratory tests 

with the applied model substance CsA delivered information on the immunotoxicity of 

an intentionally immunosuppressive pharmaceutical with investigation of the immune 

response on a non-target organism. Results additionally proved the applicability of the 

chosen host-parasite system D. magna & P. ramosa.  
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2.4.3 The immunotoxic potential of wastewater 

The host-parasite model D. magna & P. ramosa was likewise applied on the matrix of 

wastewater to investigate potential immunotoxic effects of conventional and ozone-

treated wastewater without and with subsequent filtration steps (Annex I.II). 

Due to the mostly unknown composition of wastewater, the presence of potential 

immunotoxic components such as micropollutants and their metabolites, cannot be 

excluded even in treated wastewater. Especially aquatic organisms living in close 

proximity to WWTP effluents may be affected and potential effects of long-term 

exposure to environmental pollutants present in wastewater effluents require further 

attention (Blaise et al., 2002). In several studies, using mainly biomarkers, 

immunosuppressant effects of different wastewater effluents have already been 

proven. In experiments with caged mussels (Elliptio complanata, Dreissena 

polymorpha), exposed downstream of municipal WWTP effluents, significant stress 

responses, such as a decreased phagocytic activity and an increased number of 

hemocytes were observed (Blaise et al., 2002; Gagné et al., 2002). Likewise, a reduced 

phagocytic activity was observed in a laboratory test with mussels (Mytilus edilus) 

exposed to municipal effluents (Akaishi et al., 2007). Gagné et al. (2008) investigated 

the immunotoxic potential of wastewater before and after treatment with ozone in a 

laboratory flow-through test with the mussel Elliptio complanata. While significantly 

inhibited phagocytosis and reduced cell viability were observed after exposure to a 

primary treated effluent, ozonation was shown to reduce cytotoxicity but was not 

successful in the enhancement of phagocytic activity. 

As summarized above, a substantial number of studies exists, that investigated 

immunotoxic effects of municipal effluents with help of biomarkers, while only two 

studies were found, that addressed the topic of potential immunotoxicity of 

wastewater by means of host resistance assays. In a study with M. edulis, mussels 

exposed to samples containing 100% wastewater and subsequently infected with the 

gram-negative bacterium Vibrio anguillarium, died 24 h after the bacterial challenge, 

whereas mortality in mussels exposed to diluted wastewater (30% v/v effluent) was 

only 30% (Akaishi et al., 2007). Francois et al. (2015) observed increased hemocyte 

counts and phagocytosis activity in mussels exposed to municipal effluent. The induced 
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inflammation responses were shown to be enhanced due to exposure to wastewater 

and the simultaneous challenge with V. anguillarium. 

It is noticeable that in summarized studies only bivalves (mussels) were investigated. 

Motive therefore may be the potential of disease outbreaks in edible species, eventually 

living in WWTP influenced habitats, such as effluent receiving rivers or coastal waters.  

The edible mussel M. edulis, that lives in coastal waters as well as in estuaries, therefore 

belongs to the well-studied bivalves among the group of molluscs (Galloway & 

Depledge, 2001). 

The study conducted in the present thesis (Annex I.II) is the first to assess effects of 

conventional and advanced treated wastewater on the immune status of D. magna as 

one of the ecotoxicological key species. In contrast to summarized studies, no 

indications of immunotoxic effects of the conventional treated wastewater as well as 

of the advanced treated effluents were detected in experiments conducted in the 

course of the present thesis. There was even a reduction in the Pasteuria-induced 

infection rate of D. magna which may be related to promoting effects of treated 

wastewater on D. magna. These promoting effects are probably mainly caused by 

suspended solids and bacteria present in the wastewater, which are optimally utilized 

by D. magna as filter feeder (Lampert, 1987) and thus may contribute to an improved 

fitness and hence to an improved resistance to the parasite challenge. Additionally, a 

disinfecting effect, due to the ozone-treatment and the presence of potential residues 

of ozone, resulting in a reduction of the activity of the parasite P. ramosa cannot be 

excluded. In studies with Pasteuria-infected D. magna it was shown that a present 

infection can be cured with antibiotics, such as tetracycline (Little & Ebert, 2000; 

Duneau et al., 2016). The definite concentration of tetracycline present in the 

investigated wastewaters was not measured, however the presence of antibacterial 

substances such as antibiotics in treated wastewater is highly likely (Michael et al., 

2013). 

Overall, the investigation of the immunotoxic potential of wastewater is a challenging 

task, due to the mostly unknown composition of the matrix, as well as the heterogenous 

and highly species-specific immune responses of invertebrate species. This 

combination aggravates predictions and the transfer of results from one species to 

another, highlighting again the need of the development of standardized test systems. 
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2.5 Conclusion  

• The present thesis provides evidence for the toxification of wastewater in the 

course of advanced wastewater treatment, due to the formation of TPs, in 

particular in the case of ozonation. It demonstrates that emerging TPs may exhibit 

greater aquatic toxicity than their parent compounds. Results highlight the 

importance of further research related to the topic of toxicity of TPs, both in terms 

of identification as well as toxicity characterization of TPs. 

• The present thesis demonstrates that (A) biologically treated wastewater can have 

negative effects on chronically exposed organisms, that (B) advanced treatment of 

biologically treated wastewater can improve water quality for respective 

organisms, and (C) ozonation and the associated formation of transformation 

products proven by chemical analysis, does not necessarily lead to measurable 

negative effects on chronically exposed organisms.  

• Results of the present thesis provides clear evidence for a suppressed disease 

resistance in an environmentally stressed host, highlighting the need of 

considering relevant factors such as the conjunction of environmental pollutants 

and pathogens in the current risk assessment of anthropogenic pollutants. 

Standard toxicity testing as employed in the current way of conducting ecological 

risk assessments for anthropogenic substances does not consider natural 

antagonists such as infectious diseases, and thereby likely underestimates the 

impact these substances may pose to natural populations in the environment. 

Overall, species-specific toxicity of co-occurring compounds in complex mixtures may 

translate to unexpected effects at the ecosystem level, which highlights the importance 

of applying a test battery covering different taxonomic and trophic levels to reliably 

characterize the ecotoxicological potential of the investigated matrices. Additionally, 

the selection of relevant endpoints to be investigated, is enormously important in this 

context in order to avoid unilateral and possibly false-positive or false-negative results 

and to detect among others also immunotoxic potentials. 

 

  



 

 

- 35 - 

  

References 

3 References 

Acero, J.L., von Gunten, U., 2001. Characterization of oxidation processes: ozonation 

and the AOP O₃/H₂O₂. Journal - American Water Works Association 93, 90–100. 

Akaishi, F.M., St-Jean, S.D., Bishay, F., Clarke, J., Rabitto, I.S., Ribeiro, C.A., 2007. 

Immunological responses, histopathological finding and disease resistance of 

blue mussel (Mytilus edulis) exposed to treated and untreated municipal 

wastewater. Aquatic Toxicology 82, 1–14. 

Alexander, J., Knopp, G., Dötsch, A., Wieland, A., Schwartz, T., 2016. Ozone treatment of 

conditioned wastewater selects antibiotic resistance genes, opportunistic 

bacteria, and induce strong population shifts. Science of The Total Environment 

559, 103–112.  

Altenburger, R., Walter, H., Grote, M., 2004. What Contributes to the Combined Effect of 

a Complex Mixture? Environmental Science & Technology 38, 6353–6362.  

Ashauer, R., 2016. Post-ozonation in a municipal wastewater treatment plant improves 

water quality in the receiving stream. Environmental Science Europe 28. 

Aufauvre, J., Biron, D.G., Vidau, C., Fontbonne, R., Roudel, M., Diogon, M., Vigues, B., 

Belzunces, L.P., Delbac, F., Blot, N., 2012. Parasite-insecticide interactions: a case 

study of Nosema ceranae and fipronil synergy on honeybee. Scientific Reports 2.  

Backhaus, T., Faust, M., 2012. Predictive Environmental Risk Assessment of Chemical 

Mixtures: A Conceptual Framework. Environmental Science & Technology 46, 

2564–2573.  

Behera, S.K., Kim, H.W., Oh, J.-E., Park, H.-S., 2011. Occurrence and removal of 

antibiotics, hormones and several other pharmaceuticals in wastewater 

treatment plants of the largest industrial city of Korea. Science of The Total 

Environment 409, 4351–4360.  

Benitez, F.J., Acero, J.L., Garcia-Reyes, J.F., Real, F.J., Roldan, G., Rodriguez, E., Molina-

Díaz, A., 2013. Determination of the Reaction Rate Constants and Decomposition 

Mechanisms of Ozone with Two Model Emerging Contaminants: DEET and 

Nortriptyline. Industrial & Engineering Chemical Research 52, 17064–17073.  



 

 

- 36 - 

  

References 

Benner, J., Ternes, T.A., 2009a. Ozonation of Propranolol: Formation of Oxidation 

Products. Environmental Science & Technology 43, 5086–5093.  

Benner, J., Ternes, T.A., 2009b. Ozonation of Metoprolol: Elucidation of Oxidation 

Pathways and Major Oxidation Products. Environmental Science & Technology 

43, 5472–5480.  

Berenbaum, M.C., 1989. What is synergy? Pharmacological Reviews 41, 93–141. 

Bergmann, A., Fohrmann, R., Weber, F.-A., 2011. Zusammenstellung von 

Monitoringdaten zu Umweltkonzentrationen von Arzneimitteln. 

Umweltbundesamt, Dessau-Roßlau. 

Beyer, J., Petersen, K., Song, Y., Ruus, A., Grung, M., Bakke, T., Tollefsen, K.E., 2014. 

Environmental risk assessment of combined effects in aquatic ecotoxicology: A 

discussion paper. Marine Environmental Research, 96, 81–91.  

Bigger, C.H., Jokiel, P.L., Hildemann, W.H., Johnston, I.S., 1982. Characterization of 

alloimmune memory in a sponge. The Journal of Immunology 129, 1570–1572. 

Blaise, C., Trottier, S., Gagné, F., Lallement, C., Hansen, P.-D., 2002. Immunocompetence 

of bivalve hemocytes as evaluated by a miniaturized phagocytosis assay. 

Environmental Toxicology 17, 160–169.  

Blaustein, A.R., Gervasi, S.S., Johnson, P.T.J., Hoverman, J.T., Belden, L.K., Bradley, P.W., 

Xie, G.Y., 2012. Ecophysiology meets conservation: understanding the role of 

disease in amphibian population declines. Philosophical Transactions of the 

Royal Society B: Biological Sciences 367, 1688–1707.  

Bolong, N., Ismail, A.F., Salim, M.R., Matsuura, T., 2009. A review of the effects of 

emerging contaminants in wastewater and options for their removal. 

Desalination 239, 229–246.  

Boxall, A.B., Sinclair, C.J., Fenner, K., Kolpin, D., Maund, S.J., 2004. Peer reviewed: When 

synthetic chemicals degrade in the environment. Environmental Science & 

Technology 38, 368A–375A. 



 

 

- 37 - 

  

References 

Brandt, A., Gorenflo, A., Siede, R., Meixner, M., Büchler, R., 2016. The neonicotinoids 

thiacloprid, imidacloprid, and clothianidin affect the immunocompetence of 

honey bees (Apis mellifera L.). Journal of Insect Physiology 86, 40–47.  

Bundschuh, M., Schulz, R., 2011. Ozonation of secondary treated wastewater reduces 

ecotoxicity to Gammarus fossarum (Crustacea; Amphipoda): Are loads of 

(micro)pollutants responsible? Water Research 45, 3999–4007.  

Bundschuh, M., Zubrod, J.P., Seitz, F., Stang, C., Schulz, R., 2011. Ecotoxicological 

evaluation of three tertiary wastewater treatment techniques via meta-analysis 

and feeding bioassays using Gammarus fossarum. Journal of Hazardous Materials 

192, 772–778.  

Burleson, G.R., Burleson, F.G., 2008. Testing Human Biologicals in Animal Host 

Resistance Models. Journal of Immunotoxicology 5, 23–31.  

Buser, C.C., Jansen, M., Pauwels, K., De Meester, L., Spaak, P., 2012. Combined exposure 

to parasite and pesticide causes increased mortality in the water flea Daphnia. 

Aquatic Ecology 1–8. 

Camel, V., Bermond, A., 1998. The use of ozone and associated oxidation processes in 

drinking water treatment. Water Research 32, 3208–3222.  

Cao, N., Yang, M., Zhang, Y., Hu, J., Ike, M., Hirotsuji, J., Matsui, H., Inoue, D., Sei, K., 2009. 

Evaluation of wastewater reclamation technologies based on in vitro and in vivo 

bioassays. Science of The Total Environment 407, 1588–1597.  

CAS Content, https://www.cas.org/about/cas-content. Access: 14.08.2018  

Cedergreen, N., 2014. Quantifying Synergy: A Systematic Review of Mixture Toxicity 

Studies within Environmental Toxicology. PLoS ONE 9, e96580.  

Cerbin, S., Kraak, M.H.S., de Voogt, P., Visser, P.M., Van Donk, E., 2010. Combined and 

single effects of pesticide carbaryl and toxic Microcystis aeruginosa on the life 

history of Daphnia pulicaria. Hydrobiologia 643, 129–138. 

Chaudhary, D.S., Vigneswaran, S., Ngo, H.-H., Shim, W.G., Moon, H., 2003. Biofilter in 

water and wastewater treatment. Korean Journal of Chemical Engineering 20, 

1054–1065.  



 

 

- 38 - 

  

References 

Chou, H.-Y., Chang, S.-J., Lee, H.-Y., Chiou, Y.-C., 1998. Preliminary Evidence for the Effect 

of Heavy Metal Cations on the Susceptibility of Hard Clam (Meretrix lusoria) to 

Clam Birnavirus Infection. Fish Pathology 33, 213–219. 

Choubert, J.M., Martin Ruel, S., Esperanza, M., Budzinski, H., Miège, C., Lagarrigue, C., 

Coquery, M., 2011. Limiting the emissions of micro-pollutants: what efficiency 

can we expect from wastewater treatment plants? Water Science & Technology 

63, 57–65.  

Coles, J.A., Farley, S.R., Pipe, R.K., 1994. Effects of fluoranthene on the 

immunocompetence of the common marine mussel, Mytilus edulis. Aquatic 

Toxicology 30, 367–379.  

Commission Regulation (EU) No 900/2014 of 15 July 2014 amending, for the purpose 

of its adaptation to technical progress, Regulation (EC) No 440/2008 laying down 

test methods pursuant to Regulation (EC) No 1907/2006 of the European 

Parliament and of the Council on the Registration, Evaluation, Authorisation and 

Restriction of Chemicals (REACH). OJL 247/1 

Connon, R.E., Geist, J., Werner, I., 2012. Effect-Based Tools for Monitoring and 

Predicting the Ecotoxicological Effects of Chemicals in the Aquatic Environment. 

Sensors 12, 12741–12771.  

Coors, A., De Meester, L., 2008. Synergistic, antagonistic and additive effects of multiple 

stressors: predation threat, parasitism and pesticide exposure in Daphnia magna. 

Journal of Applied Ecology 45, 1820–1828. 

Coors, A., De Meester, L., 2011. Fitness and virulence of a bacterial endoparasite in an 

environmentally stressed crustacean host. Parasitology 138, 122. 

Coors, A., Decaestecker, E., Jansen, M., De Meester, L., 2008. Pesticide exposure strongly 

enhances parasite virulence in an invertebrate host model. Oikos 117, 1840–

1846.  

Coors, A., Vollmar, P., Sacher, F., Polleichtner, C., Hassold, E., Gildemeister, D., Kühnen, 

U., 2018. Prospective environmental risk assessment of mixtures in wastewater 

treatment plant effluents – Theoretical considerations and experimental 

verification. Water Research 140, 56–66.  



 

 

- 39 - 

  

References 

Council Directive 91/271/EEC of 21 May 1991 concerning urban waste-water 

treatment. 

Da Costa, J.B., Rodgher, S., Daniel, L.A., Espíndola, E.L.G., 2014. Toxicity on aquatic 

organisms exposed to secondary effluent disinfected with chlorine, peracetic 

acid, ozone and UV radiation. Ecotoxicology 23, 1803–1813.  

Daughton, C.G., Ternes, T.A., 1999. Pharmaceuticals and personal care products in the 

environment: agents of subtle change? Environmental Health Perspectives 107, 

907. 

De Coninck, D.I.M., De Schamphelaere, K.A.C., Jansen, M., De Meester, L., Janssen, C.R., 

2013. Interactive effects of a bacterial parasite and the insecticide carbaryl to life-

history and physiology of two Daphnia magna clones differing in carbaryl 

sensitivity. Aquatic Toxicology 130–131, 149–159.  

Deblonde, T., Cossu-Leguille, C., Hartemann, P., 2011. Emerging pollutants in 

wastewater: A review of the literature. International Journal of Hygiene and 

Environmental Health 214, 442–448.  

Depledge, M.H., Fossi, M.C., 1994. The role of biomarkers in environmental assessment 

(2). Invertebrates. Ecotoxicology 3, 161–172.  

Descotes, J., 2004. Principles and methods of immunotoxicology. Elsevier. 

Descotes, J., 2006. Methods of evaluating immunotoxicity. Expert Opinion on Drug 

Metabolism & Toxicology 2, 249–259.  

Directive 2000/60/EC (Water Framework Directive, WFD) of the European Parliament 

and of the Council of 23 October 2000 establishing a framework for Community 

action in the field of water policy, OJ No. L 327 

Directive 2008/105/EC of the European Parliament and of the Council of 16 December 

2008 on environmental quality standards in the field of water policy, amending 

and subsequently repealing Council Directives 82/176/EEC, 83/513/EC, 

84/156/EEC, 84/491/EEC, 86/280/EEC and amending Directive 2000/60/EC of 

the European Parliament and of the Council. Off J Eur Union 2008; L348:84–97. 



 

 

- 40 - 

  

References 

Duneau, D., Ebert, D., Du Pasquier, L., 2016. Infections by Pasteuria do not protect its 

natural host Daphnia magna from subsequent infections. Developmental & 

Comparative Immunology 57, 120–125.  

Ebert D, 2005. Ecology, Epidemiology, and Evolution of Parasitism in Daphnia. 

Bethesda (MD): National Library of Medicine (US), National Center for 

Biotechnology Information. Available from: 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Books 

Ebert, D., Rainey, P., Embley, T.M., Scholz, D., 1996. Development, Life Cycle, 

Ultrastructure and Phylogenetic Position of Pasteuria ramosa Metchnikoff 1888: 

Rediscovery of an Obligate Endoparasite of Daphnia magna Straus. Philosophical 

Transactions Of The Royal Society Of London B 351, 1689–1701.  

Ebert, D., Zschokke-Rohringer, C.D., Carius, H.J., 1998. Within–and between–population 

variation for resistance of Daphnia magna to the bacterial endoparasite Pasteuria 

ramosa. Proceedings of the Royal Society of London. Series B: Biological Sciences 

265, 2127–2134.  

Ebert, D., Duneau, D., Hall, M.D., Luijckx, P., Andras, J.P., Du Pasquier, L., Ben-Ami, F., 

2016. A Population Biology Perspective on the Stepwise Infection Process of the 

Bacterial Pathogen Pasteuria ramosa in Daphnia, in: Advances in Parasitology. 

Elsevier. 

Egeler, P., Henry, K.S., Riedhammer, C., 2010. Potential effects of food addition to 

sediment on test conditions in sediment toxicity tests. Journal of Soils and 

Sediments 10, 377–388.  

Eggen, R.I., Behra, R., Burkhardt-Holm, P., Escher, B.I., Schweigert, N., 2004. Challenges 

in Ecotoxicology. Environmental Science & Technology 38, 58A - 64A. 

Eggen, R.I.L., Hollender, J., Joss, A., Schärer, M., Stamm, C., 2014. Reducing the Discharge 

of Micropollutants in the Aquatic Environment: The Benefits of Upgrading 

Wastewater Treatment Plants. Environmental Science & Technology 48, 7683–

7689.  



 

 

- 41 - 

  

References 

Epifanio, C.E., Srna, R.F., 1975. Toxicity of ammonia, nitrite ion, nitrate ion, and 

orthophosphate to Mercenaria mercenaria and Crassostrea virginica. Marine 

Biology 33, 241–246.  

Escher, B.I., Bramaz, N., Ort, C., 2009. JEM Spotlight: Monitoring the treatment efficiency 

of a full scale ozonation on a sewage treatment plant with a mode-of-action based 

test battery. Journal of Environmental Monitoring 11, 1836.  

Escher, B.I., Fenner, K., 2011. Recent Advances in Environmental Risk Assessment of 

Transformation Products. Environmental Science & Technology 45, 3835–3847.  

EU Regulation (EC) No 1107/2009 of the European Parliament and of the Council of 21 

October 2009 concerning the placing of plant protection products on the market 

and repealing Council Directives 79/117/EEC and 91/414/EEC; 2009; L 309, pp 

1_50. 

Evgenidou, E.N., Konstantinou, I.K., Lambropoulou, D.A., 2015. Occurrence and removal 

of transformation products of PPCPs and illicit drugs in wastewaters: A review. 

Science of The Total Environment 505, 905–926.  

Fang, Y., Yang, H., Liu, B., Zhang, L., 2013. Transcriptional response of lysozyme, 

metallothionein, and superoxide dismutase to combined exposure to heavy 

metals and bacteria in Mactra veneriformis. Comparative Biochemistry and 

Physiology Part C: Toxicology & Pharmacology 157, 54–62.  

Farré, M., Barceló, D., 2003. Toxicity testing of wastewater and sewage sludge by 

biosensors, bioassays and chemical analysis. Trends in Analytical Chemistry 22, 

299–310.  

Farré, M., Pérez, S., Kantiani, L., Barceló, D., 2008. Fate and toxicity of emerging 

pollutants, their metabolites and transformation products in the aquatic 

environment. Trends in Analytical Chemistry 27, 991–1007.  

Fatta-Kassinos, D., Vasquez, M.I., Kümmerer, K., 2011. Transformation products of 

pharmaceuticals in surface waters and wastewater formed during photolysis and 

advanced oxidation processes – Degradation, elucidation of byproducts and 

assessment of their biological potency. Chemosphere 85, 693–709.  



 

 

- 42 - 

  

References 

Fatta-Kassinos, D., Dionysiou, D.D., Kümmerer, K., 2016. Advanced Treatment 

Technologies for Urban Wastewater Reuse. Springer. 

Fent, K., Weston, A.A., Caminada, D., 2006. Ecotoxicology of human pharmaceuticals. 

Aquatic Toxicology 76, 122–159.  

Fiolka, M.J., 2008. Immunosuppressive effect of cyclosporin A on insect humoral 

immune response. Journal of Invertebrate Pathology 98, 287–292.  

Fiolka, M.J., 2012. Immunotoxic action of cyclosporin A on the humoral immune 

response of Galleria mellonella pupae. ISJ 9, 82–88. 

Folt, C.L., Chen, C.Y., Moore, M.V., Burnaford, J., 1999. Synergism and Antagonism among 

Multiple Stressors. Limnology and Oceanography 44, 864–877.  

Fournier, M., Brousseau, P., Tryphonas, S., Cyr, D., 2000a. Biomarkers of 

immunotoxicity: an evolutionary perspective. Environmental Endocrine 

Disruptors: An Evolutionary Perspective, A Crain, LJ Guillette Jr (eds). New York, 

Taylor & Francis, 179-212. 

Fournier, M., Cyr, D., Blakley, B., Boermans, H., Brousseau, P., 2000b. Phagocytosis as a 

Biomarker of Immunotoxicity in Wildlife Species Exposed to Environmental 

Xenobiotics. American Zoologist 40, 412–420.  

Francois, G., Melanie, D., Marlene, F., Michel, F., 2015. Effects of a municipal effluent on 

the freshwater mussel Elliptio complanata following challenge with Vibrio 

anguillarum. Journal of Environmental Sciences 37, 91–99.  

Gagnaire, B., Gay, M., Huvet, A., Daniel, J.-Y., Saulnier, D., Renault, T., 2007. Combination 

of a pesticide exposure and a bacterial challenge: in vivo effects on immune 

response of Pacific oyster, Crassostrea gigas (Thunberg). Aquatic Toxicology 84, 

92–102.  

Gagné, F., Blaise, C., Aoyama, I., Luo, R., Gagnon, C., Couillard, Y., Campbell, P., Salazar, 

M., 2002. Biomarker study of a municipal effluent dispersion plume in two 

species of freshwater mussels. Environmental Toxicology 17, 149–159.  



 

 

- 43 - 

  

References 

Gagné, F., Blaise, C., Fournier, M., Hansen, P.D., 2006. Effects of selected pharmaceutical 

products on phagocytic activity in Elliptio complanata mussels. Comparative 

Biochemistry and Physiology Part C: Toxicology & Pharmacology 143, 179–186.  

Gagné, F., André, C., Cejka, P., Gagnon, C., Blaise, C., 2007. Toxicological effects of 

primary-treated urban wastewaters, before and after ozone treatment, on 

freshwater mussels (Elliptio complanata). Comparative Biochemistry and 

Physiology Part C: Toxicology & Pharmacology 145, 542–552.  

Gagné, F., André, C., Cejka, P., Hausler, R., Fournier, M., Blaise, C., 2008. Immunotoxic 

effects on freshwater mussels of a primary-treated wastewater before and after 

ozonation: a pilot plant study. Ecotoxicology and Environmental Safety 69, 366–

373. 

Gagnon, C., Turcotte, P., Trépanier, S., Gagné, F., Cejka, P.-J., 2014. Impacts of municipal 

wastewater oxidative treatments: Changes in metal physical speciation and 

bioavailability. Chemosphere 97, 86–91.  

Galloway, T.S., Depledge, M.H., 2001. Immunotoxicity in invertebrates: Measurement 

and ecotoxicological relevance. Ecotoxicology 10, 5–23.  

Ghosh, U., Weber, A.S., Jensen, J.N., Smith, J.R., 1999. Granular Activated Carbon and 

Biological Activated Carbon Treatment of Dissolved and Sorbed Polychlorinated 

Biphenyls. Water Environment Research 71, 232–240. 

Gros, M., Petrović, M., Ginebreda, A., Barceló, D., 2010. Removal of pharmaceuticals 

during wastewater treatment and environmental risk assessment using hazard 

indexes. Environment International 36, 15–26.  

Hamdi El Najjar, N., Touffet, A., Deborde, M., Journel, R., Karpel Vel Leitner, N., 2014. 

Kinetics of paracetamol oxidation by ozone and hydroxyl radicals, formation of 

transformation products and toxicity. Separation and Purification Technology 

136, 137–143.  

Hammes, F., Salhi, E., Köster, O., Kaiser, H.-P., Egli, T., von Gunten, U., 2006. Mechanistic 

and kinetic evaluation of organic disinfection by-product and assimilable organic 

carbon (AOC) formation during the ozonation of drinking water. Water Research 

40, 2275–2286.  



 

 

- 44 - 

  

References 

Härkönen, T., Dietz, R., Reijnders, P., Teilmann, J., Harding, K., Hall, A., Brasseur, S., 

Siebert, U., Goodman, S.J., Jepson, P.D., others, 2006. A review of the 1988 and 

2002 phocine distemper virus epidemics in European harbour seals. Diseases of 

aquatic organisms 68, 115–130. 

Hernando, M.D., Fernández-Alba, A.R., Tauler, R., Barceló, D., 2005. Toxicity assays 

applied to wastewater treatment. Talanta, Evaluation/Validation of Novel 

Biosensors in Real Environmental and Food Samples 65, 358–366.  

Heugens, E.H., Hendriks, A.J., Dekker, T., van Straalen, N.M., Admiraal, W., 2001. A 

review of the effects of multiple stressors on aquatic organisms and analysis of 

uncertainty factors for use in risk assessment. Critical Reviews in Toxicology 31, 

247–284. 

Hildemann, W.H., Raison, R.L., Cheung, G., Hull, C.J., Akaka, L., Okamoto, J., 1977. 

Immunological specificity and memory in a scleractinian coral. Nature 270, 219–

223.  

Hildemann, W.H., Johnson, I.S., Jokiel, P.L., 1979. Immunocompetence in the lowest 

metazoan phylum: transplantation immunity in sponges. Science 204, 420–422.  

Hollender, J., Zimmermann, S.G., Koepke, S., Krauss, M., McArdell, C.S., Ort, C., Singer, H., 

von Gunten, U., Siegrist, H., 2009. Elimination of organic micropollutants in a 

municipal wastewater treatment plant upgraded with a full-scale post-ozonation 

followed by sand filtration. Environmental science & technology 43, 7862–7869. 

Holmstrup, M., Bindesbøl, A.-M., Oostingh, G.J., Duschl, A., Scheil, V., Köhler, H.-R., 

Loureiro, S., Soares, A.M.V.M., Ferreira, A.L.G., Kienle, C., Gerhardt, A., Laskowski, 

R., Kramarz, P.E., Bayley, M., Svendsen, C., Spurgeon, D.J., 2010. Interactions 

between effects of environmental chemicals and natural stressors: A review. 

Science of The Total Environment 408, 3746–3762.  

Huber, M.M., Canonica, S., Park, G.-Y., von Gunten, U., 2003. Oxidation of 

Pharmaceuticals during Ozonation and Advanced Oxidation Processes. 

Environmental Science & Technology 37, 1016–1024.  

Huber, M.M., Göbel, A., Joss, A., Hermann, N., Löffler, D., McArdell, C.S., Ried, A., Siegrist, 

H., Ternes, T.A., von Gunten, U., 2005. Oxidation of Pharmaceuticals during 



 

 

- 45 - 

  

References 

Ozonation of Municipal Wastewater Effluents: A Pilot Study. Environmental 

Science & Technology 39, 4290–4299.  

Hübner, U., Seiwert, B., Reemtsma, T., Jekel, M., 2014. Ozonation products of 

carbamazepine and their removal from secondary effluents by soil aquifer 

treatment – Indications from column experiments. Water Research 49, 34–43.  

Janex, M.., Savoye, P., Roustan, M., Do-Quang, Z., Laîné, J.M., Lazarova, V., 2000. 

Wastewater Disinfection by Ozone: Influence of Water Quality and Kinetics 

Modeling. Ozone: Science & Engineering 22, 113–121.  

Janssens, I., Tanghe, T., Verstraete, W., 1997. Micropollutants: a bottleneck in 

sustainable wastewater treatment. Water Science and Technology 35, 13–26. 

Jekel, M., Ruhl, A., Meinel, F., Zietzschmann, F., Lima, S., Baur, N., Wenzel, M., Gnirß, R., 

Sperlich, A., Dünnbier, U., Böckelmann, U., Hummelt, D., van Baar, P., Wode, F., 

Petersohn, D., Grummt, T., Eckhardt, A., Schulz, W., Heermann, A., Reemtsma, T., 

Seiwert, B., Schlittenbauer, L., Lesjean, B., Miehe, U., Remy, C., Stapf, M., Mutz, D., 

2013. Anthropogenic organic micro-pollutants and pathogens in the urban water 

cycle: assessment, barriers and risk communication (ASKURIS). Environmental 

Sciences Europe 25, 20.  

Jelic, A., Gros, M., Ginebreda, A., Cespedes-Sánchez, R., Ventura, F., Petrovic, M., Barcelo, 

D., 2011. Occurrence, partition and removal of pharmaceuticals in sewage water 

and sludge during wastewater treatment. Water Research 45, 1165–1176.  

Joss, A., Siegrist, H., Ternes, T.A., 2008. Are we about to upgrade wastewater treatment 

for removing organic micropollutants? Water Science & Technology 57:251–255 

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2009. The removal of 

pharmaceuticals, personal care products, endocrine disruptors and illicit drugs 

during wastewater treatment and its impact on the quality of receiving waters. 

Water Research 43, 363–380.  

Klavarioti, M., Mantzavinos, D., Kassinos, D., 2009. Removal of residual pharmaceuticals 

from aqueous systems by advanced oxidation processes. Environment 

International 35, 402–417.  



 

 

- 46 - 

  

References 

Knappe, D.R.U., Matsui, Y., Snoeyink, V.L., Roche, P., Prados, M.J., Bourbigot, M.-M., 1998. 

Predicting the Capacity of Powdered Activated Carbon for Trace Organic 

Compounds in Natural Waters. Environmental Science & Technology 32, 1694–

1698.  

Knopp, G., Prasse, C., Ternes, T.A., Cornel, P., 2016. Elimination of micropollutants and 

transformation products from a wastewater treatment plant effluent through 

pilot scale ozonation followed by various activated carbon and biological filters. 

Water Research 100, 580–592.  

Kolpin, D.W., Thurman, E.M., Linhart, S.M., 2000. Finding minimal herbicide 

concentrations in ground water? Try looking for their degradates. Science of The 

Total Environment 248, 115–122.  

Kontana, A., Papadimitriou, C.A., Samaras, P., Zdragas, A., Yiangou, M., 2009. 

Effectiveness of ozonation and chlorination on municipal wastewater treatment 

evaluated by a battery of bioassays and biomarkers. Water Science & Technology 

60, 1497.  

Kortenkamp, A., Backhaus, T., Faust, M., 2009. State of the art review on mixture 

toxicity-Final report, executive summary. Report to the Commission of the 

European Union, Directorate General for the Environment. 

Kosjek, T., Heath, E., Pérez, S., Petrović, M., Barceló, D., 2009. Metabolism studies of 

diclofenac and clofibric acid in activated sludge bioreactors using liquid 

chromatography with quadrupole – time-of-flight mass spectrometry. Journal of 

Hydrology 372, 109–117.  

Kümmerer, K., 2004. Pharmaceuticals in the Environment: Sources, Fate, Effects and 

Risks. Springer, Berlin, Heidelberg. 

Kümmerer, K., 2009. The presence of pharmaceuticals in the environment due to 

human use – present knowledge and future challenges. Journal of Environmental 

Management 90, 2354–2366.  

Lampert, W., 1987. Reproduction in Daphnia. In: Peters, R.H., de Bernardi, R. (Eds.), 

Daphnia, vol. 45, pp. 143–192. 



 

 

- 47 - 

  

References 

Langlais, B., Reckhow, D.A., Brink, D.R., 1991. Ozone in Water Treatment: Application 

and Engineering. CRC Press. 

Lapworth, D.J., Gooddy, D.C., 2006. Source and persistence of pesticides in a semi-

confined chalk aquifer of southeast England. Environmental Pollution 144, 1031–

1044.  

Lapworth, D.J., Baran, N., Stuart, M.E., Ward, R.S., 2012. Emerging organic contaminants 

in groundwater: A review of sources, fate and occurrence. Environmental 

Pollution 163, 287–303.  

Laskowski, R., Bednarska, A.J., Kramarz, P.E., Loureiro, S., Scheil, V., Kudłek, J., 

Holmstrup, M., 2010. Interactions between toxic chemicals and natural 

environmental factors — A meta-analysis and case studies. Science of The Total 

Environment, Cumulative Stressors - Risk assessment of mixtures of chemicals 

and combinations of chemicals and natural stressors 408, 3763–3774.  

Little, T.J., Ebert, D., 2000. The cause of parasitic infection in natural populations of 

Daphnia (Crustacea: Cladocera): the role of host genetics. Proceedings of the 

Royal Society of London B: Biological Sciences 267, 2037–2042.  

Loos, R., Carvalho, R., António, D.C., Comero, S., Locoro, G., Tavazzi, S., Paracchini, B., 

Ghiani, M., Lettieri, T., Blaha, L., Jarosova, B., Voorspoels, S., Servaes, K., Haglund, 

P., Fick, J., Lindberg, R.H., Schwesig, D., Gawlik, B.M., 2013. EU-wide monitoring 

survey on emerging polar organic contaminants in wastewater treatment plant 

effluents. Water Research 47, 6475–6487.  

Luebke, R.W., House, R.V., Kimber, I. (Eds.), 2007. Immunotoxicology and 

immunopharmacology, 3rd ed. ed, Target organ toxicology series. CRC Press, 

Boca Raton. 

Lüddeke, F., Heß, S., Gallert, C., Winter, J., Güde, H., Löffler, H., 2015. Removal of total 

and antibiotic resistant bacteria in advanced wastewater treatment by ozonation 

in combination with different filtering techniques. Water Research 69, 243–251.  

Luijckx, P., Ben‐Ami, F., Mouton, L., Pasquier, L.D., Ebert, D., 2011. Cloning of the 

unculturable parasite Pasteuria ramosa and its Daphnia host reveals extreme 

genotype–genotype interactions. Ecology Letters 14, 125–131.  



 

 

- 48 - 

  

References 

Lundström, E., Adolfsson-Erici, M., Alsberg, T., Björlenius, B., Eklund, B., Lavén, M., 

Breitholtz, M., 2010. Characterization of additional sewage treatment 

technologies: Ecotoxicological effects and levels of selected pharmaceuticals, 

hormones and endocrine disruptors. Ecotoxicology and Environmental Safety 73, 

1612–1619.  

Luo, Y., Guo, W., Ngo, H.H., Nghiem, L.D., Hai, F.I., Zhang, J., Liang, S., Wang, X.C., 2014. A 

review on the occurrence of micropollutants in the aquatic environment and their 

fate and removal during wastewater treatment. Science of The Total 

Environment 473–474, 619–641.  

Magdeburg, A., Stalter, D., Oehlmann, J., 2012. Whole effluent toxicity assessment at a 

wastewater treatment plant upgraded with a full-scale post-ozonation using 

aquatic key species. Chemosphere 88, 1008–1014.  

Magdeburg, A., Stalter, D., Schlüsener, M., Ternes, T., Oehlmann, J., 2014. Evaluating the 

efficiency of advanced wastewater treatment: Target analysis of organic 

contaminants and (geno-)toxicity assessment tell a different story. Water 

Research 50, 35–47.  

Margot, J., Kienle, C., Magnet, A., Weil, M., Rossi, L., de Alencastro, L.F., Abegglen, C., 

Thonney, D., Chèvre, N., Schärer, M., Barry, D.A., 2013. Treatment of 

micropollutants in municipal wastewater: ozone or powdered activated carbon? 

Science of the Total Environment 461–462, 480–498,  

Mason, R., Tennekes, H., Sanchez-Bayo, F., Jepsen, P.U., 2013. Immune Suppression by 

Neonicotinoid Insecticides at the Root of Global Wildlife Declines. Journal of 

Environmental Immunology and Toxicology 1, 3.  

Matsui, Y., Knappe, D.R.U., Takagi, R., 2002a. Pesticide Adsorption by Granular 

Activated Carbon Adsorbers. 1. Effect of Natural Organic Matter Preloading on 

Removal Rates and Model Simplification. Environmental Science & Technology 

36, 3426–3431.  

Matsui, Y., Knappe, D.R.U., Iwaki, K., Ohira, H., 2002b. Pesticide Adsorption by Granular 

Activated Carbon Adsorbers. 2. Effects of Pesticide and Natural Organic Matter 



 

 

- 49 - 

  

References 

Characteristics on Pesticide Breakthrough Curves. Environmental Science & 

Technology 36, 3432–3438.  

McDowell, D.C., Huber, M.M., Wagner, M., von Gunten, U., Ternes, T.A., 2005. Ozonation 

of Carbamazepine in Drinking Water:  Identification and Kinetic Study of Major 

Oxidation Products. Environmental Science & Technology 39, 8014–8022.  

Michael, I., Rizzo, L., McArdell, C.S., Manaia, C.M., Merlin, C., Schwartz, T., Dagot, C., Fatta-

Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for the release 

of antibiotics in the environment: A review. Water Research 47, 957–995.  

Michael, I., Vasquez, M.I., Hapeshi, E., Haddad, T., Baginska, E., Kümmerer, K., Fatta-

Kassinos, D., 2014. Metabolites and Transformation Products of Pharmaceuticals 

in the Aquatic Environment as Contaminants of Emerging Concern, in: 

Lambropoulou, D.A., Nollet, L.M.L. (Eds.), Transformation Products of Emerging 

Contaminants in the Environment. John Wiley and Sons Ltd, Chichester, United 

Kingdom, pp. 413–458.  

Minguez, L., Buronfosse, T., Beisel, J.N., Giambérini, L., 2012. Parasitism can be a 

confounding factor in assessing the response of zebra mussels to water 

contamination. Environmental Pollution 162, 234–240. 

Neuwoehner, J., Escher, B.I., 2011. The pH-dependent toxicity of basic pharmaceuticals 

in the green algae Scenedesmus vacuolatus can be explained with a toxicokinetic 

ion-trapping model. Aquatic Toxicology 101, 266–275.  

OGewV, 2011. Verordnung zum Schutz der Oberflächengewässer 

(Oberflächengewässerverordnung – OGewV) vom 20.Juli 2011, BGBl. I S. 1429 

Oller, I., Malato, S., Sánchez-Pérez, J.A., 2011. Combination of Advanced Oxidation 

Processes and biological treatments for wastewater decontamination—A review. 

Science of The Total Environment 409, 4141–4166.  

Oulton, R.L., Kohn, T., Cwiertny, D.M., 2010. Pharmaceuticals and personal care 

products in effluent matrices: A survey of transformation and removal during 

wastewater treatment and implications for wastewater management. Journal of 

Environmental Monitoring 12, 1956–1978.  



 

 

- 50 - 

  

References 

Parry, H.., Pipe, R.., 2004. Interactive effects of temperature and copper on 

immunocompetence and disease susceptibility in mussels (Mytilus edulis). 

Aquatic Toxicology 69, 311–325.  

Petala, M., Samaras, P., Zouboulis, A., Kungolos, A., Sakellaropoulos, G., 2006. 

Ecotoxicological properties of wastewater treated using tertiary methods. 

Environmental Toxicology 21, 417–424.  

Petala, M., Samaras, P., Zouboulis, A., Kungolos, A., Sakellaropoulos, G.P., 2008. 

Influence of ozonation on the in vitro mutagenic and toxic potential of secondary 

effluents. Water Research 42, 4929–4940.  

Pettis, J.S., vanEngelsdorp, D., Johnson, J., Dively, G., 2012. Pesticide exposure in honey 

bees results in increased levels of the gut pathogen Nosema. Naturwissenschaften 

99, 153–158.  

Pipe, R.K., Coles, J.A., 1995. Environmental contaminants influencing immunefunction 

in marine bivalve molluscs. Fish & Shellfish Immunology 5, 581–595.  

Prasse, C., Wagner, M., Schulz, R., Ternes, T.A., 2011. Biotransformation of the Antiviral 

Drugs Acyclovir and Penciclovir in Activated Sludge Treatment. Environmental 

Science & Technology 45, 2761–2769.  

Prasse, C., Wagner, M., Schulz, R. & Ternes, T. A., 2012. Oxidation of the Antiviral Drug 

Acyclovir and Its Biodegradation Product Carboxy-acyclovir with Ozone: Kinetics 

and Identification of Oxidation Products. Environmental Science & Technology 

46, 2169–2178. 

Prasse, C., Stalter, D., Schulte-Oehlmann, U., Oehlmann, J., Ternes, T.A., 2015. Spoilt for 

choice: A critical review on the chemical and biological assessment of current 

wastewater treatment technologies. Water Research 87, 237–270.  

Pruden, A., Pei, R., Storteboom, H., Carlson, K.H., 2006. Antibiotic Resistance Genes as 

Emerging Contaminants: Studies in Northern Colorado †. Environmental Science 

& Technology 40, 7445–7450.  

Quintana, J.B., Weiss, S., Reemtsma, T., 2005. Pathways and metabolites of microbial 

degradation of selected acidic pharmaceutical and their occurrence in municipal 

wastewater treated by a membrane bioreactor. Water Research 39, 2654–2664.  



 

 

- 51 - 

  

References 

Radjenović, J., Petrovic, M., Barceló, D., 2007. Analysis of pharmaceuticals in 

wastewater and removal using a membrane bioreactor. Analytical and 

Bioanalytical Chemistry 387, 1365–1377.  

Radjenović, J., Petrović, M., Barceló, D., 2009. Fate and distribution of pharmaceuticals 

in wastewater and sewage sludge of the conventional activated sludge (CAS) and 

advanced membrane bioreactor (MBR) treatment. Water Research 43, 831–841.  

Ratola, N., Cincinelli, A., Alves, A., Katsoyiannis, A., 2012. Occurrence of organic 

microcontaminants in the wastewater treatment process. A mini review. Journal 

of Hazardous Materials, Occurrence and fate of emerging contaminants in 

municipal wastewater treatment systems 239–240, 1–18.  

Regnery, J., Püttmann, W., 2010. Occurrence and fate of organophosphorus flame 

retardants and plasticizers in urban and remote surface waters in Germany. 

Water Research 44, 4097–4104.  

Regoes, R.R., Hottinger, J.W., Sygnarski, L., Ebert, D., 2003. The infection rate of Daphnia 

magna by Pasteuria ramosa conforms with the mass-action principle. 

Epidemiology and Infection 131, 957–966.  

Regulation (EC) No 1107/2009 of the European Parliament and of the Council of 21 

October 2009 concerning the placing of plant protection products on the market 

and repealing Council Directives 79/117/EEC and 91/414/EEC 

Renault, T., 2015. Immunotoxicological effects of environmental contaminants on 

marine bivalves. Fish & Shellfish Immunology 46, 88-93. 

Reungoat, J., Macova, M., Escher, B.I., Carswell, S., Mueller, J.F., Keller, J., 2010. Removal 

of micropollutants and reduction of biological activity in a full scale reclamation 

plant using ozonation and activated carbon filtration. Water Research 44, 625–

637.  

Reungoat, J., Escher, B.I., Macova, M., Argaud, F.X., Gernjak, W., Keller, J., 2012. 

Ozonation and biological activated carbon filtration of wastewater treatment 

plant effluents. Water Research 46, 863–872.  

Richardson, M.L., Bowron, J.M., 1985. The fate of pharmaceutical chemicals in the 

aquatic environment. Journal of Pharmacy and Pharmacology 37, 1–12.  



 

 

- 52 - 

  

References 

Richardson, S.D., Plewa, M.J., Wagner, E.D., Schoeny, R. & DeMarini, D.M., 2007. 

Occurrence, genotoxicity, and carcinogenicity of regulated and emerging 

disinfection by-products in drinking water: A review and roadmap for research. 

Mutation Research/Reviews in Mutation Research 636, 178–242. 

Richardson, S.D., Ternes, T.A., 2014. Water Analysis: Emerging Contaminants and 

Current Issues. Analytical Chemistry 86, 2813–2848.  

Rizzo, L., Manaia, C., Merlin, C., Schwartz, T., Dagot, C., Ploy, M.C., Michael, I., Fatta-

Kassinos, D., 2013. Urban wastewater treatment plants as hotspots for antibiotic 

resistant bacteria and genes spread into the environment: A review. Science of 

the Total Environment 447, 345–360.  

Romano, N., Zeng, C., 2013. Toxic Effects of Ammonia, Nitrite, and Nitrate to Decapod 

Crustaceans: A Review on Factors Influencing their Toxicity, Physiological 

Consequences, and Coping Mechanisms. Reviews in Fisheries Science 21, 1–21.  

Rosal, R., Gonzalo, M.S., Boltes, K., Letón, P., Vaquero, J.J., García-Calvo, E., 2009. 

Identification of intermediates and assessment of ecotoxicity in the oxidation 

products generated during the ozonation of clofibric acid. Journal of Hazardous 

Materials 172, 1061–1068.  

Rosal, R., Rodríguez, A., Perdigón-Melón, J.A., Petre, A., García-Calvo, E., Gómez, M.J., 

Agüera, A., Fernández-Alba, A.R., 2010. Occurrence of emerging pollutants in 

urban wastewater and their removal through biological treatment followed by 

ozonation. Water Research, Emerging Contaminants in water: Occurrence, fate, 

removal and assessment in the water cycle (from wastewater to drinking water) 

44, 578–588.  

Ross, P.S., 2010. The Role of Immunotoxic Environmental Contaminants in Facilitating 

the Emergence of Infectious Diseases in Marine Mammals. Human and Ecological 

Risk Assessment: An International Journal 8, 277–292.  

Rossner, A., Snyder, S.A., Knappe, D.R.U., 2009. Removal of emerging contaminants of 

concern by alternative adsorbents. Water Research 43, 3787–3796.  

Salgado, R., Pereira, V.J., Carvalho, G., Soeiro, R., Gaffney, V., Almeida, C., Cardoso, V.V., 

Ferreira, E., Benoliel, M.J., Ternes, T.A., Oehmen, A., Reis, M.A.M., Noronha, J.P., 



 

 

- 53 - 

  

References 

2013. Photodegradation kinetics and transformation products of ketoprofen, 

diclofenac and atenolol in pure water and treated wastewater. Journal of 

Hazardous Materials 244–245, 516–527.  

Schmid-Hempel, P., 2011. Evolutionary Parasitology: The Integrated Study of 

Infections, Immunology, Ecology, and Genetics. Oxford University Press, Oxford, 

UK. 

Schmidt, C. K. & Brauch, H.-J., 2008. Dimethylsulfamide as Precursor for 

Nitrosodimethylamine (NDMA) Formation upon Ozonation and its Fate During 

Drinking Water Treatment. Environmental Science & Technology 42, 6340–6346. 

Schubaur-Berigan, M.K., Monson, P.D., West, C.W., Ankley, G.T., 1995. Influence of pH 

on the toxicity of ammonia to Chironomus tentans and Lumbriculus variegatus. 

Environmental Toxicology and Chemistry 14, 713–717. 

Schulz, M., Löffler, D., Wagner, M., Ternes, T.A., 2008. Transformation of the X-ray 

Contrast Medium Iopromide In Soil and Biological Wastewater Treatment. 

Environmental Science & Technology 42, 7207–7217.  

Schwarzenbach, R.P., Escher, B.I., Fenner, K., Hofstetter, T.B., Johnson, C.A., Gunten, U. 

von, Wehrli, B., 2006. The Challenge of Micropollutants in Aquatic Systems. 

Science 313, 1072–1077.  

Shirakashi, S., El Matbouli, M., 2010. Effect of cadmium on the susceptibility of Tubifex 

tubifex to Myxobolus cerebralis (Myxozoa), the causative agent of whirling 

disease. Diseases of Aquatic Organisms 89, 63–70.  

Silva, E., Rajapakse, N., Kortenkamp, A., 2002. Something from “Nothing” − Eight Weak 

Estrogenic Chemicals Combined at Concentrations below NOECs Produce 

Significant Mixture Effects. Environmental Science & Technology 36, 1751–1756.  

Snyder, S.A., Wert, E.C., Rexing, D.J., Zegers, R.E., Drury, D.D., 2006. Ozone Oxidation of 

Endocrine Disruptors and Pharmaceuticals in Surface Water and Wastewater. 

Ozone: Science & Engineering 28, 445–460.  

Söderhäll, K., Cerenius, L., 1998. Role of the prophenoloxidase-activating system in 

invertebrate immunity. Current Opinion in Immunology 10, 23–28.  



 

 

- 54 - 

  

References 

Sorvari, J., Rantala, L.M., Rantala, M.J., Hakkarainen, H., Eeva, T., 2007. Heavy metal 

pollution disturbs immune response in wild ant populations. Environmental 

Pollution 145, 324–328.  

Spongberg, A.L., Witter, J.D., Acuña, J., Vargas, J., Murillo, M., Umaña, G., Gómez, E., Perez, 

G., 2011. Reconnaissance of selected PPCP compounds in Costa Rican surface 

waters. Water Research 45, 6709–6717.  

Spring, A.J., Bagley, D.M., Andrews, R.C., Lemanik, S., Yang, P., 2007. Removal of 

endocrine disrupting compounds using a membrane bioreactor and disinfection. 

Journal of Environmental Engineering and Science 6, 131–137.  

Stalter, D., Magdeburg, A., Oehlmann, J., 2010a. Comparative toxicity assessment of 

ozone and activated carbon treated sewage effluents using an in vivo test battery. 

Water Research 44, 2610–2620.  

Stalter, D., Magdeburg, A., Weil, M., Knacker, T., Oehlmann, J., 2010b. Toxication or 

detoxication? In vivo toxicity assessment of ozonation as advanced wastewater 

treatment with the rainbow trout. Water Research, Emerging Contaminants in 

water: Occurrence, fate, removal and assessment in the water cycle (from 

wastewater to drinking water) 44, 439–448.  

Stamm, C., Eggen, R.I.L., Hering, J.G., Hollender, J., Joss, A., Schärer, M., 2015. 

Micropollutant Removal from Wastewater: Facts and Decision-Making Despite 

Uncertainty. Environmental Science & Technology 49, 6374–6375.  

Tang, J.Y.M., McCarty, S., Glenn, E., Neale, P.A., Warne, M.S.J., Escher, B.I., 2013. Mixture 

effects of organic micropollutants present in water: Towards the development of 

effect-based water quality trigger values for baseline toxicity. Water Research 47, 

3300–3314.  

Ternes, T., & Joss, A. (Eds.), 2007. Human pharmaceuticals, hormones and fragrances. 

IWA publishing. 

Ternes, T.A., Stüber, J., Herrmann, N., McDowell, D., Ried, A., Kampmann, M., Teiser, B., 

2003. Ozonation: a tool for removal of pharmaceuticals, contrast media and musk 

fragrances from wastewater? Water Research 37, 1976–1982.  



 

 

- 55 - 

  

References 

Ternes, T.A., Joss, A., Siegrist, H., 2004. Peer Reviewed: Scrutinizing Pharmaceuticals 

and Personal Care Products in Wastewater Treatment. Environmental Science & 

Technology 38, 392A-399A.  

Thomas, P.T., Sherwood, R.L., 1996. Host resistance models in immunotoxicology. In: 

Experimental Immunotoxicology. RJ Smialowicz, MP Holsapple (Eds), CRC Press, 

Boca Raton, FL, USA. 29-45. 

Välitalo, P., Massei, R., Heiskanen, I., Behnisch, P., Brack, W., Tindall, A.J., Du Pasquier, 

D., Küster, E., Mikola, A., Schulze, T., Sillanpää, M., 2017. Effect-based assessment 

of toxicity removal during wastewater treatment. Water Research 126, 153–163.  

van der Kooij, D., 1992. Assimilable Organic Carbon as an Indicator of Bacterial 

Regrowth. Journal - American Water Works Association 84, 57–65.  

Vilcinskas, A., Jegorov, A., Landa, Z., Götz, P., Matha, V., 1999. Effects of beauverolide L 

and cyclosporin A on humoral and cellular immune response of the greater wax 

moth, Galleria mellonella. Comparative Biochemistry and Physiology Part C: 

Pharmacology, Toxicology and Endocrinology 122, 83–92.  

von Gunten, U., 2003a. Ozonation of drinking water: Part II. Disinfection and by-

product formation in presence of bromide, iodide or chlorine. Water Research 37, 

1469–1487.  

von Gunten, U., 2003b. Ozonation of drinking water: Part I. Oxidation kinetics and 

product formation. Water Research 37, 1443–1467.  

Vos, J.G., 2007. Immune Suppression as Related to Toxicology. Journal of 

Immunotoxicology 4, 175–200.  

WHG, Wasserhaushaltsgesetz vom 31. Juli 2009 (BGBl. I S. 2585), das zuletzt durch 

Artikel 2 des Gesetzes vom 15.November 2014 (BGBl. I S. 1724) geändert worden 

ist. 

Wu, J.Y., Smart, M.D., Anelli, C.M., Sheppard, W.S., 2012. Honey bees (Apis mellifera) 

reared in brood combs containing high levels of pesticide residues exhibit 

increased susceptibility to Nosema (Microsporidia) infection. Journal of 

Invertebrate Pathology 109, 326–329.  



 

 

- 56 - 

  

References 

WWAP (United Nations World Water Assessment Programme)/UN-Water. 2018. The 

United Nations World Water Development Report 2018: Nature-Based Solutions 

for Water. Paris, UNESCO. 

Zhang, T., Li, B., 2011. Occurrence, Transformation, and Fate of Antibiotics in Municipal 

Wastewater Treatment Plants. Critical Reviews in Environmental Science and 

Technology 41, 951–998.  

Zwiener, C., Seeger, S., Glauner, T., Frimmel, F., 2002. Metabolites from the 

biodegradation of pharmaceutical residues of ibuprofen in biofilm reactors and 

batch experiments. Analytical and Bioanalytical Chemistry 372, 569–575.  

 

  



 

 

- 57 - 

  

Annex 

Annex  

I Publications and manuscripts as part of the thesis  

 

I.I Toxification by Transformation in Conventional and Advanced 

Wastewater Treatment: The Antiviral Drug Acyclovir 

 

Schlüter-Vorberg, L., Prasse, C., Ternes, T.A., Mückter, H., Coors, A., 2015.  

Environ. Sci. Technol. Lett. 2, 12, 342-346 

 

The Supporting Information is available free of charge on the ACS Publications 

website at DOI: 10.1021/acs.estlett.5b00291. 

  



 

 

- 58 - 

  

Annex 

Authors contributions: 

Initials of participating authors:  

Lisa Schlüter-Vorberg (LS), Carsten Prasse (CP), Thomas Ternes (TT), Harald Mückter 

(HM), Anja Coors (AC) 

 

Development and planning:  

LS: 50%  

AC: 30%  

CP: 20% 

Experimental phase:  

LS: 75%; Conducting of ecotoxicity experiments  

CP: 20%; Generation of transformation products and chemical analysis 

HM: 5%; Conducting of genotoxicity experiments 

Collecting of data and preparation of figures and tables:  

LS: 90%; Collecting of data and preparation of figures and tables regarding 

ecotoxicity experiments 

HM: 10%; Collecting of data and preparation of figures and tables regarding 

genotoxicity experiments 

Analysis of data:  

LS: 70%; Statistical analysis and interpretation of data regarding ecotoxicity 

experiments 

AC: 20%; Support with statistic-expertise  

HM: 10%; Statistical analysis and interpretation of data regarding genotoxicity 

experiments 

Drafting of the manuscript:  

LS: 70%; Writing of the manuscript 

CP: 10%; Writing of the manuscript; Correction and revision 

AC, HM, TT: 20%; Correction and revision 

  



 

 

- 59 - 

  

Annex 

 



 

 

- 60 - 

  

Annex 

 



 

 

- 61 - 

  

Annex 

 



 

 

- 62 - 

  

Annex 

 



 

 

- 63 - 

  

Annex 

 



 

 

- 64 - 

  

Annex 

 

  



 

 

- 65 - 

  

Annex 

 
 



 

 

- 66 - 

  

Annex 

  



 

 

- 67 - 

  

Annex 

  



 

 

- 68 - 

  

Annex 

  



 

 

- 69 - 

  

Annex 

I.II Survival, reproduction, growth, and parasite resistance of aquatic 

organisms exposed on-site to wastewater treated by advanced treatment 

processes. 

 

Schlüter-Vorberg, L., Knopp, G., Cornel, P., Ternes, T., Coors, A., 2017.  

 

Aquatic Toxicology 186, 171–179.  

https://doi.org/10.1016/j.aquatox.2017.03.001 

 

Supplementary data associated with this article can be found, in the online version, at 

http://dx.doi.org/10.1016/j.aquatox.2017.03.001. 

 

 

  



 

 

- 70 - 

  

Annex 

Authors contributions: 

  

Initials of participating authors:  

Lisa Schlüter-Vorberg (LS), Gregor Knopp (GK), Peter Cornel (PC), Thomas Ternes 

(TT), Anja Coors (AC) 

 

Development and planning of on-site in vivo tests:  

LS: 70%  

AC: 30%  

 

Experimental phase:  

LS: 100%; Conducting of on-site in vivo tests 

 

Collecting of data and preparation of figures and tables:  

LS: 90%; Collecting of data and preparation of figures and tables regarding results of 

on-site in vivo tests  

GK: 10% Collecting and providing of data regarding chemical analysis 

 

Analysis of data:  

LS: 80%; Statistical analysis and interpretation of data regarding on-site in vivo tests  

AC: 20%; Support with statistical expertise  

 

Drafting of the manuscript:  

LS: 70%; Writing of the manuscript 

GK: 10%; Support with supplementary data regarding advanced wastewater 

treatment methods, physicochemical parameters and chemical analysis 

AC, GK, PC, TT: 20%; Correction and revision 

 

  



 

 

- 71 - 

  

Annex 

 

 



 

 

- 72 - 

  

Annex 

  

  



 

 

- 73 - 

  

Annex 

   



 

 

- 74 - 

  

Annex 

 

  



 

 

- 75 - 

  

Annex 

  



 

 

- 76 - 

  

Annex 



 

 

- 77 - 

  

Annex 



 

 

- 78 - 

  

Annex 



 

 

- 79 - 

  

Annex 

  



 

 

- 80 - 

  

Annex 

 
 
 
  



 

 

- 81 - 

  

Annex 

  



 

 

- 82 - 

  

Annex 



 

 

- 83 - 

  

Annex 

  



 

 

- 84 - 

  

Annex 



 

 

- 85 - 

  

Annex 

  



 

 

- 86 - 

  

Annex 

  



 

 

- 87 - 

  

Annex 

I.III Impact of an immunosuppressant on the interaction of a bacterial parasite 

and its invertebrate host 

 

 

Schlüter-Vorberg, L., Coors, A., submitted 08/2018.  

  



 

 

- 88 - 

  

Annex 

Authors contributions: 

Initials of participating authors:  

Lisa Schlüter-Vorberg (LS), Anja Coors (AC) 

 

Development and planning:  

LS: 60% 

AC: 40% 

 

Experimental phase:  

LS: 100%; Conducting of host resistance assays  

 

Collecting of data and preparation of figures and tables:  

LS: 100%; Collecting of data and preparation of figures and tables regarding 

ecotoxicity experiments 

 

Analysis of data:  

LS: 65%; Statistical analysis and interpretation of data regarding ecotoxicity 

experiments 

AC: 35%; Support with statistic-expertise and interpretation of data 

 

Drafting of the manuscript:  

LS: 70%; Writing of the manuscript 

AC: 30%; Correction and revisions 

  



 

 

- 89 - 

  

Annex 

   



 

 

- 90 - 

  

Annex 

  



 

 

- 91 - 

  

Annex 

 



 

 

- 92 - 

  

Annex 

 



 

 

- 93 - 

  

Annex 

 



 

 

- 94 - 

  

Annex 

 



 

 

- 95 - 

  

Annex 

 



 

 

- 96 - 

  

Annex 

  



 

 

- 97 - 

  

Annex 

  



 

 

- 98 - 

  

Annex 

  



 

 

- 99 - 

  

Annex 

  



 

 

- 100 - 

  

Annex 

  



 

 

- 101 - 

  

Annex 

  



 

 

- 102 - 

  

Annex 

  



 

 

- 103 - 

  

Annex 

 



 

 

- 104 - 

  

Annex 

 



 

 

- 105 - 

  

Annex 

 



 

 

- 106 - 

  

Annex 

  



 

 

- 107 - 

  

Annex 

 



 

 

- 108 - 

  

Annex 

  



 

 

- 109 - 

  

Annex 

  



 

 

- 110 - 

  

Annex 

  



 

 

- 111 - 

  

Annex 

  



 

 

- 112 - 

  

Annex 

  



 

 

- 113 - 

  

Annex 

 



 

 

- 114 - 

  

Annex 

  



 

 

- 115 - 

  

Annex 

  



 

 

- 116 - 

  

Annex 

  



 

 

- 117 - 

  

Annex 

 


