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Thesis abstract

Daphnia as the “canary in the coalmine” — Effect-based methods for
pollution assessment

Anna Michalaki

The presence of pollutants in the aquatic environment poses a serious threat for key species
in the ecosystem. Conventional approaches to assess the quality of water rely on spot or grab
samples and the detection of chemical pollutants in the water. Furthermore, the presence of
flora and fauna in water is characteristic of its condition. Nevertheless, these approaches do
not reflect a realistic assessment of water quality since they are limited not only in sensitivity
but also in their ability to detect and cover a wide range of pollutants. This lack of realism
has redirected predictive ecotoxicology and risk assessment towards effect-based methods.
Effect-based tools are modern approaches employed in predictive ecotoxicology and risk
assessment. These approaches utilize in silico approaches and model species, such as
daphnids among others, to observe the effects of different chemical compounds and provide
mechanistic insight over their actions. From the main categories of emerging pollutants
encountered in the ecosystem, for the context of this thesis emphasis will be given to ionic
liquids, and pharmaceutical compounds, as well as complex chemical mixtures.



Thesis outline

This first chapter is an introduction to freshwater ecotoxicology, risk assessment, the biology
of daphnids, the research chapters, the methodological approaches of this thesis and
summary of published papers. Modern approaches in mechanistic ecotoxicology rely on
phenotypic, biochemical and holistic techniques to identify key responses to these emerging
pollutants. Therefore, these molecular fingerprints can be used to identify water pollution
early.

Following the introduction, the manuscripts related to the second chapter are presented. The
second chapter was divided into two parts: the first part assessed the effects of eight single
stressors and their mixture on daphnids using acute exposures, while the second part
addressed the impact of several concentrations of the mixture using chronic and
transgenerational exposures. Metabolomic analysis confirmed the results in both parts.

The manuscript related to the third chapter focusing on ionic liquids, the effects of 1-butyl-
3-methylimidazolium (BMIM) ionic liquids (ILs) were addressed. Acute and chronic
exposures were assessed with a combination of phenotypic and biochemical endpoints to
describe their toxicity potential.

The fourth chapter dealt with pharmaceutical pollution. Two manuscripts were published.
Hence this chapter is divided into two parts. The first part assessed the impact of two non-
steroidal anti-inflammatory drugs (NSAIDs) on daphnids using acute and chronic and
transgenerational exposures, and the second part evaluated the impact of chemical and
commercial forms of NSAIDs through chronic and transgenerational exposures.

The last chapter focused on the impact of a three-chemicals mixture, and it began with
laboratory studies to translate these findings to the actual environment using two rivers as
representative matrices. For this yet unpublished chapter, daphnids were exposed in acute
and chronic and transgenerational scenarios to capture non-lethal changes.

Finally, this thesis closed with the discussion of all the individual studies and their respective
manuscripts.

To provide an overview of the experimental designs followed in this thesis, a summary table
(Table 1) and a schematic workflow (Figure 1) are presented. Table 1 summarizes the
exposure types, generations and ages of daphnids used, along with the chemicals and their
concentrations, solvents, media and endpoints assessed in each study. Figure 1 illustrates the
experimental workflow of this thesis, starting with the exposure types (acute, chronic,

transgenerational), followed by the endpoints evaluated. Initially, the toxicity of each
1



chemical was assessed using toxicity curves to determine mortality. Subsequently,
phenotypic endpoints such as survival, reproduction and feeding assay were evaluated,
followed by the assessment of enzymatic activities in daphnids. In some studies,
metabolomic analyses were also performed.

The experiments conducted in this thesis can be categorized in laboratory and
environmental. Laboratory experiments served as screening tests to evaluate toxicity of
chemicals, and also to provide mechanistic insights, allowing the selection of appropriate
working concentrations. Environmental studies, using natural water, aimed to show that
daphnids can detect differences between artificial laboratory media and natural water,
highlighting their potential as the canary in the coalmine in early-warning pollution

assessment (Abdullahi et al., 2022).



Table 1. Overview of experimental designs used in this thesis.

Chapter | Study Exposure type | Generations | Daphnia (age) Chemicals & Solvent | Media | Endpoints
doses
2A 8 single Acute - D4 8 single OECD | OECD | Mort, Enz,
stressors & stressors', ECs Met
mixtures & 10-30% of
ECs
2B 8 stressors Acute/Chronic | 5 D1 & D21 8 single OECD | OECD | Mort, Enz,
mixtures chemical Feed, Met
mixture!, 1
ng/1-1000 pg/l
3 BMIM Ionic | Acute/Chronic | 1 D1,D4,D7,D14 | BMIM ILs?, OECD | OECD | Mort, Enz,
Liquids & D21 ECs (Acute) & Feed, Rep
1 mg/l
(Chronic)
4A NSAIDs Acute/Chronic | 3 D1, D5, D7, D14 Indomethacin, | DMSO | OECD | Mort, Enz,
& D21 ibuprofen, 1 Feed
mg/l
4B NSAIDs & | Acute/Chronic | 5 D1 & D14 Indomethacin, | DMSO | OECD | Mort, Enz,
commercial ibuprofen Surv, Met
forms (chemical &
commercial
forms), 5 pg/l
5 River water | Acute/Chronic | 2 D1 & D21 Lithium, OECD | OECD | Mort, Enz,
study metformin, & Feed, Met
glyphosate, river
0.01-10 mg/1 water

!Chemicals included: Aluminium sulfate, Lithium chloride, Acetylsalicylic acid, propranolol, metformin, diltiazem, glyphosate,

nicotine

2BMIM ILs: BMIM Hexafluorophosphate, BMIM Chloride, BMIM Tetrafluoroborate, BMIM Hexafluoroantimonate, BMIM
Methanesulfonate
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Figure 1. Graphical illustration of experimental design, followed in this research. The
effects of pollutants on daphnids were assessed using following acute and chronic
exposures. The acute exposure is divided into two parts. In the first part neonates were
exposed directly to the chemical for 24h, while in the second part neonates were cultured
up to day four and then were exposed for 24h. Regarding the chronic exposures, both
single and multigenerational exposures were performed throughout this research.
Following these exposures, phenotypic and molecular endpoints of daphnids physiology
were performed for the evaluation of the pollutants’ impact.
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Chapter 1

Introduction

Background and Environmental Significance

Water pollution as a global issue

The increase of global population and the consumption of natural resources have led to a
significant impact on the environment. As a result, the importance of safeguarding the
terrestrial and aquatic environment has been highlighted as a priority globally (Ejiohuo et
al., 2025). The concentrations of toxic chemicals, such as pharmaceutical compounds and
novel materials such as ionic liquids among others in the aquatic environment are
significantly increasing over the last decades. Until now, the quality of water in the aquatic
environment is assessed by traditional methods, such as spot or grab samples, and
comparisons with water quality standards (Escher et al., 2021). However, these methods
have several weaknesses such as their cost for analytical instrumentation, their sensitivity
limits, and the restriction that they can detect only a small number of possible pollutants and
not the entire “iceberg” of the chemicals that could be present in the environment (Escher et
al., 2021). Another approach to assess water quality focuses on the identification of flora and
fauna present in the aquatic environment as indicators to assess its impact and health status
(Escher et al., 2021). However, these approaches show a lack of realism because they are
too late to provide early warnings before ecological damage is precarious. In addition, these
approaches are not able to predict any future impact before the ecological damage has
already occurred and is irreversible (Escher et al., 2021).

The resulting gap can be bridged and captured as a novel field; Systems Toxicology, which
emerged in the interphase of analytical techniques and key species used as bioindicators to
understand pollution (Escher et al., 2021, Sturla et al., 2014). This evolving field of research
relies on key species and more sensitive molecular markers to identify the underlying
biological processes responsible for toxicity mediated effects.

Complex chemical mixtures, novel materials such as ionic liquids, and pharmaceutical
compounds are some of the chemicals that can easily be below the detection limits of
traditional approaches and their responses from key species could play important means to
assess pollution (Escher et al., 2021). Effectively the concept discussed in this thesis is the
application of molecular and metabolic endpoints in freshwater species that can be used as

early warning systems for pollution assessment.
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Safeguard the aquatic environment — revolutionizing risk assessment
The assessment of the environmental exposure to toxic chemicals and their impact on

biological systems is very important. Traditional pollution assessment approaches typically
rely on chemical detection and analysis of the relationships between pollutant abundance
and biodiversity, with results compared against established water quality standards (Ahmed
etal., 2019). However, these methods possess several weaknesses (Madrid and Zayas, 2007).
For example, a high cost for analytical quantification is a trade-off matched with the minimal
detection of a limited number of possible toxic chemicals, as some chemicals may be present
but not detected by a gap of a method or their concentration being lower than the detection
limit. Additionally, these approaches fail to predict future impact before the ecological
damage to the environment has occurred.

Systems Toxicology Approach is an innovative field of research which combines key species
to gain biological information over the actions of pollutants (Escher et al., 2021, Sturla et
al., 2014). This approach introduces more sensitive molecular markers of toxicity, markers
of oxidative stress and holistic techniques. The evaluation of biological knowledge using
genomic, metabolomic, transcriptomic and proteomic profiles and integrating holistic
approaches is pivotal to describe the system studied in molecular detail. A System Biology
approach of combining metabolomic with other omics data, to discover molecular
information in toxicological key events would develop new adverse outcome pathways
(AOPs). AOPs are useful to identify and characterize the environmental impacts of
pollutants on organisms. AOPs represent a sequence of biological events leading to adverse

effects with relevance to risk assessment (EPA, 2024) (Figure 2).
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Figure 2. Schematic representation of adverse outcome pathways (AOPs) to discover
toxicity mechanisms. AOPs link a chemical to a harmful effect by describing a sequence
of biological events from the molecular to the organism level.

Effect-based methods (EBMs) and New Approach Methodologies (NAMs)

As ecotoxicology and risk assessment progress to handle more complex environmental
challenges, new approaches reshape how we detect and deal with ecological risks. Among
these, EBMs and NAMs are emerging as essential tools for understanding and safeguarding

ecosystems (Brack et al., 2019, Cavoski et al., 2024). These methods provide greater



precision and depth than traditional approaches, delivering more precise, mechanism-based
insights into the effects of pollutants on species and ecosystems.

EBMs evaluate biological responses to pollutants commonly using bioassays or biomarkers
to detect a variety of harmful effects on organisms (Escher and Leusch, 2011). They are
especially useful for evaluating environmental samples containing mixture of pollutants, as
they can highlight cumulative or synergistic effects that traditional approaches (such as
chemical analysis) may overlook (Brack et al., 2019). Additionally, EBMs aid in the early
detection of ecological degradation, which promotes proactive environmental conservation
(Pasanen-Kase et al., 2011).

On the other hand, NAMs represent a developing set of toxicology procedures invented to
follow the 3Rs principle (Replacement, Reduction, and Refinement) with the goal of
minimizing and eventually eliminating the use of animals in scientific research (Cavoski et
al., 2024, Krewski et al., 2010, OECD, 2018). These approaches include in vitro procedures
that assess specific biological processes using organs, tissues, cells, and subcellular systems
(Krewski et al., 2010, OECD, 2018). In silico approaches, which use computational models,
and machine learning to analyse data and predict chemical modes of action, provide a
comprehensive risk assessment. Furthermore, omics technologies including genomics,
transcriptomics, and metabolomics collect biomolecular information, offering a detailed
understanding of the molecular effects of different compounds (Cavoski et al., 2024,
Krewski et al., 2010).

Precision toxicology, along with NAMs, focuses on identifying precise chemical pathways
that may contribute to detrimental health outcomes (Cavoski et al., 2024). Precision
toxicology has three primary foundations: phylotoxicology, which employs non-mammalian
species to study human-relevant toxicity pathways as an alternative to traditional animal
testing; susceptibility variations, which analyse genetic diversity within populations to
establish safe chemical exposure levels; and embedded translation, which integrates input
from regulatory authorities, industry stakeholders, and civil society to align NAMs with
practical regulations (Cavoski et al., 2024). NAMs and Precision Toxicology work together

to provide a more humane, efficient, and long-term approach to toxicological research.

Daphnids: a key species in freshwater ecology and ecotoxicology

Detection of pollutants and evaluation of their effects on the environment and living systems
have been used for freshwater pollution assessment. Daphnids are one of the most commonly
used species in toxicity assessment and freshwater ecology. Daphnids (also known as water

fleas), are freshwater planktonic crustaceans which belong in the order of Cladocera and
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class Branchiopoda. There are more than 100 species, and they live as filter-feeding
planktonic crustaceans filtering out bacteria, algae, cyanobacteria, protozoans and other
small particles suspended in the water. Daphnids play a key role as primary consumers in
the aquatic food chain of freshwater ecosystems. Daphnids have ten pairs of appendages
including antennules, antennae, maxillae (Figure 3). At the end of the abdomen, there is a
pair of abdominal claws. Daphnids are covered by a transparent chitinous carapace which
protects thorax and abdomen. The transparent carapace allows to observe several pairs of
limbs with setae (Ebert, 2005). The most characteristic feature of daphnids is a single large
compound eye and two pairs of highly branched antennae which are used for locomotion
(Figure 3). Daphnids have many advantages such as size of body, short life cycle, high
fecundity, and parthenogenetic reproduction. It is one of the largest herbivorous cladoceran
with a size of 0.5 mm to 6 mm, or even more. The size of an adult individual ranges from 5
mm to 6 mm. Males can be distinguished from females by their front legs which are equipped
with clasping hooks, a modified abdomen, smaller size, and larger antennules (Figure 4).
The size of the body is one of the most important factors, because it allows to use many
animals simultaneously in one experimental plate. Furthermore, the short life cycle, high
fecundity and parthenogenetic reproduction allow obtaining many organisms needed to test
in a short period of time (Figure 5). Another advantage of these species is transparent body,
which allows to measure many physiological parameters. Daphnids are a model organism
with many practical advantages, such as simplicity of their culture under laboratory
conditions, easy handling and low cost of maintenance, their geographical distribution, and
their key role in freshwater food webs. Also, daphnids testing includes the principles of 3Rs.
All these parameters highlight that daphnids are a simple alternative approach to toxicity
testing. Among the different species, Daphnia magna Straus i1s a relatively large
zooplankton, and it is commonly used in toxicity testing since 1940s (Tkaczyk et al., 2021).
Together with D. pulex, they have been described as key species in toxicity research,
however, upon a number of publications in literature D. magna has prevailed as the most
preferable model (Tkaczyk et al., 2021).

Daphnia sp. has a significant role in genetic research due to their unique life cycle. Most of
daphnids’ species can reproduce sexually and asexually (Ebert, 2005). Under stressful
conditions such as predation and competition for resources, the sexual reproduction is taking
place. Daphnia produces diploid (2N) eggs which are enclosed in a protective black structure
called an ephippium. Each ephippium contains 2 large eggs. Mating with a male individual
is needed for the ephippium to be fertilized and the egg to be hatched. The eggs are being

inert until the environmental conditions become suitable again. Then they hatch and young
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females are released (Ebert, 2005). In favourable environmental conditions, daphnids can
produce clonal females (Figure 4). Subsequently, this allows to have a specific genetic
background.

D. magna is often described as the “canary in the coalmine”, referring to the historical use
of canaries as early warning indicators of toxic gases in coalmines (Abdullahi et al., 2022).
This characterisation relies on the idea that the sentinel species should be more sensitive to
toxic chemicals than the majority of organisms, including humans, they should share the
same environment as humans, and should generate adverse effects that can be easily detected
and evaluated (Abdullahi et al., 2022). D. magna is known for its high sensitivity to
chemicals making it an essential model in ecotoxicology. It effectively serves as a
bioindicator for evaluating the adverse effects of various contaminants, including
pharmaceuticals and household products. It has been observed that D. magna exhibits
adverse effects following exposure to various doses of household products, as well as after
multigenerational exposures to low concentrations of certain pesticides such as triadimefon
(Hou et al., 2023, Tiwari et al., 2021). Additionally, comparative exposures of D. magna and
the freshwater species Japanese medaka, to pharmaceuticals such as ibuprofen,
acetaminophen and diclofenac revealed that D. magna is more sensitive that Japanese
medaka (Oliveira Pereira et al., 2024b). Even acute exposures of daphnids to low
concentration of pollutants in industrial effluent caused notable biochemical disruptions
(Oliveira Pereira et al., 2024a). Finally, D. magna exhibits sensitive behavioural and
physiological responses highlighting its utility for assessing the effects of pollutants in the

aquatic environment and its organisms (Tkaczyk et al., 2021).
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Figure 3. The anatomy of D. magna. This figure shows an adult female daphnia with
embryos in her brood chamber. For better visualization, the carapace is transparent.
Modified from Ebert (2005).




Figure 4. Morphological characteristics of daphnids. (a) Female and (b) male D. magna.
Differentiating sex features such as pair of minute first antennae (FA) of the females,
which are longer in the males, the bivalve-like carapace of the female with the symmetrical
edges (CE). The males have asymmetrical CEs. (c) Female D. magna with ephippium egg
at the back. Modified from Ebert (2005).
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Figure 5. Life cycle of a parthenogenetic D. magna. The diagram represents the sexual and
asexual (parthenogenetic) reproductive cycle of D. magna. During the asexual
reproductive cycle female daphnids produce diploid eggs that develop into clonal females.
Daphnids can also produce diploid eggs that develop into male daphnids. Under stressful
conditions daphnids can produce haploid eggs that are enclosed into a protective structure
(ephippium) and require male fertilization to be hatched. Non-modified from Ebert (2005).

Methodological approaches

Phenotypic and biochemical techniques to identify key responses to emerging
pollutants

The body size of daphnids, their heart rate, respiration, swimming behaviour, and fecundity
are some of the main parameters to assess their physiology with non-invasive approaches.
Additionally, biochemical markers provide a more detailed view of metabolic changes
(Tkaczyk et al., 2021). Some of these markers that can be used for the assessment of the
toxicity responses of daphnids in toxic chemicals, are the activity of key enzymes such as
antioxidant enzymes glutathione-S-transferase, glutathione reductase, catalase and lipid
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peroxidase. In addition, phosphatases, lactate dehydrogenase, peptidase and lipase belong to
the biochemical markers. All the markers that are mentioned above have the advantage of
being inexpensive and time efficient methods of assessing the daphnids’ responses to toxic

chemicals.

In the following chapters a variety of phenotypic and molecular markers of physiology were

used for the evaluation of the impact of the chosen chemicals on daphnids.

Mortality
The mortality was assessed with toxicity curves. Neonates and D4 daphnids were exposed

for 24 h to several concentrations of the pollutants and their mixtures. Toxicity curves were
plotted, and EC values were calculated. All plots were calculated using the Four parameter
logistic (4PL) model, following the equation Span = Top — Bottom and Y = Bottom + (Top-
Bottom)/(1 + 10"((LogIC50-X)*HillSlope)), using the GraphPad software. The parameters

top and bottom were commonly fixed to 100 and 0, accordingly.

Feeding assay
The impact of chemicals on the feeding performance of the animals was assessed following

acute or chronic (5-days) exposure of daphnids to the respective pollutants following the
protocol of Giannouli et al. (2023), or a miniaturized version of it Rowan et al. (2024). The
two protocols were used in different experimental sets, since the miniaturized version was
later adopted to reduce the volume of test media, reagents and number of animals, while
maintaining comparable sensitivity. According to (Giannouli et al., 2023) after the exposure,
the animals (separated into four replicates per exposure condition) were brought in a 12-well
plate containing 6 ml OECD and the latex beads, carboxylate-modified polystyrene,
fluorescent red microparticles (at concentration of 13 mg/l). Daphnids were allowed to ingest
the microparticles for 60 minutes and following media was collected every 10 minutes to
estimate the removed microparticles by fluorescence at Ex’Em 560/590 nm. Furthermore, in
some of the chapters, animals were homogenised in water, and the fluorescence was
measured also in the homogenate representing the ingested microparticles. Fluorescence was
expressed to amount of ingested microparticles using a standard curve. Similarly, in the
miniaturized version of (Rowan et al., 2024) the exposed animals were transferred into a 96-
well plate with 1 ml OECD media and the microplastic at a concentration of 26 mg/l. The
media was collected every 10 min up to 40 min and the feeding rate was expressed as the

slope of consumption of microparticles in 40 min.
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Survival assay
For the survival assay, survival curves were constructed using the Kaplan-Meier model.

Neonates (three replicates per condition) were exposed to several concentrations of the
chosen chemicals for 28 days, during which the number of living daphnids were counted

daily. Media and chemical were renewed twice a week and daphnids were fed daily.

Reproduction assay
The effects of chemicals to the fecundity of daphnids were evaluated with chronic exposures

to the selected concentration of the chemical of preference. The reproduction of daphnids
was assessed by the number of neonates released daily per individual. For this assay,
neonates were exposed to a non-lethal concentration of a pollutant, or a mixture of them, for

a 21-day period. Media and chemical were renewed daily and daphnids were fed every day.

Biochemical assays-Enzyme activities
Prior to the assessment of the enzyme activities of daphnids protein quantification is

required. Total protein of the homogenates was quantified using an ultrasensitive method
which is based on the electrostatic reaction of proteins with the Coomassie Brilliant Blue
(CBB) G-250 reagent (Georgiou et al., 2008, Grintzalis et al., 2015). The CBB reagent (60
mg CBB reagent in 100 ml 2 M HCI cleared by filtration to remove undissolved dye
particulates) was diluted 2-fold with 2 M HCI immediately before use. Bovine serum
albumin (BSA) dilutions (2-20 pg/ml) for standard curve were prepared in ddH>O. For the
assay, 200 pl of the unknown samples (appropriately diluted in ddH2O) or BSA standards
were mixed with 50 ul of the CBB: 2 M HCl reagent. The reaction was incubated for 10 min
at room temperature and absorbance was measured at 610 nm against reagent blanks (200
ul ddH>O instead of standard or sample). The net absorbance of samples was converted to
protein concentration equivalents using the corresponding BSA standard curve.
Phosphatase activity (acid and alkaline) was quantified from the conversion of p-nitrophenyl
phosphate to p-nitrophenol. For the reaction, 200 pl sample appropriately diluted in buffer
(100 mM acetic acid pH 4.5 for acid phosphatase and 100 mM boric acid pH 9.8 for alkaline
phosphatase) was mixed with 50 ul 8 mM p-nitrophenyl phosphate (pNPP) (3 mg/ml buffer).
The reaction was stopped after 30 min with the addition of 50 pul 4 M NaOH and absorbance
was measured at 405 nm against reagent blanks (200 ul buffer instead of sample).
B-galactosidase activity was quantified from the conversion of o-nitrophenyl-phospho-
galactoside (ONPG) to o-nitrophenol and galactose. The reaction was performed in
phosphate buffer pH 7.2. Specifically, 200 pl appropriately diluted sample in phosphate
buffer were mixed with 50 pl 8 mM ONPG in phosphate buffer (2.4 mg/ml buffer). The
13



reaction was stopped after 30 min with the addition of 50 ul 4 M NaOH. The absorbance
was measured at 405 nm against reagent blanks (200 ul phosphate buffer and 50 ul 8 mM
ONPG).

Activity of lipase was measured by the conversion of p-nitrophenyl butyrate to p-
nitrophenol. The reaction took place by mixing 200 ul appropriately diluted sample in
phosphate buffer pH 7.2 with 50 ul 2000x diluted stock of p-nitrophenyl butyrate (»NPB) in
DMSO. The reaction was stopped after 30 min, but the absorbance can be measured earlier.
The absorbance was measured at 405 nm against reagent blanks (200 pl phosphate buffer
and 50 ul 2000x diluted stock of pNPB).

Aminopeptidase activity was quantified from the hydrolysis of L-leu-4-nitroanilide and the
production of 4-nitroaniline. More specifically, 200 pl appropriately diluted sample in
phosphate buffer pH 7.2 were mixed with 50 ul 8 mM L-leu-4-nitroanilide in DMSO (2
mg/ml DMSO). This is continuous kinetics as the production of 4-nitroaniline is measured
continuously. The absorbance was measured at 418 nm against reagent blanks (200 pl
phosphate buffer and 50 pul 8 mM L-leu-4-nitroanilide in DMSO).

The activity of the enzyme lactate dehydrogenase (LDH) was measured by continuous
kinetics of the consumption of NAD(P)H (Worthington and Worthington, 2011). For this
reaction, 200 pl appropriately diluted sample in phosphate buffer pH 7.2 were mixed with
50 ul NADH: 40 mM pyruvate in phosphate buffer pH 7.2 (4.4 mg pyruvate/ml buffer) (1:1).
The absorbance was measured at 340 nm against reagent blanks (200 pul phosphate buffer
and 50 ul NADH: 40 mM pyruvate in phosphate buffer pH 7.2 (1:1)).
Glutathione-S-transferase (GST) activity was quantified from the reaction of reduced
glutathione (GSH) with 1-chloro-2,4-dinitrobenzene (CDNB) (Tang et al., 1996). 200 pul
appropriately diluted sample in phosphate buffer pH 7.2 with 50 pl 2 mM CDNB: 6 mM
GSH (1:1) (12.4 mg CDNB/ml methanol, 3.8 mg GSH/ml phosphate buffer). This solution
of 2 mM CDNB: 6 mM GSH (1:1) needs to be prepared fresh as it is not stable for a long
time. This is continuous kinetics as the production of the GSH-CDNB complex was
measured continuously at 340 nm.

For the quantification of reduced thiols, 30 animals were homogenized directly in 500 pl
100 mM acetic acid pH 4.5 using an Eppendorf pestle homogenizer. Homogenates were
cleared by centrifugation at 14000 rpm for 3 min and all the clear supernatant was isolated
in small Eppendorf tubes. Reduced thiols were quantified by the reaction with aldrithiol
(DPS). The absorbance was measured after 10 min at 405 nm against reagent blanks (200 pl
100 mM acetic acid pH 4.5 and 50 pl 0.75 mM DPS).
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Environmental omics

In the field of toxicology, the fundamental target is to comprehend the effects of both single
chemicals and mixture of chemicals on biological systems (Thomas et al., 2002). For this
goal to be accomplished “omics” techniques are used. The term “omics” stands for “as a
whole” and techniques such as (epi)genomics, transcriptomics, proteomics and
metabolomics are included (Figure 6). These holistic approaches are different from the
standard observation of phenotypes because of their ability to provide primarily mechanistic
information and identification of the toxicity pathway (Frohlich, 2017). Traditional
toxicology models separate chemicals based on their pharmacokinetic and
pharmacodynamics processes. These methods provide a descriptive observation and not a
mechanistic understanding at the molecular level (Thomas et al., 2002). Even if the omics
techniques provide more detailed and specific information, traditional methods are still valid
and useful, as they provide a framework for understanding chemical toxicity (Thomas et al.,
2002). Genomics investigates genes and their functions using recombinant DNA, DNA
sequencing and bioinformatics to analyse function and structure of the genome. By
definition, transcriptomics represents the entire set of transcripts or mRNAs present in a cell
or an organism. Proteomics outlines the analysis of proteins which are functionally,
structurally and anatomically related. Also, proteomics provides more direct information on
cellular responses than gene regulation. Metabolomics identifies phenotypic changes that
occurred in the presence of the toxicant, while transcriptomics and proteomics provide
information of potential hazards. Metabolomics provides changes in the entire metabolome
and usually is performed as footprint (extracellular metabolites analysis) or as fingerprint
(intracellular metabolites analysis) (Frohlich, 2017, Bernot et al., 2005).

Nuclear Magnetic Resonance (NMR) spectroscopy and Mass Spectrometry (MS) are the two
commonly used techniques for metabolomic analysis (Nguyen et al., 2024). NMR
spectroscopy is known for its ability to analyse samples chemical profile with little
preparation, retaining sample integrity while determining structures and concentrations

(Pacholczyk-Sienicka et al., 2021).

Organization (organelle, cell, organ, organism) Analysis

Epi)Genomics

(Epi) Transcriptomics .
Proteomics .

Metabolomics

Figure 6. Holistic approaches for environmental monitoring. Progressing from genetic
information to functional outcomes. (Epi)Genomics examines DNA-level changes,
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transcriptomics focuses on gene expression, proteomics studies proteins, and metabolomics
explores metabolic products.

Environmental metabolomics

Mass Spectrometry (MS) is crucial for detecting and quantifying a wide range of metabolites
due to its sensitivity and specificity (Nguyen et al., 2024). It can function in several modes:
Direct Infusion Mass Spectrometry (DIMS) analyses samples by injecting them directly into
a mass analyser. This method is efficient, but susceptible to ion suppression in complex
mixtures. Liquid Chromatography-MS (LC-MS) and Gas Chromatography-MS (GC-MS)
separate the sample into its individual compounds prior to MS detection (Dunn et al., 2013).
LC-MS is useful for evaluating non-volatile, polar molecules, whereas GC-MS is optimized
for volatile organic substances (Nguyen et al., 2024). These techniques are beneficial for
investigating the biochemical impacts of contaminants and tracking metabolic pathway
changes caused by environmental exposures.

Metabolomic analysis can use either targeted or untargeted approaches. Targeted
metabolomics focuses on quantifying a predetermined set of known metabolites, while
untargeted metabolomics analyses as many metabolites as possible including unknown
compounds (Nguyen et al., 2024, Patti et al., 2012).

In metabolomics, there are numerous approaches to properly identify molecules.
Identification relies mainly on comparing experimental spectra to reference libraries, which
is supported by advanced techniques such as fragmentation and derivatization (Dunn et al.,
2013, Vinaixa et al., 2016). During fragmentation, a procedure commonly used with tandem
mass spectrometry (MS/MS), molecules break down into smaller, known fragments under
controlled conditions. As a result, this process yields structural information that aids in
distinguishing between molecules of similar masses.

Derivatization, on the other hand, chemically alters substances to increase detectability,
stability, or volatility, particularly in GC-MS. Polar metabolites, such as amino acids or
sugars, are frequently derivatized via silylation with reagents such as N-methyl-N-
(trimethylsilyl)trifluoroacetamide (MSTFA), which replaces reactive hydrogen atoms with
trimethylsilyl groups (Kind and Fiehn, 2007). Similarly, methylation or acylation can
increase the volatility of analytes while preventing heat degradation during analysis.
Derivatization is essential for detecting low-abundance or thermally sensitive compounds
that would otherwise go undetected. Additionally, metabolites can be identified based on the
natural abundance of isotopes '*C, 1°N, and 80, using isotopic pattern matching (Dunn et
al., 2012, Dunn et al., 2013). Other methods for compound identification include using the

compound’s retention time or experimental standards (Dunn et al., 2013, Vinaixa et al.,
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2016). Retention time is the amount of time it takes for a substance to pass the
chromatographic column, and it is unique for each molecule. The use of experimental
standards is thought to be the most reliable way of compound identification in metabolomics.
This approach involves analysing authentic standards of pure molecules under identical
experimental settings and then comparing the resulting spectra and retention times with those
of the unknown metabolites (Dunn et al., 2013). All the aforementioned methods are useful
in their own way, however, to achieve accuracy in compound identification, combination of
two or more of these methods is required (Dunn et al., 2013).

The efficacy of metabolomic analysis significantly relies on the extraction process, as it
plays a crucial role in retrieving the metabolites from biological samples, while minimizing
degradation and contamination. There are numerous extraction methods available, however,
solvent-based extraction is one of the most frequently used. This method uses solvent
mixtures, such as methanol-water, or chloroform to separate metabolites based on their
polarity allowing the simultaneous extraction of both hydrophilic and hydrophobic
molecules (Dunn et al., 2011). Another extraction technique is solid-phase extraction (SPE)
in which the metabolites stay attached to the column, while the unwanted components are
being removed. Thus, the resulted sample is more condensed and purer making the analysis
more sensitive (Want et al., 2013). The extraction method used is crucial since it has a direct
impact on subsequent analysis by producing various metabolite profiles depending on the
sample type and biochemical properties (Lei et al., 2011). Therefore, choosing a proper
extraction technique is critical for collecting reliable and high-quality metabolomic data.
Metabolites that were extracted from biological samples are being analysed. The result is a
multi-dimensional dataset with many samples and many features; thus robust statistical
approaches are required for data analysis and biological inference. The data analysis includes
normalization and scaling to ensure all data are comparable (Broadhurst and Kell, 2006).
Multivariate statistical approaches, such as principal component analysis (PCA) and partial
least squares analysis (PLS), are usually employed for pattern prediction and identification,
as well as classification of metabolomic profiles (Worley and Powers, 2013). Along with
these analyses, further statistical analysis such as Student’s #-Test and ANOVA shows the
statistical significance among the altered metabolites. Additionally, pathway analysis aids in
data visualization by connecting observed metabolic alterations to specific biochemical
pathways (Tyanova et al., 2016). The selection of the appropriate statistical analysis is

critical to ensure reliability and reproducibility of metabolomic analysis.
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Metabolomic analysis
Following acute or chronic chemical exposures, daphnids were snap-frozen and stored at -

80°C until metabolite extraction. The extraction process was conducted in the respective
collaborating laboratories Metabolomics Core Technology Platform at the University of
Heidelberg, Conway Institute of Biomolecular and Biomedical Science, and School of
Agriculture and Food Science, University College Dublin.

For the manuscript titled “The Effects of Single and Combined Stressors on Daphnids—
Enzyme Markers of Physiology and Metabolomics Validate the Impact of Pollution”
untargeted metabolomic analysis was performed using GC-MS (GC-ToF) at the
Metabolomics Core Technology Platform at the University of Heidelberg.

The analysis used in the manuscript titled “Exposure to chemical and commercial forms of
NSAIDs at environmentally relevant concentrations exert transgenerational metabolic
responses in daphnids” was a targeted LC-MS/MS and FIA-MS/MS which followed the
Biocrates Life Sciences protocol (Innsbruck, Austria) at the Conway Institute of
Biomolecular and Biomedical Science, and School of Agriculture and Food Science,

University College Dublin.

Introduction to the Research Chapters

The effects of eight single stressors and different doses of their mixture

The majority of pollutants are present in the environment as mixtures and rarely as
individuals. However, in the previous years, pollution assessment was conducted by
assessing the effects of individual chemicals rather than mixtures on aquatic organisms
(Backhaus and Faust, 2012). The effects of the mixtures can be either synergistic or
antagonistic compared to the effects of the individual compounds (Cedergreen, 2014). As a
result, chemical mixtures could be more toxic than the individual chemicals, even if they are
present in low concentrations. Therefore, it is crucial to develop more effective
methodologies for evaluating the impact of mixtures on aquatic organisms (Carvalho et al.,
2014).

There are two models that predict mixture toxicity in Mixture Toxicology: Concentration
Addition (CA) and Independent Action (IA) (BLISS, 1939). According to CA the chemicals
in a mixture have the same mode of action, while based on the IA the chemicals have
different mode of action. However, in realistic scenarios mixtures are usually consisted of
chemicals with diverse mechanisms, making prediction more complicated (Altenburger et

al., 2012).
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As mentioned, D. magna is a model organism that is widely used for pollution assessment
due to its numerous benefits, such as high sensitivity to chemicals, easy to culture under the
laboratory conditions and its parthenogenetic cycle (OECD, 2004, Tiwari et al., 2021). Many
studies have assessed the impact of complex mixtures of pollutants on daphnids, using
phenotypic and biochemical endpoints, such as mortality, reproduction, growth, enzyme
activities and feeding assay (Hecker and Hollert, 2009, Michalaki et al., 2022, Rowan et al.,
2025).

Acute exposures of daphnids to different doses of an eight-chemical mixture showed a
synergistic effect through biochemical markers and metabolomic analysis (Michalaki et al.,
2022), while acute exposure to mixture of different pharmaceuticals revealed an antagonistic
pattern of effect (Rowan et al., 2025). Additionally, chronic and transgenerational exposures
to mixture of pharmaceuticals caused significant toxicity even at very low and
environmentally relevant concentrations. These effects were transferred into the recovery
generation where the animals were growing in the absence of pollutant, revealing the
potential for inherited impairments across generations (Michalaki et al., 2025).

This chapter investigated the toxicity of eight single stressors: two metals (aluminium and
lithium), four pharmaceuticals (acetylsalicylic acid, diltiazem, metformin and propranolol),
an herbicide (glyphosate), and a stimulant (nicotine). Their effects both as individual
compounds and as mixtures were assessed on D. magna through acute, chronic and
transgenerational exposures.

Both metals are being widely used worldwide, and it is known that they are causing adverse
effects on aquatic organisms. Specifically, aluminium affects the liver, kidneys, fertility and
mortality, while it also causes protein and DNA damage (Botté et al., 2022, Closset et al.,
2022). The toxicity of lithium is mostly depends on the concentration and the duration of the
exposure (Zarse et al., 2011).

Acetylsalicylic acid (ASA) is a Non-Steroidal Anti-inflammatory Drug (NSAID) which is
being used for over 90 years, due to its low cost and high efficiency. It has anti-inflammatory
and analgesic properties, and it acts as an irreversible blocker of the enzyme cyclooxygenase
(COX), which catalyses the conversion of arachidonic acid to prostaglandins. Its effects vary
based on the organism, the dose and the duration of the exposure. Studies show that chronic
exposures to lower concentrations can cause more significant impacts than the acute
exposures to higher concentrations. Exposure of organisms to ASA can cause oxidative
stress, changes in cell volume regulation, fertility and DNA damage (Gomes et al., 2019,
Parolini, 2020). Propranolol is a drug prescribed for hypertension, and it belongs to the

category of B-blockers. It affects fertility on aquatic organisms depending on the organism
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and the dose, by increasing or decreasing it. Propranolol is a drug with critical
bioaccumulation effects, and it is known for disrupting the metabolic profile of aquatic
organisms (Damasceno de Oliveira et al., 2018, Michalaki et al., 2022). Diltiazem is a non-
dihydropyridine calcium channel blocker highly present in the aquatic ecosystems due to its
wide use for treating hypertension, angina and rhythm disorders (Steinkey et al., 2019).
Additionally, its effects vary depending on the organism, the concentration of diltiazem, and
the exposure period (Natalia et al., 2018). Chronic exposure of daphnids to diltiazem for 16-
days revealed decreased reproduction while also energy imbalance (Steinkey et al., 2019).
Metformin is a pharmaceutical administered to patients with diabetes type 2 (O'Rourke et
al., 2023). Since it is not metabolized in the body, the administered dose is ended up in the
aquatic environment having negative impact on aquatic organisms (Zheng et al., 2024).
Additionally, metformin can cause cellular reaction and histopathological damage in gills
(Barbieri et al., 2022), while it can affect growth and cause oxidative stress (Sibiya et al.,
2023).

N-(phosphonomethyl) glycine, known as glyphosate, is an herbicide globally used in
agriculture, often bleeding into the aquatic ecosystems significantly affecting aquatic
organisms (Lares et al., 2022). Glyphosate is not a persistent chemical, and its presence can
rapidly decrease from the environment (mean half-life of 20-30 days), yet its metabolite
aminomethylphosphonic acid (AMPA) has been characterized as persistent and can move
into the ecosystem, becoming a threat for living organisms (Lares et al., 2022). Glyphosate
is known for affecting the morphology of zooplanktonic organisms and crustaceans and the
heart rate of daphnids (Michalaki et al., 2022).

The main ingredient of tobacco, nicotine, is a stimulant widely consumed (Giannouli et al.,
2023). According to literature, nicotine affects the reproduction of daphnids, by reducing the
number of offspring released by females, and by producing male offspring (Giannouli et al.,
2023, Vlasceanu et al., 2024). Acute exposure to several concentrations of nicotine ranging
from 5 to 20 mg/l, showed decreased feeding rate. Heart rate and activities of key enzymes
were also affected after exposure of daphnids to nicotine (Giannouli et al., 2023, Michalaki

et al., 2022).

Ionic Liquids (ILs)
Ionic liquids (ILs) are mostly organic salts made of organic cations and organic/inorganic

anions. ILs are a type of “green solvent”, and they are developed with the intention of
rep