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Abstract 
Traditional water monitoring encounter limitations due to the large number of 
contaminants present in our waters possible giving raise to mixture effects. This thesis 
aimed to investigate how the emerging omics approaches (transcriptomics, proteomics 
and metabolomics) can be used as an effect-based monitoring approach to assess and 
predict adverse effects in the freshwater environment. Moreover, this thesis analysed 
challenges and barrier with omics. A systematic literature search was conducted using 
Scopus and Web of Science to find case-studies using omics in field studies and reviews 
regarding challenges and barriers. The results in this thesis suggest that the use of fish 
species (either collected in the wild or in situ set-ups), transcriptomics and 
investigations of WWTP recipient was the most common way to apply omics. In order 
to interpret omics-data multiple studies conducted chemical monitoring in conjunction, 
investigated additional traditional biomarkers and/or used omics to identify altered 
biological or functional pathways that possible could lead to adverse effects at higher 
levels. According to the challenges and barriers identified in this thesis, the future of 
omics in environmental monitoring rely on the possibility to characterise and quantify 
natural variability, define appropriate critical effect sizes (i.e. thresholds of critical 
effects) and define baseline data. Moreover, it is necessary to develop frameworks and 
standardisations for omics-approaches (e.g. study-designs) to promote the interpretation 
of the results. Future research is also needed to develop and increase the understanding 
of how the proteomics and metabolomics can be applied. By improving the use of omics 
a more holistic water monitoring can be achieved including screenings for biological 
responses and  the ability to detect early warnings which will enhance the  prioritisation 
and site management of polluted water bodies, including those with limited prior 
knowledge regarding potential contaminants. 
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1 Introduction 
Human activities put pressure on water bodies around the world and chemical pollution is one 
of the major threats to water quality (Malaj et al. 2014). Within the EU, more than 100,000 
chemicals are approved (ECHA 2012), of which many end up in water bodies during 
production or after use. Contaminants of concern includes for example: persistent organic 
pollutants (POPs), metals, industrial and household chemicals, pesticides, biocides, 
pharmaceuticals and personal care products (PPCPs), manufactured nanomaterials, endocrine 
disrupting chemicals, and their transformation products (Schwarzenbach et al. 2006, 2010). A 
large number of the contaminants present in water are not always assessed for their inherent 
toxicity, regulated or monitored. For instance, per- and polyfluoroalkyl substances (PFAS) 
consist of more than 3000 different chemicals, used in different consumer products and for 
industrial purposes (textiles, firefighting foams etc.). The majority of these PFAS substances 
are not regulated nor assessed for their toxicity but are unambiguously present in our 
groundwater and surface water (Naturvårdsverket 2016). 

Water bodies are under a lot of pressure from different sources. Conventional wastewater 
treatment plants (WWTPs) are continuously releasing a multitude of contaminants into the 
aquatic environment. Other important sources into the environment are industry emissions 
and surface runoff or leachate to groundwater from e.g. agriculture activities and landfills or 
when wastewater are reused  (Schwarzenbach et al. 2006, 2010; Farré et al. 2008; Wittmer et 
al. 2010).  

Current EU regulations are mainly based on the substance-by-substance approach meaning 
that one substance at the time are being considered in ecotoxicity tests, risk assessments and 
monitoring programs. Both ecotoxicology and water management faces challenges in 
assessing the presence and effects of the large number of contaminants on aquatic organism 
and ecosystems and the number of chemicals continue to increase.  
 
The following sections outlines the current state of art and limitations with hazard 
assessments in risk assessments of chemicals  and water monitoring.  
 

 Hazard assessment  1.1
Hazard is determined as the potential of a chemical exposure to affect an organism, system or 
population. The effects of contaminants depend on the concentration, toxicity, solubility, 
bioavailability, duration of exposure and sensitivity of the exposed organisms (Connon et al. 
2012). An environmental risk assessment consist of four steps (1) hazard identification, (2) 
hazard assessment (dose-response assessment), (3) exposure assessment and (4) risk 
characterization  (Öberg 2009). 
 
The European chemical regulation (EU REACH1regulation, 1907/2006/EC) stipulates that 
chemicals produced or imported in quantities larger than 1000 kg/year requires to be assessed 
for their inherent hazard in an environmental risk assessment. Hazard assessments are also 
required in the authorisation process of for example pesticides, biocides and pharmaceuticals 
according to Directives 91/414/EEC, 528/2012 and 2001/83/EC, respectively.  
 
Hazard is usually assessed using in vivo studies investigating either acute (i.e. mortality) or 
chronic effects (e.g. reproduction, growth, development). The dose-response relationship 
between a chemical exposure and the effect is quantified and determined  as the 
concentrations of which a percentage of that effect can be distinguished (e.g. 50% mortality of 
                                                 
1 Registration, Evaluation, Authorisation and Restriction of Chemicals . 
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the total population, LC50) or where no effect occur (e.g. no-observed-effect-concentration, 
NOEC). To derive safe levels or a threshold concentration, such as Environmental Quality 
Standards (EQS2), an assessment factor is applied to the effect concentration (e.g. to the 
NOEC or LC50) applying a safety margin (Öberg 2009). In vivo studies in aquatic ecosystems 
are normally conducted using model organisms such as certain fish species (Oncorhynchus 
mykiss, Danio rerio and Pimephales promelas), crustacean (Daphnia magna) and algae 
(Pseudokirchneriella subcapitata). Model organisms are typically laboratory-bred, well-
studied and characterised species. Moreover, most of the ecotoxicity studies that are used to 
assess hazard and derive threshold concentrations are based on standardised protocols (e.g. 
The Organization of Economics, Co-operation and Development, OECD) of in vivo studies. 
These protocols are acceptable international standards which enables equal experimental set-
ups and quality controls across borders. However, such in vivo studies measuring whole-
organism exposure (e.g. mortality, growth and reproduction) provide limited understanding 
about the mechanisms of chemical toxicity, which limits the prediction of the toxicant 
response (Snape et al. 2004).  
  
While ecotoxicology of the 20th century focused on establishing which chemicals caused 
damage to organisms and ecosystems, the challenge for the 21st century are to understand the 
mechanisms of toxicity (Snape et al. 2004). Scientists are now seeking for opportunities to 
identify and understand effects on the molecular level and to assess mixture effects caused by 
chemicals present in the environment. In accordance, new regulatory programs and 
monitoring concepts highlight the necessity to develop novel methods to predict toxicity of 
substances and to augment, or even replace, in vivo tests (Ankley and Edwards 2018). 
Although REACH actively promotes the use of alternative methods to testing on animals, for 
instance chemical read-across, chemical grouping, modelling and weight of evidence 
approaches, still, most fundamental information used in hazard assessments are based on in 
vivo data (ECHA 2014).  
 
1.1.1 Mixture effects  
In the environment, organisms (including humans) are exposed to complex mixtures of 
contaminants during their lifetime. Individual chemicals might be present at concentrations 
below of which it is expected to be of concern, but in a mixture with other contaminants it 
might cause a toxic effect (Schwarzenbach et al. 2006). There is strong evidence that 
contaminants sharing the same mechanisms of toxicity, the so called mode of action, work 
together to produce synergistic effects that are greater compared to the effects of each 
individual compound (Kortenkamp and Faust 2009). For instance, Brian et al. (2005) showed 
that the mixture of five estrogenic compounds, at concentrations below levels at which their 
individual effect could be seen, had a stronger cumulative effect on fish. However, evidence 
regarding the additive toxicity of contaminants with different mode of action is also 
increasing, suggesting that the combination of different chemical classes could explain the 
overall toxicity (Altenburger et al. 2004; Kortenkamp and Faust 2009).  

Chemical hazard assessments are in general not considering mixture effects since there is no 
uniform regulation available for mixtures. If considering mixture it is necessary to determine 
the relative proportion of the components and their contribution to the overall toxicity. Hence, 
it is crucial to be aware of all components present in the mixture. Environmental policy 
makers have recognised mixture toxicity as a major issue in ERAs of chemicals, also realizing 

                                                 
2 Environmental Quality Standards (EQS) set the maximum allowable concentration of a substance in water. 
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that it is not feasible to assess the countless possible combination of contaminants (Ankley 
and Edwards 2018).  

 Water monitoring  1.2
Water monitoring aims to protect aquatic ecosystems and to ensure safety of wildlife and 
humans consuming fishery products and drinking water. According to the Water Framework 
Directive (2000/60/EG), European waters are required to be monitored and classified for its 
chemical and ecological status. The daughter directive (2013/39/EU) stipulates that 53 
‘Priority Substances’ should be monitored according to EQSs in order to assess the chemical 
status. The development of priority substances, removed many of these chemicals from the 
market (no longer permitted for use); leading to a reduction of their concentration in European 
water bodies. However, the removal or regulation of these priority substances often led to a 
replacement with a non-regulated substances (Brack et al. 2018). Currently, a watch-list has 
been established with further 17 substance to be monitored, which may in the future be 
included as priority substances (European Commission 2018). In addition to this, EU 
countries can also implement ‘River Basin-Specific Pollutants’ that are of national concern to 
be monitored. These standards are used to classify water bodies for their ecological status 
(and not the chemical status). However, since only a limited number of substances require 
monitoring, a vast number of the contaminants present in our water may not be monitored or 
detected at all, possible leading to the false assumption that the water has good quality. For 
instance, Moschet et al. (2014) conducted an extensive analytical screening of pesticides in 
Swizz surface water, detecting more than 100 pesticides and 40 transformation products. Of 
the 50 pesticides most frequently detected only two substances were defined as priority 
substances, thus the remaining 48 pesticides do not require mandatory monitoring but are 
evidently present in surface water. In addition, substances of which there is no information 
about (toxicity or occurrence for example) will most likely be overlooked. This vicious circle 
means that without monitoring, no evidence can be obtained that can justify inclusion of 
emerging substances in future monitoring (von der Ohe et al. 2011). The approach is rather 
reactive; we wait for the problem to occur before we take action and include it as a Priority 
Substance or in national environmental monitoring programs.  

The substance-by-substance (i.e. EQS based on traditional hazard assessments) approach fails 
to say something about the mixture effect of multiple contaminants, or the effects of the 
transformation products, possible giving rise to cumulative effects (Wernersson et al. 2015). 
Other drawbacks with this approach is that it is costly (resource and time demanding) and that 
it only provides a snapshot of the reality (peak concentrations that may have caused an effect 
can be missed) (Wernersson et al. 2015). The substance-by-substance approach is therefore no 
longer considered scientifically or economically robust enough to deal with the challenges of 
assessing chemicals and monitor water quality due to the large number of substances present 
in waters. There is a need for alternative approaches to address a much broader range of 
substances and consider mixture toxicity and risk rather than concentrations of individual 
substances. In the light of this, approaches investigating effects in the environment (so called 
effect-based monitoring) are being advocated and considered when the Water Framework 
Directive is being revised (Brack et al. 2017). A paradigm shift is called for in this regard 
including more broad chemical screenings, effect-based monitoring and an increased 
understanding of mixtures.  
 
1.2.1 Effect-based monitoring  
The goal with environmental monitoring is to strive towards a non-toxic environment, not a 
non-chemical environment (European Commission 2017). Effect-based monitoring does not 
focus on if certain substances exceeds their threshold concentration (e.g. EQS) or not, instead 
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effects seen in the environment or in an environmental sample are measured. This type of 
monitoring approach can therefore be used for the detection of groups of chemicals with 
similar effects. Considering the large number of substances that may be present in water, 
effect-based monitoring approaches are considered more cost-effective in order to detect 
potential impacts in the environment, as they can capture effects of unknown and unregulated 
contaminants. If major toxicological endpoints and modes of action are covered by these 
assays, effect-based monitoring may help describe the chemical status in a more holistic way 
and also provide a link between the assessment of the chemical and ecological status (Brack 
et al. 2018). Hence, the use of effect-based monitoring in combination with chemical analysis 
allows to explore the potential cause-effect relationship more in depth (Figure 1) (Huang et al. 
2016). 
 

 
Figure 1. Conceptual model of multi-biomarkers of effect-based monitoring combined with chemical monitoring that enables 
a holistic way of linking chemical status to biological effects (adapted from: Huang et al., 2016). 

 
Effect-based monitoring can detect effect at different biological levels: molecular, cellular, 
organ, organism and ecosystem. Examples of such approaches are biomarkers, bioassays (in 
vitro and in vivo), in situ, and ecological approaches (summarised in Table 1). 
 
Table 1. Examples of effect-based monitoring approaches  (Wernersson et al. 2015). 

Monitoring approach  Explanation  
Biomarkers Biological responses at the cellular or individual levels measured in 

field-exposed organisms. 

Bioassays 
 

Toxicity of environmental samples under defined laboratory conditions 
on individual (in vivo) and cellular level (in vitro).  

In situ  Toxicity of environmental samples under field conditions on individual 
level (e.g. caged fishes). 

Ecological approaches Changes and impacts observed at higher biological organisation levels, 
i.e. the population and/or community 

 
Biomarkers are defined as molecular, biochemical, cellular or physiological alterations caused 
by chemical exposure and serves as indicators of health status of organisms collected in field 
(Connon et al. 2012). Certain biomarkers have been developed during the years, which have 
been applied for instance in the Swedish marine and coastal monitoring program (Table 2) 
(Larsson et al. 2007). These traditional biomarkers includes for instance, histology and 
morphological changes such as such as gonadosomatic index (GSI), hepatosomatic index 
(HSI), and condition factor (CF), revealing changes in energy use and storage related to 
contaminant exposure or changes of protein content (e.g. EROD activity and vitellogenin) 
(Connon et al. 2012). However, the information given from measurements of traditional 
biomarkers are limited to the known endpoints (i.e. supervised and targeted approach). 
Consequently, other effects might be overlooked. Bioassays are easy to perform but are 

Impacted waterbody 
(e.g. WWTPs)

Biological sample

Water sample

Morphology, 
histopathology, 

biochemical indicators, 
omics

Chemical analysis 
(metals, pesticides, 

PPCP etc.)

Cause‐ effect 
relationship
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likewise, limited to the targeted endpoints, and the increase of more endpoints are often 
prohibited by associated coast (Xia et al. 2017). In situ assays are designed as cage studies, 
flow-through systems or transplanted organism studies in the field (Connon et al. 2012). 
Finally, ecological approaches are used to assess the ecological status and takes into account 
the impacts at the levels of population and community, based on the use of specific indices 
and ecological quality rations. Ecological approaches are however often linked with increased 
resource demand considering both time and money (Wernersson et al. 2015).  All these 
potential effect-based tools can be used in the context of the different monitoring programmes 
linking chemical and ecological status assessment (Wernersson et al. 2015). However, these 
tools are limited to the targeted endpoints investigated (bioassays and biomarkers) or provides 
limited information about early warnings or mechanisms for the  toxicity (e.g. ecological and 
in situ approaches). 
 
Table 2. Examples of traditional (supervised) biomarkers in fish monitoring (Larsson et al. 2007). 

Biomarker(s) Endpoint  
Body weight, length, condition factors (CF)  Energy, growth, condition 
Gonadosomatic Index (GSI), vitellogenin (vtg) in plasma Reproduction, endocrine disruption 
Hepatosomatic index (HSI), Liver EROD activity, 
glutathione reductase (GR), glutathione S-transferase 
(GST) 

Liver function, detoxification, oxidative 
stress 

DNA-adducts in liver Genotoxicity 
Metallothionein (MT) Exposure of metals 
 
Lately, emerging 'omics’ technologies have gained scientific attention creating a new field of 
opportunities for water quality monitoring. Omics technologies generate high-content datasets 
with data of genes, gene transcripts, proteins and/or metabolites (Horgan and Kenny 2011) 
and can be applied to all monitoring approaches mentioned in Table 1. Yet, although omics 
technologies have been described as the new generation of monitoring tools (Leung 2018),  
bypassing some of the limitations previously discussed, they are currently not incorporated in 
any environmental monitoring scheme.  
 

2 Background – an introduction to ‘omics’  
The term ‘omics’ is a derivation of the suffix -ome that refers to all biological fields of  
genome, proteome, transcriptome and metabolome (i.e. everything in biology ending with -
ome) (Debnath et al. 2010). Omics is the measurement and characterisation of the omes, 
which can be translated into an organism’s structure, function and dynamics (Figure 3). 
Today, there are more than 1000 different omics fields in biology (Leung 2018).  
 
During the 21 century, the understanding and technologies used in omics have significantly 
advanced and have become more accessible in medicine, pharmacology, physiology and 
environmental science. The so called next-generation sequencing technologies include 2D-gel 
electrophoresis and high-throughput DNA- or RNA sequencing (Leung 2018). Advances in 
these technologies makes it possible for researchers to assess the presence and responses of 
tens of thousands genes and their products in a single analysis (Aardema and MacGregor 
2002).  
 

 Terminology 2.1
The following sections outline the terminology associated with omes and omics.  
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Figure 2. Schematic illustration of the relationship of genomic, transcriptomic, proteomic and metabolomic approaches and 
their result, the phenotype. 

 
2.1.1 Genome and genomics 
The genome of an organism is its complete genetic material and is encoded in the DNA, 
including both genes (encodes for protein) and non-coding sequences of the DNA.  
Genomics3 is the study of an organisms genome in terms of its structure and function 
(Debnath et al. 2010; Horgan and Kenny 2011). Due to the advances in sequencing 
technology, a vast amount of genomic data has been generated. Today, the whole genomes of 
many organisms have been characterised and systematically collected (e.g. 
www.genomesonline.org). By studying genomics it is possible to reveal chromosomal 
abnormalities and/or differences in DNA sequences between individuals (Horgan and Kenny 
2011).   
 
2.1.2 Transcriptome and transcriptomics 
The transcriptome is the total messenger RNA molecules (mRNA) in a cell or organism. 
mRNA is the transcript of a region of one of the strands of DNA and carries information for 
the synthesis of one or more proteins. Transcriptomics refers to the study of mRNA in a cell 
or organisms. The transcriptome reflects the genes that are expressed at any given moment 
and each cell expresses different genes at different times (e.g. development stages) and at 
different physiological conditions (Debnath et al. 2010; Horgan and Kenny 2011). Studying 
transcriptomes can therefore reveal the differences in gene activity between individuals and 
provide indications of initial responses of cellular mechanisms affected by stressors.   
 
2.1.3 Proteome and proteomics 
The proteome is all expressed proteins in a cell, tissue or organisms and proteomics is the 
large-scale study of proteins, including their structure and function within a cell, system 
and/or organism (Horgan and Kenny 2011). Proteins serve as significant components of major 
signalling and biochemical pathways. Investigations at protein levels are therefore important 
to reveal molecular mechanisms underlying growth and development impacts as well as other 
interactions with the environment (Debnath et al. 2010). Consequently, changes in cell 
phenotype4 can be fully seen only when transcripts are translated into protein (Horgan & 
Kenny, 2011).  
 
2.1.4 Metabolome and metabolomics 
The metabolome is the total quantitative collection of small biomolecule metabolites, like 
hormones, sugars, amino acids or fatty acids, present in a cell or organism (e.g. body fluids or 

                                                 
3 Not to be confound with genetics which is the study of individual genes and their roles 
4 Observable physical properties of an organism 
 

Transcriptome
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(product)
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Transcription Expression    Translation

Genome 
DNA (static)

Phenotype
(Function)



  
 

 11

tissue). It also refers to those metabolites taken in from external environment or in symbiotic 
processes. The metabolome is the last downstream product of gene transcription, and changes 
in the metabolome can therefore be derived to changes in the transcriptome and the proteome. 
Metabolomics is the study of global metabolite profiles in a cell, tissue or organism under a 
given set of conditions (Horgan and Kenny 2011).  
 

 Omics in environmental science 2.2
Omics are considered as promising tools to reveal molecular responses of individuals (using 
transcriptomics, proteomics and metabolomics) or to detect dynamic and structure changes of 
communities or populations  (using genomics) (Zhang et al. 2018).   
 
2.2.1 Measurements of genomic changes in the environment  
Metagenomics includes the characterisation of the genome of microorganisms (e.g. bacteria, 
fungi or diatom) or macroinvertebrates (Brack et al. 2018) present within a sample. To 
measure changes in metagenomics samples, bioindicators are necessary, which are organisms 
revealing the environmental stressors through the composition of their communities 
(Lefrançois et al. 2018). The use of eDNA metabarcoding to assist with biodiversity 
estimations is considered to be less costly and time consuming compared to other ecological 
effect-based tools.  
 
2.2.2 Measurements of transcriptomics, proteomics and metabolomics: 
Ecotoxicogenomics 
Omics in terms of ecotoxicity has been termed as ecotoxicogenomics (Snape et al. 2004). The 
concept behind omics monitoring is that environmental stressors (e.g. chemicals) can change 
gene expression and the pool of expressed mRNAs (transcriptomics), causing effects on 
protein synthesis (proteomics). The regulation of these systems also produces changes in the 
set of small metabolites produced by the organism (metabolomic) (Connon et al. 2012). Thus, 
measuring these molecules can provide an insight into the physiological status of an 
organism. Omics can be measured in field collected wild organisms, in situ or in organisms 
exposed under laboratory conditions (in vitro or in vivo). Hence, omics data reveals 
information at the level of molecules (gene transcripts, proteins, metabolites) that can be 
linked to harmful effects at the level of organisms and possible ecosystem or population level 
(Snape et al. 2004) (Figure 3).  
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Figure 3. Conceptual framework for ecotoxicogenomics (adapted from: Snape, 2004). Molecular parameters (e.g. 
transcriptomics) can be used to predict effects on the level of organism, population or ecosystem. 

 
Changes in omics profiles can be used as biomarkers of exposure and as a method of 
identifying mechanisms of toxicity. More pragmatic, omics can be used to identify clusters or 
signatures of genes, proteins or metabolites that are significantly up or down altered in 
response to environmental stressors. In the light the emerging omics research field, many 
studies have been conducted in order to identify omics biomarkers in model species. For 
example, more than 100 peer-reviewed articles are available studying the transcriptomics 
profiles of aquatic organisms in response to estrogenic exposure aiming to identify 
transcriptomic biomarkers (Feswick et al. 2017b). Some biomarkers (at the level of 
transcriptome and proteome) have already been proposed in regulatory frameworks; for 
instance the synthesis and measurements of the egg-yolk protein vitellogenin as a sign of 
endocrine disruption (Dreier et al. 2016). However, the use of omics for monitoring of water 
quality aims to measure the whole omics profile compared to a reference or normal range in 
order to detect differences that can be linked to chemical exposure. Thus, it will capture all 
changes and not only the target measurements (e.g. in studies only measuring vitellogenin).  
 
In recent years, omics has received increased attention in the field of chemical safety (e.g. 
hazard assessments) and environmental science. For instance, the European Food Safety 
Authority (EFSA) has highlighted the potential application of omics in human hazard 
assessment of combined exposure to multiple chemicals (EFSA 2014). The proposed benefits 
of omics as an effect-based monitoring approach can be summarised as below:  

  
 Omics  provide opportunities to discover and describe new modes of actions or new 

biomarkers of exposure compared to preselected approaches (i.e. it can be used to 
detect new endpoints of exposure). Omics does therefore not require prior assumption 
about the choice of biomarkers (Fent and Sumpter 2011). 

Molecular parameters
(e.g. transcriptomics, proteomics, metabolomics)

Organism 
(e.g. growth, development, reproduction, survival)

Population
(e.g. population growth rate, sex ratios, emergence success)
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 Omics can detect effects on the molecular level caused by low-dose interactions of 
mixtures and provide a picture of the ecotoxicological effect at an early stage (Ankley 
et al. 2009). 

 The difference from most traditional effect-based monitoring is that omics have the 
potential to detect all “effects” (i.e. it is unsupervised) and not only the 
effects/endpoints/biomarkers that are included in the assay or monitoring programme 
(Schroeder et al. 2017).  

 The use of omics can improve chemical safety assessments and reduce animal testing 
in regulatory toxicology (Buesen et al. 2017). In contrast to traditional toxicity testing, 
omics allow scientists to understand the mechanisms that cause toxicity.  

 
2.2.2.1 Linking omics to possible impacts on higher levels 
The omics approach relies on that biomarkers can be used to predict possible ecotoxicological 
effects before they come into force (Ankley et al. 2009). In addition, omics responses must be 
linked to physiological changes in order to understand their significance. As a consequence, a 
major challenge with omics is to define clear links between omics responses and alterations to 
phenotypic observations and ecological relevant endpoints (Fent and Sumpter 2011). A 
growing number of databases and software packages (e.g. functional gene enrichment 
analysis, gene ontology analysis and pathway analysis software) are available to detect 
biological or molecular pathways and functions that are of relevance for the health of 
organisms. With an increasing amount of studies and data it is also possible to identify and 
exclude recurrent changes that are not of ecotoxicological relevance (Simmons et al. 2015; 
Davis et al. 2016; Buesen et al. 2017)  
 
The adverse outcome pathways (AOP) concept was developed to relate effects at the  
molecular level to endpoints useful in risk assessments (e.g. survival, reproduction, 
development and growth) (Ankley et al. 2010). AOP has been applied in both human and 
environmental toxicology. Within environmental science it is used to predict effects on 
ecosystems or populations. The AOP is a conceptual chain consisting of a series of 
measurable key events (KE) linked to another key event relationship. The first key event is 
often a molecular initiating event (MIE), which is the response of chemical exposure (Table 
3) (Ankley et al. 2010; Ankley and Edwards 2018). Today, more than 200 AOPs describing 
endpoints relevant both to human health and the environment are organised and available in 
the AOP wiki5 (Ankley and Edwards 2018). Recent innovative scientific approaches have 
focused on the identification, development and evaluation of new AOPs based on omics data 
(Ankley and Edwards 2018). If key events can be translated into survival, growth, 
development or reproduction they can be used to predict effects on ecosystem and population 
levels. Thus, integrating omics with AOPs provides a way to predict effects on higher levels 
in the environment.  
 
Table 3 The AOP concept for cadmium with identified MIE and KEs leading to an adverse outcome (AO) namely kideney 
toxicity. Adapted from the AOP wiki  (AOPwiki 2019). 

MIE:  
Binding of substrate 

KE: 
Disturbance 

KE:  
Disruption 

KE:  
Increase 

AO: 
Occurrence 

Endocytic receptor Lysosomal 
function 

Lysosome Cytotoxicity (renal 
tubulare cell) 

Kidney 
toxicity  

 

                                                 
5 https://aopwiki.org (accessed 2018-10-09)  
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3 Aim and framing of questions 
Omics is commonly applied in laboratory experiments and numerous studies are available 
describing how omics can be used in ecotoxicology (e.g. development of biomarkers in fish) 
using model-organisms under controlled laboratory conditions. Scenarios where organisms 
are exposed in field are far more ecologically meaningful compared to laboratory assays, 
however, results from complex ecosystems are not as straight forward to interpret as effects 
can be difficult to distinguish from natural variability (Connon et al. 2012). Relatively few 
studies have employed omics in field to assess and predict aquatic ecotoxicity. Hence, omics 
in aquatic ecotoxicity and water monitoring is still in its infancy. Many researchers predict 
omics as the future effect-based monitoring tool, yet, questions still remains about its 
applicability and how results should be interpreted.  
 
This thesis aims to investigate how omics technology can be used in field as an effect-based 
monitoring approach. Furthermore, it also aims to identify challenges and barriers with this 
omics approach. Thus, this thesis will provide a review regarding the applicability, challenges 
and barriers with omics technology as an effect- based tool.  
 

 Framing of questions 3.1
This study builds on a systematic review capturing practical examples (case-studies) where 
omics have been used as an effect-based monitoring tool in the freshwater environment. In 
addition, reviews of the topic were also included in order to identify and analyse challenges 
and barriers with omics. The goal of this review was to evaluate the five main questions:  
 

1. What organisms (and species) are most commonly investigated? And how are they 
investigated?  

2. What omics  (transcriptomics, metabolomics and proteomics) are most commonly 
used?  

3. What scenarios are typically investigated?  
4. How are omics-results interpreted? Have results been translated into possible effects 

on higher levels (individual, population or ecosystem)?  
5. What are the challenges and barriers with omics in water monitoring? 

 
 Demarcations  3.2

The aim of this study was to investigate how transcriptomics, metabolomics and proteomics 
can be used as an effect-based monitoring approach to describe mechanisms of toxicity in 
freshwater organisms (i.e. ecotoxicogenomics). The study was limited to investigations of 
higher organisms (does not include microorganisms such has bacteria and algae), and does not 
include genomics and the use of ecological assessments (structures of communities and 
biodiversity estimations etc.). Lastly, this study only includes studies where omics were used 
in the field, either by collecting wild organism or in situ investigations. 
 

4 Method 
The literature review was conducted following the steps to review, analyse and present 
qualitative data according to the five steps; defining the research questions, identification of 
relevant articles, assessing study quality, summarising the evidence and interpreting the 
findings, by Khan, Kunz, Kleijnen, & Antes, (2003). The five steps are described below. 
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Step 1: Defining the research questions 
The research questions to be addressed in this review are described in section 3.1.  
 
Step 2: Identification of relevant articles 
In order to identify relevant articles, different keywords were used in different combinations, 
using Web of Science and Scopus databases (Table 4). For detailed combination of keywords 
and results see Appendix A. The literature search was conducted in November 2018. Both 
case-studies and reviews were considered in the literature search. 
 
Table 4. Keywords used in the literature search and criteria used to select studies. Words in the left column were used in solo 
or in different combination with words in the right column.  

Keywords (used in the literature search) 

omics 
transcriptomics 
proteomics  
metabolomics  
toxicogenomics 
ecotoxicogenomics  
toxicoproteomics  
ecotoxicoproteomic 
 

water quality 
water monitoring  
water and in situ 
water and in field 
effect-based monitoring 
surface water 
river  
caged 
chemical pollution 
water pollution 
adverse outcome pathway 

 
Step 3: Assessing study quality  
Required characteristics of articles were determined in order to find and select relevant ones. 
Case-studies were selected if they were practical investigations of omics in freshwater 
organisms either collected wild or used for in situ experiments. Reviews were selected if they 
included aspects of applicability, variability, uncertainties or challenges with omics 
technologies.  
 
First, articles were screened based on title and abstract for relevance for the research 
questions (study selection 1). Relevant articles were saved to the reference program 
“Mendeley”6. Thereafter, duplicates were removed and remaining studies were read fully in 
depth. Studies that were not considered as relevant for the research questions were removed 
(study selection 2) (Table 5). Examples of studies that were excluded in the study selections 
were those identifying and describing biomarkers under laboratory exposure (chemical 
added), studies using marine organisms or studies specifically about genomics. Studies were 
also removed if only abstract was available (n=2).   
 
Table 5. Search- scheme for literature selection used in this study. 

Part Explanation 
Study selection 1 The first study selection was based on title and abstract. Studies not 

determined to fulfil the requirements for the research question(s) were not 
saved to Mendeley. 

Study selection 2 The second study selection was based on studies that were fully read and 
considered relevant for the research question(s).  

 

                                                 
6 https://www.mendeley.com 
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Step 4 and 5: Summarising the evidence and interpreting the findings 
Research questions 1 to 4 were answered, using information from all case-studies (section 5). 
To summarise and synthesise information from case-studies an evidence protocol was used  
(Table 6). In order to investigate how case-studies handled natural variability, the protocol 
included information about sample size, time of year of sampling and if temperature was 
measured. The findings from the case-studies were presented in tables to highlight similarities 
and dissimilarities between case-studies. Methods or findings that were considered as relevant 
for the purpose of this study were described using a narrative synthesis. 
 
Review articles were not summarised using the evidence protocols, instead relevant 
information was analysed in relation to the findings from the case-studies (research question 
5; section 6). Findings in the reviews were interpreted and analysed in relation to the findings 
in the case-studies using a narrative synthesis. The parts of the studies that were considered 
most relevant based on the purpose with this paper were selected and summarised.  
 
Table 6. The evidences protocol used to summarise the evidence of the case-studies. 

Evidence protocol   
Study set up (e.g. in situ or wild organisms) 
Type of omics? (transcriptomics, proteomics, metabolomics) 
Organism, species and life-stage 
Biological level (tissue, whole-organism) 
Research question(s) and aim. e.g. investigative monitoring (no prior knowledge), known polluted 
local,  monitoring of the receiving environment (e.g. WWTP recipient), pre and post remediation 
monitoring etc. 
Other biomarker(s) investigated (non-omic biomarkers) 
Were omics used to predict possible impacts on higher levels (e.g. using AOPs)  
Were omics combined with chemical analysis?   
What baseline/control data was used? 
Sample size  
Time of year for sampling 
Temperature measured 
Variability or uncertainties discussed 
 
 

5 Results 
In total, 2133 studies were captured in the systematic literature search.  The studies found in 
the literature search were published between the years 2005 and 2018. The literature search is 
illustrated in Figure 4, showing that 126 individual studies were saved into Mendeley based 
on the title and abstract (study selection 1). A total of 25 case-studies and 20 reviews were 
considered to fulfil the purpose of this thesis (study selection 2). All reviews are listed in 
Appendix B.  
  

 Experimental designs  5.1
The 25 case-studies identified in the literature search used different approaches and 
experimental set-ups when examining freshwater organisms. The following sections will 
present the experimental set-up of the studies, based on the information given in Table 7.  
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5.1.1 Omics approaches 
All omics approaches, i.e. transcriptomics, proteomics and metabolomics have been used in 
field investigating either wild organisms or in situ. The most common approach was 
transcriptomics (n=19), representing nearly 69% of the case studies. Yet, relatively few 
studies used the metabolomic and proteomic approach representing 17 and 14% of the case 
studies respectively.  
 
5.1.2 Biological sampling  
The most common organism to study was fish (75%). Eight different fish species have been 
used in the investigations, largely represented by the model-species P. promelas (n=9). The 
non-fish studies were represented by two mollusc and crustacean species respectively. The 
liver was the most well-studied tissue (n=17) of organisms in all studies, followed by gonads 
(n=5). The majority of the studies examined males (n=13), three studied used females and 
five studies investigated both sexes. The majority of the studies did not report life-stage of 
organisms. However, of the studies that did, the most common life-stage was adult (n=6).  
 
5.1.3  Experimental set-ups  
Slightly more than the half of the studies used wild organisms collected from the aquatic 
environment in question (n=13). Other studies were categorised as in situ and used caged 
organisms either collected from field (wild) or as laboratory reared organisms. Laboratory 
reared organism were investigated using normal cages or in mini-mobile environmental 
monitoring units (MMU). All P.promelas studies were conducted using laboratory reared 
organisms in caged set-ups.  
 

 
Figure 4. Schematic illustration of the literature search and the results of the study selections. 

Scopus hits
n=  1304

Web of Science hits
n= 941

Saved to Mendeley
n=  141

Studies after
removal of
duplicates
n= 126

Selected reviews
n= 20

Saved to Mendeley
n= 86

Selected case‐
studies
n= 25

Study selection 2

Study selection 1

Evidence 
summarized 
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Table 7. Documentation from the evidence- protocol regarding study-set up and organism used in the case-study. 

Case-study  Omic approach Organism Species  Set-up* Tissue  Sex (life-stage)  
Bahamonde et al. (2015) Transcriptomic Fish Etheostoma caeruleum Wild Gonad Both 

Berninger et al. (2014)  Transcriptomic Fish (model) P. promelas MMU Gonad Female (adult) 
Bertucci et al. (2017) Transcriptomic Mollusc Margaritifera margaritifera Wild Kidney - 
Bougas et al. (2016) Transcriptomic Fish Perca flavescens Caged (wild) Liver - (juveniles) 
Bruneau et al. (2016) Transcriptomic Fish Perca flavescens Wild Liver and muscle Male 
Collí-Dulá et al. (2016) Transcriptomic Fish Micropterus salmoides Wild Liver and gonads Male (adult) 
Davis et al. (2013) Metabolomic Fish (model) P. promelas Caged  Liver Male 
Davis et al. (2016) Metabolomic Fish (model) P. promelas Caged  Liver Both 
Garcia-Reyero et al. (2008) Transcriptomic Fish (model) P. promelas Caged Gonad Male 
Garcia-Reyero et al. (2009) Transcriptomic Fish (model) P. promelas Caged Liver and gonad - 
Gouveia et al. (2017) Proteomic Crustacea Gammarus fossarum Caged (wild) Whole-organism Both 
Hook et al. (2017) Transcriptomic Fish Lates calcarifer Wild Liver Both  
Huang et al. (2016) Transcriptomic Fish Gambusia affinis Wild Liver Both 
Marjan et al. (2017b) Transcriptomic Fish Etheostoma caeruleum Wild Liver Male (adult) 
Marjan et al. (2017a) Transcriptomic Fish E. caeruleum Wild Liver Male (adult) 
Martinovic-Weigelt et al. (2014) Transcriptomic Fish (model) P. promelas MMU Liver Male (adult) 
Navarro et al. (2013b) Transcriptomic Mollusc Dreissena polymorpha Wild Gills Female 
Pujolar et al. (2012) Transcriptomic Fish Anguilla anguilla Wild Liver Male  
Roland et al. (2014) Proteomics Fish A. anguilla Wild Liver Female 
Schroeder et al. (2017) Transcriptomic Fish (model) P. promelas MMU Liver Male 
Sellin Jeffries et al. (2012) Transcriptomic Fish (model) P. promelas Caged Liver Male 
Simmons et al. (2017) Metabolomic and 

Proteomic  
Fish Carassius auratus Caged and wild Plasma Male 

Skelton et al. (2014) Metabolomic Fish (model) P. promelas MMU Liver Male (adult) 
Vioque-Fernández et al. (2009) Proteomic Crustacea Procambarus clarkii Wild Gills - 
Wang et al. (2008) Proteomic and 

Transcriptomic 
Fish Carassius auratus Wild Liver Male 

*Wild= Organisms collected in field, Caged= laboratory reared organisms caged in field, Caged (wild)= organisms collected in field held in cages, MMU= laboratory reared 
organisms caged in mini-mobile environmental monitoring units (MMU)
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 Scenarios typically investigated 5.2
All case-studies, except two, were conducted by comparing omics profiles at polluted sites 
compared to a reference site. Reference sites were either unpolluted sites or upstream sites. 
Table 8 summarises the number of polluted and reference sites investigated and the type of 
reference used. It also includes sample size, if temperature was measured and how many 
times during the year samples were taken of omics analysis.  
 
This review identified three different research questions investigated in the case-studies, 
namely: 
(i) studies investigating known sources (WWTPs and agriculture activities)  

(ii) studies conducting surveillance monitoring  

(iii) studies investigating sites with known contamination. 

 
5.2.2 Studies investigating known sources (the recipient of WWTPs and agriculture)  
Omics can be used to screen for biological effects in the recipient of known sources. 
Approximately 75% of the case-studies investigated omics at sites with known sources of 
which the majority (n=14) investigated the recipient of WWTPs (Table 8). The most common 
application of omics was the comparison between downstream and upstream pollution from 
WWTPs (n=11). Using omics when investigating the recipient of WWTPs, it is possible to 
distinguish if biological responses, from effluent discharges dissipate downstream from the 
plant or not. Of the WWTPs studies using caged organisms (n=9), the biological responses 
induced in the recipient could be distinguished already after 2-4 days (Garcia-Reyero et al. 
2008; Davis et al. 2013; Berninger et al. 2014; Martinovic-Weigelt et al. 2014). A few studies 
also investigated impacts along the effluent gradients including more sites, with varying 
distance from the WWTP (n=3). Certain studies had additional aims, for instance 
investigations of omics profiles before and after upgrading (or shut down of) WWTPs  (Davis 
et al. 2013; Marjan et al. 2017b). 
 
Skelton et al. (2014) used the metabolomic approach to investigate changes in P. promelas 
livers at different study sites impacted by WWTPs with varying surrounding activities. The 
metabolomic profiles among the sites were compared to assess the relative responses of the 
fish to exposure at the various sites, considering these responses in relation to land use and 
other site-specific conditions. Metabolomic differences among sites (i.e., upstream, 
downstream, and effluent) within each of the three study areas were identified. These 
observed differences were consistent with land-use and WWTP characteristics (e.g. people 
connected, treatment method etc.) at each study area.  
 
Three studies investigated the impacts of agriculture activities, comparing  multiple polluted 
sites with two reference sites (Table 8). All three studies showed that samples clustered 
differently and could be distinguished based on sites. The transcriptomic profiles at different 
sites in the study by Sellin Jeffries et al. (2012)  was thought to be explained by the different 
activities in the two areas namely corn and soybean crops or beef cattle feedlots. Similarly, 
Vioque-Fernández et al. (2009) distinguished four omics profiles ranging from less to highly 
polluted sampling areas. For instance, the highest response was found in rice growing areas 
where agriculture chemicals are intensely use. 
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5.2.3 Studies conducting surveillance monitoring (multiple sites) 
Two studies used multiple study-sites exhibiting similarity to surveillance monitoring (i.e. not 
only close to known sources) (Table 8). The study by Gouveia et al. (2017) incorporated 
proteomics at 17 regular monitoring stations (according to their Water Framework Directive 
programme) located in rivers in south eastern France. Four of these stations, known to be 
unpolluted, were used as reference sites. Individual responses encoding for 25 different 
proteins were observed at polluted sites measured in wild crustaceans (Gammarus fossarum) 
caged at all sites. Similarly, Davis et al. (2016) conducted a comprehensive study using 17 
sites (identified by Environment Canada and the US Environmental Protection Agency 
(USEPA) as Great Lakes areas of concern) which were characterised by a range of impacts 
associated with point and nonpoint contamination. Livers of caged P. promelas (males and 
females) were assessed in regards to changes in endogenous metabolite profiles. A distinct 
difference in endogenous metabolite profiles of male and female P. promelas across the 
sampling sites was observed. Hence, omics can be used as an informative approach at sites 
with limited prior knowledge of the pollution. 
 
5.2.4 Studies investigating sites with known contamination (PFAS, metals and mixed 
pollution) 
Omics profiles at sites with known local pollution (for example PFAS, metals and mixed 
pollution) have been investigated in order to demonstrate if organisms at the location are 
affected by the pollution or not. Five different studies used this approach (Table 8) and the 
majority (n=4) of the studies compared one polluted site with one reference site. The study by 
Collí-Dulá et al. (2016) investigated multiple (n=3) PFAS-polluted lakes using the 
transcriptomic approach and largemouth bass (Micropterus salmoides) collected from the 
wild. Fishes at PFAS contaminated lakes showed changes in transcriptomic profiles. 
However, due to the wide range of genes that were differently expressed between the lakes it 
was unlikely that PFAS explained all changes. Additional chemicals, such as  dioxin, PCBs, 
and Hg, coming from extensive storm water runoff and industry activities may also have 
affected the results in some lakes. 
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Table 8. Documentation from the evidence- protocol regarding  reseach question,  no. study sites, controls, sample size,  temperature and number of points of sampling.  

Case-study and type of omics 
(T/P/M1) 

Research 
question

Number of 
polluted sites

Number of 
references

Type of reference Sample 
size

Temperature Number of samplings during 
the year 

Bahamonde et al. (2015) T WWTP 1 1 Upstream  5*  No 1 

Berninger et al. (2014) T WWTP 2 1 Upstream  6 Yes 1 
Garcia-Reyero et al. (2009) T WWTP 2 3 Upstream  25* No 1 
Schroeder et al. (2017) T WWTP 3 2 Upstream 10 No 1 (summer) 
Martinovic-Weigelt et al. (2014) 
T 

WWTP 6 3 Upstream  12 Yes 1 (summer) 

Davis et al. (2013) M WWTP 3 2 Unpolluted lake and 
laboratory control 

6 Yes 1 (spring) 

Garcia-Reyero et al. (2008) T WWTP 1 2 Unpolluted site and 
laboratory control 

- No 1 

Skelton et al. (2014) M WWTP 9 3 Upstream sites - Yes 1 
Huang et al. (2016) T WWTP 9 2 Unpolluted sites 5 No 2 (dry and wet season) 
Marjan et al. (2017b) T WWTP 2 1 Unpolluted site 15-20  No Fall seasons over 4 years 
Marjan et al. (2017a) T WWTP 6 3 Unpolluted sites - Yes 1 
Bruneau et al. (2016) T WWTP 6 - - 15 No 1 (spring/summer) 
Simmons et al. (2017) P/M WWTP 3 1 Unpolluted site 13 No 1 (spring) 
Wang et al. (2008) T/P WWTP 1 1 Unpolluted site 10 Yes  1 
Hook et al. (2017) T Agriculture 3 2 Unpolluted sites 6 No 2 (dry season and wet season) 
Sellin Jeffries et al. (2012)T Agriculture 2 2 Unpolluted sites 3-5  Yes 1 (summer) 
Vioque-Fernández et al. (2009) P Agriculture 6 2 Unpolluted sites 8 No 2 (spring and fall for two 

years) 
Davis et al. (2016) M Surveillance 17 - - 6*  Yes 1 
Gouveia et al. (2017)P Surveillance  13 4 Unpolluted sites 5*  Yes 1 
Navarro et al. (2013b) T Surveillance  3 5 Upstream sites - Yes 3 (winter, summer and fall) 
Bertucci et al. (2017) T Metal pollution  1 1 Upstream 8 No 1 (spring) 
Bougas et al. (2016) T Metal pollution  1 1 Unpolluted lake 10 Yes 1 (spring) 
Collí-Dulá et al. (2016) T PFAS pollution  3 2 Unpolluted lakes 5-8 Yes 1 (fall) 
Roland et al. (2014) P PFAS pollution  1 1 Unpolluted site 25  No 2 (spring and fall) 
Pujolar et al. (2012) T Mixed pollution 1 1 Low-polluted lake 8-15 No 1 (fall) 
*Of each sex; 1 T= Transcriptomic, P= Proteomics, M=Metabolomics



  
 

 
 

 The interpretation of omics-data 5.3
As stipulated in the previous section, case-studies were usually conducted by comparing 
omics-profiles at polluted and reference sites. However, in order to understand the 
significance of omics profiles studies used additional approaches to interpret omics 
results. Four different approaches to interpret results from omics studies was identified, 
namely:  
(i) Integrating omics investigations with chemical monitoring   
(ii) Integrating omics with traditional biomarkers and chemical analysis 
(iii) Identifying functional and biological pathways of omics 
(iv) Predicting adverse outcomes at higher levels  
 
5.3.2 Integrating omics investigations with chemical monitoring 
Interpretation of omics data is often combined with chemical analysis. This allows for 
covariance analyses and makes it possible to draw conclusions about the occurrence of 
chemicals and the influence on omics profiles. Approximately half of the studies 
combined omics with chemical analysis either measuring contaminants in water or 
analysed their presence in biota (Table 9). 

5.3.2.1 Water analysis  
The metabolomic study by Davis et al. (2016) included chemical analysis of 132 
organic compounds (including pesticides, industrial and domestic contaminants, and 
pharmaceuticals and personal care products) in conjunction with omics and temperature 
measurements. The results showed that metabolomic profiles covaried with up to 49 
contaminants. Hence, certain organic compounds were significantly related to 
metabolite changes. Up to 52% of detected contaminants were not significantly 
covarying with changes in endogenous metabolites, indicating that they likely were not 
causing measurable impacts at these sites.  
 
5.3.2.2 Biota analysis  
As seen in Table 8 and 9, the studies that combined omics with chemical analysis in 
biota correspond to the studies that investigated sites with known pollution (section 
5.2.4). However, only the study by Pujula et al. (2012) analysed correlations between 
transcriptomics and individual measures of certain contaminants namely PCBs, selected 
pesticides, brominated flame retardants and metals. When correlating gene expression 
profiles and individual measures of pollutants a total of 14 transcripts were positively 
correlated (1 with PCB and 13 with metals) and a total of 27 transcripts were negatively 
correlated (2 with PCB, 7 with pesticides, 13 with brominated flame retardants and 5 
with metals). Using this approach it was possible to explain molecular effects of known 
chemical pollution. 
  



  
 

 
 

Table 9. Documentation from the evidence- protocol regarding chemical analysis, other non-omics biomarkers investigated, biological/functional pathways identified, and predictive output from the 
results.  

Case-study and type of 
omics (T/P/M1) 

Chemical analysis Other biomarkers (non-
omics) 

Functional/ biological pathways (omics-
biomarkers) 

Associated adverse outcome 
(predictive output) Matrix   Substances 

Bahamonde et al. (2015) T No analysis  - Histopathological changes 
 

Immune system, lipid metabolism, hatching, 
ovulation, cell cycling, cell processes, spermatid 
development  

Reproduction  

Berninger et al. (2014) T No analysis  - Histopathological changes 
 

Progesterone mediated oocyte maturation, steroid 
hormone biosynthesis, and androgen and estrogenic 
metabolism 

Reproduction 

Bertucci et al. (2017) T Biota Metal analysis  Translation, apoptosis, immune response, response 
to stimulus, and transport pathways.  

- 

Bougas et al. (2016) T Biota Metal analysis Histopathological changes  
 

Citric cycle and beta-oxidation  
 

- 

Bruneau et al. (2016) T No analysis  - Traditional biochemical  
biomarkers 

Lipid peroxidation, glucose Retinoids - 

Collí-Dulá et al. (2016) T Biota PFAS  Lipid metabolism, energy production, RNA 
processing, protein production/degradation and 
contaminant detoxification, 

- 

Davis et al. (2013) M No analysis - Estrogenic activity 
(bioassay) 

- - 

Davis et al. (2016) M Water  Organic substances (e.g. 
PPCP, pesticides) 

- - - 

Garcia-Reyero et al. (2008)
T 

No analysis - Behaviour effects 
 

- - 

Garcia-Reyero et al. (2009) 
T 

No analysis - - Cell communication, signal transduction, protein 
kinase cascade, immune response and response to 
stress.  

Reproduction, growth and 
susceptibility to disease. 

Gouveia et al. (2017) P No analysis - Traditional biochemical 
biomarkers  

Yolk- related, molt-related, osmoregulation-related 
and immune-related processes.  
 

- 

Hook et al. (2017) T No analysis - - Xenobiotic metabolism, peroxisome proliferation 
and stress response. 

Growth and susceptibility to 
disease (organism), reduced 
resilience (population). 

Huang et al. (2016) T Water PAH, pesticides, metals Histopathological changes 
and traditional biochemical 
biomarkers  

- - 

Marjan et al. (2017b) T Water Pharmaceuticals - Translation, immune system, stress response, 
histone activity, intracellular transport, lipid 

- 
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metabolism among others. 
Marjan et al. (2017a) T Water Pharmaceuticals - DNA binding, cell signalling, Sperm-binding 

proteins, lipid metabolism among others. 
- 

Martinovic-Weigelt et al. 
(2014) T 

Water Pharmaceuticals, steroid 
hormones, alkylphenols  
 

Histopathological changes, 
traditional biochemical 
biomarkers 

Vitellogenin, Steroid metabolism, cholesterol 
synthesis, hypothalamic signalling,  

Reproduction, growth 

Navarro et al. (2013b) T No analysis - - Cell proliferation, gametogenesis, stress/xenobiotic, 
metabolism and immunity among others.  

Reproduction and stress defence 
(oxidative and infection)   
 

Pujolar et al. (2012) T Biota PCB, pesticides, flame 
retardants, metals 

- Xenobiotic metabolism, oxidative stress, 
mitochondrial respiratory and oxidative 
phosphorylation.  

Decreased respiratory and 
energy production 

Roland et al. (2014) P Water PFOS - General stress response, energy metabolism, and 
cell death signalling.  

 

- 

Schroeder et al. (2017) T Water 127 organic substances Morphological and 
histopathological changes  

Translation, mRNA processing, biosynthetic 
process, protein modification, protein folding and 
transport 

- 

Sellin Jeffries et al. (2012) T 
 

No analysis - - Lipid synthesis, storied synthesis, DNA repair, ion 
transport, cholesterol biosynthesis among other. 

- 

Simmons et al. (2017) P/M No analysis - Histopathological changes 
and traditional biochemical 
biomarkers 

Molecules related to liver necrosis, accumulation 
and synthesis of lipids, synthesis of cyclic AMP, 
and the quantity of intracellular calcium. 

- 

(Skelton et al. 2014) M No analysis - - - - 
Vioque-Fernández et al. 
2009) P 

No analysis - Traditional biochemical 
biomarkers  
 

- - 

(Wang et al. 2008) T/P No analysis - Traditional biochemical 
biomarkers  

Energy metabolism and anti-oxidative damage.  - 

1 T= Transcriptomic, P= Proteomics, M=Metabolomics



  
 

 
 

 
5.3.3 Integrating omics with traditional biomarkers and chemical analysis 
Integrating omics with traditional biomarkers allows a linkage between effects at 
different levels of the organisms. Approximately half of the studies combined omics 
investigations with other levels of traditional biomarkers (Table 9) such as specific 
proteins and morphological and histological changes (see examples in Table 2). Certain 
studies measured omics and traditional biomarkers in conjunction with chemical 
analysis. Integrating measurements at different organism levels (multiple levels of 
biomarkers) and chemical analysis allows to explore the potential cause-effect 
relationship (Figure 1). 
 
By combining several approaches it was possible to understand the factors explaining 
the collapse of the yellow perch (Perca flavescens) population in Quebec, Canada 
(Bruneau et al. 2016). Stress responses at transcriptomics, cellular and tissue level 
together with physiological observations (morphometry, parasite infections and 
alterations of liver tissue) were investigated along with chemical analysis downstream 
of a WWTPs. The health status clearly decreased from upstream to downstream of the 
river, with greater accumulation of metals, greater liver damage and lower body 
condition index. Huang et al. (2016) used a similar approach investigating the effects in 
mosquitofish (Gambusia affinis) from two rivers impacted by WWTPs (south China). In 
the study, transcriptomics, morphology and biochemical indicators showed that it was 
possible to evaluate potential responses to relevant chemicals. Certain biomarkers were 
in general linked to the presence of specific chemicals (metals, pesticides and PAHs) in 
the rivers. However, the complexity of chemical composition made it difficult to well 
relate the biological effects to particular contaminants.  
 
Another multi-approach was the so-called knowledge assembly models (KAMs) used in 
the study by Schroeder et al. (2017). The approach was based on known chemical-gene 
interactions that were used to develop site- specific KAMs and formulate hypotheses 
regarding possible biological effects associated with chemicals detected in water. A 
total of 127 organic contaminants were analysed at five different sites near two WWTPs 
(St. Croiz River, USA). In conjunction with this, liver transcriptomic profiles in caged 
P. promelas was measured as well as histological, morphological and traditional 
protein-endpoints (vitellogenin). A total of 13 chemicals were statistically significant 
with regards on occurrence and expected biological response as represented in the KAM 
(Schroeder et al. 2017). Thus, using this approach enabled evaluation of the likelihood 
of specific chemicals contributing to observed biological responses.  
 
5.3.4 Identifying functional and biological pathways  
The first step when analysing omics data in order to understand their significance is to 
identify relevant functional and biological pathways. All functional and biological 
pathways identified in the case-studies are presented in 
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Table 9. Transcriptomic studies either investigated selected genes (supervised) 
associated with specific functional or biological pathways (Berninger et al. 2014; 
Martinovic-Weigelt et al. 2014; Bahamonde et al. 2015; Bruneau et al. 2016; Bertucci et 
al. 2017) or used unsupervised functional enrichment analyses including a broader 
potential of gene expressions (Berninger et al. 2014; Martinovic-Weigelt et al. 2014; 
Schroeder et al. 2017). Certain studies combined unsupervised and supervised 
approaches (e.g. Berninger et al. 2014). Unsupervised functional enrichment analyses 
(e.g DAVID7) was used to identify over-represented biological pathways that could be 
mapped to KEGG8 pathway orthologs. However, these unsupervised approaches 
generally lack pathways specific to fish endocrine and reproductive functions why a 
separate supervised GSEA9 was performed to identify these pathways (Berninger et al. 
2014).  
 
In proteomic studies, selected proteins were analysed based on their known 
physiological role (Gouveia et al. 2017) or by identifying protein patterns in a more 
broad manner (Wang et al. 2008; Vioque-Fernández et al. 2009; Roland et al. 2014).  
Roland et al. (2014) identified that 16 proteins were significantly altered at a site 
contaminated with PFOS. Proteins were functionally annotated in a database (AgBase-
Goanna) which showed that the expressed proteins were related to general stress 
response, energy metabolism, and cell death signalling. Most of the metabolomic 
studies did not identify nor relate the results to functional or biological pathways (e.g. 
Davis et al. 2013, 2016; Skelton et al. 2014). Instead the analysis of metabolomic 
profiles was limited to statistical comparison between different sites (e.g. PCA10) 
(Skelton et al. 2014; Davis et al. 2016). However, the study by Simmons et al. (2017) 
identified biological pathways altered and in contrast to the other metabolomic studies it 
included proteomic investigations as well.  
 
5.3.5 Predicting adverse outcomes at higher levels  
For omics-data to be environmental relevant it needs to be linked to impacts at higher 
levels of the organisms. In multiple studies, certain biological and functional pathways 
in the transcriptome could be associated with possible adverse outcomes at higher levels 
(Garcia-Reyero et al. 2009; Pujolar et al. 2012; Navarro et al. 2013b; Berninger et al. 
2014; Martinovic-Weigelt et al. 2014; Bahamonde et al. 2015; Hook et al. 2017). These 
adverse outcomes were most commonly traditional endpoints such as reproduction and 
growth but also stress defence and immunotoxicity.  
 
The transcriptomic study by Hook et al. (2017) used the AOP concept in order to 
identify potential effects at the level of population. Two agriculture areas known to have 
impacted water quality were investigated. Liver transcriptomic profiles in the fish Lates 
calcarifer at different sites was compared, showing different profiles in response to 
varying pollution. Hook et al. (2017) identified potential stressors in these systems 
using transcripts encoding for known exposure biomarkers linked to xenobiotic 
metabolism, peroxisome proliferation and stress responses. They assumed that if these 
effects are measurable at the whole organism level and sufficient in duration and 
severity, it may indicate a reduced energy budget and ecological resilience in these fish 
(Table 10). None of the studies that used the metabolomic or proteomic approach 
related different omics profiles to adverse outcomes at higher levels. However, the 

                                                 
7 Database for annotation, visualisation and integrated discovery 
8 Kyoto encyclopaedia of genes and genomes 
9 Gene set enrichment analysis 
10 Principle compartment analysis 
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proteomic study by Gouveia et al. (2017) used a targeted approach with 25 proteins of 
interest including sex-specific and reproduction related proteins and proteins associated 
with immunity, homeostatis, detoxification and defence mechanisms. 
 
 
Table 10. Adverse outcome pathway identified for pesticides exposure (Hook et al. 2017). 

Molecular initiating 
event (MIE) 

Key events (KE)  Organism Population 

Pesticide exposure: 
Elevated transcripts 
for xenobiotic 
enzymes 

Oxidative stress, 
altered metabolic 
pathways, and altered 
abundance of immune 
transcripts 

Reduced energy budget Reduced ecological 
resilience 

 
 

6 Analysis - challenges and barriers 
Omics tools are already available and conceptually used in scientific studies, however, 
there are still some challenges and needs for improvements that limit the practical use in 
monitoring programs and in regulatory contexts. This section analyses the findings in 
case-studies in relation to the reviews captured in the literature search (Appendix B).  
 

 Natural variability  6.1
Traditional ecotoxicity studies relies on controlled conditions of temperature, food 
availability, photoperiod, fixed doses as well as laboratory reared model-species. One of 
the key challenges when dealing with complex field situations is the difficulty to 
determine if the omics response observed is the result of the exposure to contaminants 
or a result of biotic variation (e.g. age and sex) and/or abiotic factors (temperature, 
salinity, dissolved oxygen).  
 
6.1.1 Inter- and intraindividual variability  
The study by Bertuccie et al. (2017) showed that intraindividual variability in terms of 
age and life-stage were of importance when studying omics. The study showed that 
different transcriptomic profiles could largely be explained both by metal pollution or 
by the age of the individuals (non-model mussel Margaritifera margaritifera, Dronne 
River France). Organisms were classified into three age classes (young, middle-aged 
and old) and the transcriptomic profiles for young and middle-aged mussels could be 
explained by metal concentrations, while the response in older mussels was explained 
by age. As seen in Table 7 only a limited number of the case-studies examined in this 
thesis  reported life-stages of the organisms studied. 
 
Omics responses can also depend on which biological sample selected for analysis. 
Dreier et al. (2016) reviewed the transcript variability in multiple tissues showing that 
liver was liked with greatest variability compared to analyses of brain and gonad. The 
majority of all case-studies were based on omics in liver, possibly explained by the fact 
that the liver serves as the primary organ of energy metabolism, detoxification and as a 
site of toxicity. The review by Simmons et al. (2015), revealed that biofluids (plasma 
and urine) tend to show greater variability compared to tissue samples. However, 
biofluids can be sampled multiple times (increased sample size) somewhat 
compensating the greater variation common in biofluids by increased statistical power  
(Simmons et al. 2015). These reviews highlight the necessity to carefully consider 
biological sampling and study design in order to control intraspecies variability. 



  
 

 28

Advantages and disadvantages with omics investigations of liver, gonads and biofluids 
identified in this thesis are presented in Table 11.  
 
Variability in omics responses can also be explained by different sex. When the 
metabolomic profiles were measured in fish exposed to WWTPs, the relative abundance 
of hepatic endogenous metabolites was altered in male, but not in female  (Davis et al. 
2013). Moreover, transcriptomic and proteomic profiles may respond differentially to 
chemicals with a 50%–75% difference (or more) between males and females (Liang et 
al. 2018). Historically, it has been assumed that, because of the oestrous cycle, 
endpoints commonly used in toxicology (e.g. oxidative stress response and xenobiotic 
transformation) are more variable in females compared males (Liang et al. 2018). This 
is also reflected in the majority of the case-studies since males predominantly were used 
(Table 7), probably in order to reduce variability. However, according to (Liang et al. 
2018), androgens (male sex-hormone) can have a profound effect on variability in 
ecotoxicological endpoints as well.  
 
Table 11. Advantages and disadvantages with certain biological samples in omics studies. 

Biological sample Advantages Disadvantages  
Liver Site of general toxicity and primary organ of 

energy metabolism, detoxification (i.e. the 
liver omics reveal insight into the potential 
toxicity). 

High transcriptomic 
variability. Lethal sampling 
procedure. 

Gonads Shows less variability compared to liver 
samples. 

Limited to reproductive 
processes/pathways. Lethal 
sampling procedure. 

Biofluids Non-lethal sampling procedure, enables 
repeatedly measurements for temporal trends 
and increased sampling sizes (thus, increased 
statistical power). 

High variability if small 
sampling size. 

 
Other physiological factors such as reproductive stage and breeding strategy can also 
affect variability (Dreier et al. 2016). Single-spawning fish species showed lower 
transcript variability, and the reproductive stage had large influence of transcript 
variability, mainly to those related to reproduction endpoints. Therefore, it is important 
to choose transcripts with limited variability, or increase sample sizes, in order to detect 
critical effect sizes for environmental monitoring. To reduce variability it has also been 
recommended that environmental monitoring should be based on single-spawning fish 
species during early reproductive stages (Dreier et al. 2016). 
 
A possible way to reduce interindividual variability is to use model- species as their 
genomes are well described and characterised compared to non-model species 
(Simmons et al. 2015). Furthermore, Gouveia et al. (2017) used  calibrated organisms 
from the same reference population by controlling biotic factors such as genetic 
background, age, sex, reproductive status, parasitism and food resource.. Although 
taking such measures, interindividual variability was still present in their results, but the 
variability did not hinder to show clear responses to exposure in the polluted 
environments. It was concluded that this variability could be further reduced by an 
increase of number replicated cages (they used five organisms per site) and an increased 
number of measurements would also enhance the statistical power for toxicity detection 
(Gouveia et al. 2017). The number of individual replicates (5-8 fishes at each site) used 
in the study by Hook et al. (2017) were assumed to contribute to detected differences 
between sites and that individual variability probably would have influenced the results 
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more if fewer organisms were compared. Hence, when designing omics-studies it is of 
importance to consider the number of replicates in order to distinguish variability from 
the results.  
 
6.1.2 Seasonal and temporal variability 
Aquatic ecosystems are complex and dynamic, and the structure, composition and 
function can change over time in response to variations in natural factors. The 
reproductive status of many organisms can also be linked with factors such as 
temperature and daily photoperiod. This highlights the complexity of omics studies in 
the environment, since responses seen on omics levels can be a response to annual 
reproductive cycling or environmental conditions (Bundy et al. 2009). Yet, only 12 
studies reported water temperature at the sampling stations and the majority of all 
studies only sampled once for omics analysis (n=19)(Table 8). In addition, only one 
study, Davies et al. (2016), included temperature in the regression analysis to compare 
relative abundance of metabolomics. 
 
Seasonal variations was investigated in the zebra mussel (Dreissena polymorpha) using 
the transcriptomic approach (Navarro et al. 2013a). Relatively clean sites were used 
(study area: Ebro River, Spain) at three different stage of the annual cycle: pre-
spawning (February), spawning (June) and gonad resorption (September). The 
transcriptomic profiles showed significant changes among these groups. Genes 
associated with stress defence (oxidative and infection) were overrepresented in 
September, while genes associated with reproduction were overrepresented in February 
and June. These results correlate with the reproductive cycle of D. polmorpha 
highlighting cautions needed when interpretation results, especially when non-model 
species are used, of which annual cycles may be less characterised.  
  
The difficulty to determine if the omics response observed is the result of the exposure 
to contaminants or a result of abiotic factors (temperature, salinity, dissolved oxygen) 
was observed in the study by Marjan et al. (2017b). In this study, liver transcriptomics 
was investigated in response to a WWTPs upgrade. Rainbow darter (Etheostoma 
caeruleum) was sampled every fall for four year (study area: Ontario, Canada) during 
the period of upgrade. Although, the upgrade of the WWTP improved the effluent 
quality, the number of differentially expressed transcripts did not decrease. This was 
thought to be explained by other environmental factors that varied over time (unusually 
dry and wet conditions between years, temperature and dissolved oxygen) which 
probably altered the gene expression. The authors stressed that the number of 
differentially expressed genes may not necessarily mean that organisms are negatively 
impacted by chemical exposure. Similar observations were made in the agriculture 
impacted areas studied by Hook et al., (2017) where the transcriptomic profiles were 
partly explained by seasonal changes in water quality due to high run-off. Thus, a single 
comparison between sites within a year, may not lead to a sound conclusion without 
better understanding of exposure condition.  
 
Considerations of experimental design can capture some sources of variations. For 
instance, in order to reduce the variability caused by environmental parameters certain 
case-studies used MMUs (Berninger et al. 2014; Skelton et al. 2014; Martinovic-
Weigelt et al. 2014; Schroeder et al. 2017). MMUs are supplied with continuous flow of 
location-specific water and allows for consistency in aeration, temperature and feeding 
(Berninger et al. 2014), and enables common conditions. In other less controlled field 
studies it is necessary to characterise sites investigated and to measure water quality 
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characteristics such as temperature, dissolved oxygen, pH, humic substances to better 
determine the relative proportion of these factors to changes of omics profiles 
(Martyniuk and Simmons 2016).  Furthermore, it is important to analyse multiple time 
periods in order to develop a broader picture of omics-range possible the field. 
 
In the review by Martyniuk & Simmons (2016) it was stated that the metabolomic 
approach and measurements of biofluids (e.g. plasma) can be used as an ideal approach 
to characterise temporal trends and reduce variation. This is because this sample 
medium is simpler, non-lethal and it is therefore possible to sample the same individual 
repeatedly (i.e. capture temporal variability). Doing so, the sampled individual can serve 
as its own control to detect changes over time (Simmons et al. 2015).  
 

 Interpretation of data  6.2

Omics can be used for the assessment of thousands of molecular responses, however, 
methodological and technical issues exist. These issues are related to uncertainties in 
how to use, validate and interpret the significant amount of data (Van Aggelen et al. 
2010; Buesen et al. 2017).  

6.2.1 Reference sites 
The appropriateness of the reference site is of high importance in field studies as they 
can dramatically impact the interpretation of the omics data. Almost all case-studies 
found in this review used reference sites (e.g. upstream of known source or site known 
to be unpolluted; Table 8) which were regarded as baseline environmental condition. 
Polluted sites were compared to the reference sites based on the fold-change of 
expression (Garcia-Reyero et al. 2008; Vioque-Fernández et al. 2009; Berninger et al. 
2014; Martinovic-Weigelt et al. 2014). Studies without reference sites compared 
changes in relative abundance of expression or alterations between different sites (Davis 
et al. 2013; Bruneau et al. 2016). Challenges remain in the interpretation of data 
especially regarding situations when no reference data are available to compare the 
profile to (Buesen et al. 2017).  
 
It should also be highlighted, that an ideal reference site (i.e. truly non-polluted) is rare 
and sites used as reference are unlikely to reflect a non-polluted environment, possibly 
affecting the baseline omics at the reference site. For instance, Garcia-Reyero et al. 
(2009) showed that their selected upstream (from a WWTP) site still showed a 
transcriptomic profile which differed from their laboratory control. In addition, the 
sampled fish at the reference site showed a low, but still present, impact on GSI 
possibly caused by low concentrations of endocrine disrupting chemicals. One case-
study specifically aimed to investigate how reference sites affect the transcriptomics 
results (Marjan et al. 2017a). In this study, adult E. caeruleum were collected at nine 
sites, with varying distance from two WWTPs, including three reference sites. 
Transcriptomic profiles were compared independently with the reference sites (Grand 
River in Ontario, Canada). It appeared that profiles of E. caeruleum that originated from 
sites highly impacted were less sensitive to reference site selection (15.5% of the 
transcript was influence by reference site). In contrast, the less impacted site (still a 
polluted site) showed transcriptomic profiles that were more dependent on reference site 
selection (56.9% of the transcripts were different depending on reference site used) 
(Marjan et al. 2017a). This study highlights the necessity to use multiple reference sites 
to better define the baseline and to increase the probability to identify stress-related 
omics signatures. The use of multiple reference sites independently would also improve 
the reliability of the interpretation of omics results. As seen in Table 8, many studies but 
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far from all used more than 1 reference site and certain studies used an additional 
laboratory control. 
 
The lack of ideal reference sites makes it suitable to use a gradient design (e.g. effluent, 
upstream and downstream testing) to enable comparison based on severity of exposure 
and the relative impacts. Moreover, using an upstream site as reference data rather than 
a separate control, provides a means to reduce variability if environmental condition are 
common at all locations within the site (Berninger et al. 2014; Bertucci et al. 2017).   
 
6.2.2 Critical effect sizes 
In contrast to traditional ecotoxicity testing, omics are not based on a concentration-
response relationship. Differential or relative expression data are usually applied in 
omics studies, were fold-changes in expression between a control or reference site and a 
polluted site are considered. There is a need to carefully evaluate critical effect sizes 
(action threshold for management) to facilitate the use of omics endpoints in 
environmental monitoring (Simmons et al. 2015; Bahamonde et al. 2016).  
 
As a first step it is necessary to define critical baseline data before determining whether 
a response is abnormal or not (Bahamonde et al. 2016; Martyniuk 2018). Responses 
outside the effect size can then be used as reliable indicators of biological effects 
(Simmons et al. 2015). Up to date there are large knowledge gaps regarding the aspect 
of interindividual variability which are usually not characterised in field studies. 
Quantification of individual variability in omics is essential for designing robust studies 
for regulatory and environmental monitoring programs. This information will stipulate 
the basis for the identification of sample sizes with adequate statistical power to address 
critical effect sizes (Dreier et al. 2016). Moreover, it is necessary to collect baseline 
information of omics endpoints across different species and complex ecosystems over 
time to generate a range of what is biologically normal within a particular ecosystem 
(Simmons et al. 2015; Bahamonde et al. 2016). Thus, for omics to be a functional 
monitoring tool for regulatory purposes it is of significance to define critical effect 
values integrating the natural variability, allowing for an improved assessment of 
contamination-derived biological effects in the field.  
 
6.2.3 Linking omics to adverse effects  
All case-studies came to the conclusion that the omics profiles differed between 
polluted and unpolluted sites. However, it remains unclear whether these effects will 
cause further impacts as omics alterations do not capture adaptive or reversible 
responsive or if impacts will occur on higher levels of the organisms or not. Hence, with 
only omics data it is difficult to conclude anything about the probability for effects to 
occur.  
 
Theoretically, the interpretation of transcriptomics is more challenging compared to 
proteomics and metabolomics. Proteomics is more likely to be linked to the impact on 
the physiology of the organisms (Trapp et al. 2014). The metabolomics benefits as it is 
the downstream product, hence the metabolome is closest to the phenotype (Horgan and 
Kenny 2011). Kumar and Denslow (2017) stressed that study of all disciplinary 
approaches (transcriptomics, proteomics and metabolomics) in one organism provides a 
mean to understand the synergetic effects and to determine the functional significance 
of differentially expressed genes. However, based on the findings in this study the 
interpretation and prediction of proteomics and metabolomics results with respect to 
biological function is challenging as neither of the case-studies, examined in this thesis 
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reported predictive results of the toxicity. In contrast, for transcriptomic data, important 
biological pathways could be identified and potentially linked with traditional 
regulatory effects (e.g. reproduction) on higher levels in multiple case- studies (Table 
9). 
 
The use of multiple biomarkers enables the simultaneous monitoring of a wide range of 
biological responses which gives an important insight into the potential toxicity 
(Gouveia et al. 2017). It has been stressed that linking effects to higher levels, e.g. from 
omics to histopathological or morphological observation, increases the  meaningfulness 
for effect based monitoring. This increase the possibility to draw powerful conclusions 
based on weight of evidence (Simmons et al. 2015; Martyniuk 2018) and it is therefore 
possible that the use of multiple-levels of biomarkers will receive increased regulatory 
acceptance. Moreover, the integration of omics data with traditional biomarkers 
strengthens the predictive ability. 

The AOP concept assumes that given sufficient exposure (dose and time), effects on 
molecular level will cause impacts on higher levels as well. When omics data are 
incorporated into AOPs the predictive ability is strengthened. However, the AOP 
concept still has some limitations in terms of environmental monitoring and the ability 
to predict effects since an AOP requires a prior assumption about the type of effects 
likely to be present in the environment when to selecting appropriate molecular 
endpoints (e.g. KE and MIEs; Berninger et al. 2014). Furthermore, interspecies 
differences regarding chemicals molecular endpoints are challenging in the 
development of AOPs since different species may vary in their sensitivities to chemicals 
(Lee et al. 2015).   

One challenge identified in the transcriptomic study by Schroeder et al. (2017) was that 
very general cellular processes were identified which complicated the interpretation of 
responses in the whole organism and on the level of population. Omics analyses that 
manage to establish linkage to impacts on reproductive endpoints that are associated 
with critical importance in risk assessment will probably be more accepted from a 
regulatory perspective.  

Only one case-study found in this review used the AOPs concept  (Hook et al. 2017). 
The use of omics data in AOPs were probably limited due to the lack of clear linkage 
and relevance to adverse outcomes. Hence, it is necessary to develop frameworks for 
the interpretation and application of data (e.g. pathways to connect omics and phenotype 
or AOPs; Buesen et al. 2017). 

6.2.4 Model-species  
A large portion of all case-studies studied the model species P. promelas (Table 7). 
However, even for model-species with sequenced genomes, the biological significance 
of changes in the transcriptome may be difficult to interpret (Kumar and Denslow 
2017). Still, most knowledge gaps exist regarding the use and interpretation of results 
from non-model species, especially considering transcriptomics and proteomics. This is 
because of the lack of sequence information for non-model species. While many of the 
genes or proteins are similar between model and non-model species, there are still many 
whose function cannot be identified (Denslow et al. 2007; Wang et al. 2008; Trapp et al. 
2014; Brinke and Buchinger 2017). This is however not a concern with metabolomics, 
as metabolites are well conserved across all living organisms, thus, the use of non-
model species is less challenging (Martyniuk and Simmons 2016). 
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Fish species was the most commonly studied organism in the case-studies (Table 7), 
however, multiple studies stress that invertebrate species are well suitable as model 
organisms (Steinberg et al. 2008; Campos et al. 2012; Lee et al. 2015; Le et al. 2016). 
The immediate observation of molecular responses is technically difficult, since the 
adverse outcomes on the individual level often appear only after a long period of 
exposure. Therefore, one can argue that small crustacean invertebrates are potential 
model organisms due to their short life-cycles (Lee et al. 2015). Furthermore, benefits 
regarding the use of bivalves are due to that they are filter feeders and therefore capable 
of accumulating high levels of contaminants thus, providing temporally and spatially 
integrated levels of contaminations (Campos et al. 2012). 
 
6.2.5 Technical uncertainties  
Omics relies on the development of novel technologies (investigative methods and 
statistical analysis) to measure and assess the massive amounts of data produced 
(Simmons et al. 2015). The development of omics approaches has generated a wealth of 
gene expression data publicly available in many databases and bioinformatic tools are 
used to identify relevant pathways of toxic responses (Kumar and Denslow 2017). In 
this thesis both advantages and barriers have been identified for all three omics-
approaches. The barriers are mainly associated with technical issues and the 
interpretation of data (Table 12). Multiple studies stressed that there are limitations with 
the proteomic approach due to the lack of comprehensive proteomic databases (protein 
sequences), hindering the identification of differentially expressed proteins and 
bioindicators (Vioque-Fernández et al. 2009; Trapp et al. 2014; Buesen et al. 2017). 
Compared to transcriptomics, where large databases containing expression profiles are 
available, proteomics has been less characterised which restricts the identification of 
differently expressed proteins. This is possibly due to the technical barriers and 
difficulties to assess protein expression.  
 
Table 12. Technical advantage and disadvantage identified for different omics approaches.  
Omics Advantage Disadvantage  
Transcriptomic Large databases containing expression 

profiles are available enabling more 
comprehensive comparisons of 
transcriptomic profiles (Buesen et al. 
2017). 

Difficult to interpret data as RNA is not 
the final product of a gene e.g. distinguish 
irrelevant changes from meaningful ones  
and translate gene expression to higher 
levels (Buesen et al. 2017). 

Proteomic Proteomics is more likely to be linked 
to the impact on the physiology of the 
organisms as proteins are the functional 
expression of a gene (Trapp et al. 
2014). 

The lack of comprehensive proteomics  
(protein sequences) databases, limiting the 
analysis on conserved and ubiquitous 
proteins and the assessment of different 
protein expression  (Vioque-Fernández et 
al. 2009; Trapp et al. 2014; Buesen et al. 
2017). Difficulties in identification and 
quantification of proteins.  

Metabolomic Metabolites are well conserved across 
all living organisms, thus there are less 
challenges regarding non-model 
organisms and many different species 
could potentially be used (Martyniuk 
and Simmons 2016).  

Difficult to interpret data to adverse effects 
at higher levels (Buesen et al. 2017). 

 
One issue raised is the possibility that biological variations could be masked by high 
technical variations (Simmons et al. 2015). Technical variability of the analytical 
method can be associated with instrumental error, sample handling error and/or operator 
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error (Simmons et al. 2015). Other sources of technical variability include methods of 
normalisation and statistical interpretation.  

Another challenge is the lack of consistency across different laboratories (i.e. 
reproducibility). Reproducibility is an important principle of scientific methodology and 
enables reliable results (Trapp et al. 2014). Certain protein quantification methods have 
been associated with poor reproducibility (Trapp et al. 2014). However, consistency 
investigations included in this thesis suggest repeatable and comparable results among 
laboratories for transcriptomics (Vidal-Dorsch et al. 2016; Feswick et al. 2017a) and 
metabolomics  (Viant et al. 2009). While, technical expertise can lead to differences 
between laboratories, overall results can be improved by standardised protocols and 
with appropriate training (Vidal-Dorsch et al. 2016). Thus, the application of 
standardised protocol will enhance the reproducibility, yielding similar results that can 
be comparable on a global level.  
 
In order to ensure quality of transcriptomic datasets the Microarray and Gene 
Expression Data (MGED) society has developed guidelines and standards for the user 
community. The MIAME (Minimum Information About a Microarray Experiment) 
defines the minimum quantity and quality of information that is required to interpret and 
verify results (Steinberg et al. 2008). Other scientific frameworks address, among other 
things, the use of alternative technologies such as omics, for instance OECD- Adverse 
Outcome Pathway, Molecular Screening and toxicogenomics  or US-EPA TOX21 a 
quantitative high-throughput screening including the acquisition of gene/protein 
expression data (Brinke and Buchinger 2017).  
 

7 Discussion  
Traditional water monitoring faces challenges in terms of the vast number of 
contaminants in the environment giving raise to mixture effects. Omics studies have 
been used to identify molecular indicators in response to exposure to complex mixtures 
in the environment.  
 

 Omics’ as an effect-based water monitoring approach  7.1
The majority of the case-studies collected and investigated wild organisms from the 
environment. The use of wild organisms, are probably the best indicator of possible 
impacts on population levels (Berninger et al. 2014) and  life-long exposure and 
cumulative impacts can be measured (Simmons et al. 2017). For instance, the 
magnitude of molecules expression was greater in wild fish compared to caged ones, 
indicating that the cumulative and life-long exposure was not fully captured using the 
caged approach for a limited duration (21 days) (Simmons et al. 2017). However, wild 
organisms are not ideal for site-specific environmental monitoring (surveillance) as they 
may be temporary residents or not present at all at the investigation site (Berninger et al. 
2014). To overcome such problems many studies used caged laboratory reared 
organisms. However, short duration in situ experiments will not capture possible 
adaption mechanisms, that organisms thriving in an environment may develop (Bougas 
et al. 2016). Moreover, Bougas et al. (2016) found that the caging itself can induce 
stress. The use of MMUs provides a mean to reduce natural variability by controlling 
environmental factors such as temperature, dissolves oxygen and feeding. However, in 
situ set-ups are in generally not standardised, it requires carefully planning and are often 
resource demanding (Connon et al. 2012). Hence, regardless of which approach is used 
(caged or wild organisms) both can encounter some limitations. 
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The most common scenario to investigate was omics in water bodies with known 
sources, namely WWTPs and agriculture activities. Several of these studies compared 
different sites and study areas (Garcia-Reyero et al. 2009; Berninger et al. 2014; Skelton 
et al. 2014). This supports the utility of omics in terms of site specific management. 
Comparing omics in different study areas, e.g. each containing a WWTPs, can be used 
to identify the most impacted sites. Thus, comprehensive omics investigations (e.g. 
investigating at different seasons with well-defined organisms) can be used to prioritise 
which WWTPs are of greatest need for upgrade. When comparing different sites 
containing a WWTPs each, omics can consider surrounding areas and different land 
uses e.g. the degree of agriculture activities and urbanisation. The gradient design (e.g. 
effluent, upstream and downstream testing) were used in several WWTPs studies and 
adds more weight of evidence to site management and greater decision making power 
(Simmons et al. 2015).  
 
Omics approaches can be used for broad-based surveillance monitoring where complex 
mixtures and unknown stressor may be present (Navarro et al. 2013a; Davis et al. 2016; 
Gouveia et al. 2017). Using omics in this manner can be an informative approach to 
detect early warning signals of water pollution at sites with no expectations of 
pollutions (e.g. not close to a source) and help to prioritise which sites need to be further 
characterised and studied. The use of omics at sites with known pollution can be used to 
confirm or dismiss possible biological effects (Roland et al. 2014; Bougas et al. 2016; 
Collí-Dulá et al. 2016; Bertucci et al. 2017). This can be useful for site-specific risk 
assessment in order to determine if remediation measures are necessary or not.  
 
A more holistic and solution orientated monitoring has been proposed in order to 
increase the use of effect- based monitoring and to increase the understanding of 
mixtures (Brack et al. 2017, 2018). The use of omics can help formulate hypothesis 
concerning possible biological effects to be used for site-specific monitoring (Schroeder 
et al. 2017). This is particularly useful for sites with complex mixtures of unknown 
chemicals (Berninger et al. 2014). Omics approaches, require no prior knowledge and 
no known hypothesis and data may be acquired and analysed to formulate a hypothesis 
that can be further tested (Horgan and Kenny 2011). A hypothesis driven approach can 
be used to allocate resources on the biological effects and activities most relevant at a 
given site or to the chemicals most likely causing effects (e.g. Schroeder et al. 2017). 
Effect-based monitoring tools are predominantly suitable as a part of investigative 
monitoring programs, with limited prior knowledge, for which the regulatory 
requirements are less formal (Wernersson et al. 2015). In summary, omics in water 
monitoring can mainly be used to: 

- Screen for biological effects and as an informative approach and detect relative 
impacts of effluent gradients 

- Formulate hypothesis that can be further tested 

- Prioritise sites for management where background information is lacking 

- Detect early warning signals of water pollution  

- Explain molecular effects that are responsible for an observed effect of a 
population or known chemical pollution 

Omics data could improve monitoring programs and define the mechanisms underlying 
pollutant toxicity. The use of omics increases the number of endpoints and biomarkers. 
Vioque-Fernández et al. (2009) showed that while 7 out of 12 traditional biomarkers 
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discriminated reference from polluted sites, the proteomic approach revealed that 35 
proteins were differentially expressed. The analysis included 2500 proteins representing 
nearly 200-fold higher number of endpoints highlighting the benefits with omics. 
Hence, using omics in conjunction with traditional monitoring approaches would 
increase the possibility of detecting effects in the environment that preselected methods 
might preclude.  

 
 Future perspectives  7.2

Omics can play an essential role in the development of effective strategies for the 
protection of the environment and human health. Future research and developments of 
omics are necessary to gain regulatory acceptance.  
 
7.2.1 Omics-research needed  
This review revealed that proteomics and metabolomics are lagging behind the 
transcriptomics approach, possibly explained by the fact that there are some technical 
uncertainties with the proteomics and metabolomics approaches. For instance, limited 
protein sequences seems to be available in databases hindering the identifications of 
bioindicators (Vioque-Fernández et al. 2009; Trapp et al. 2014; Buesen et al. 2017). The 
metabolomic approach was limited by the lack of identified biological pathways 
associated with ecotoxicological effects, however, this method seem to the most 
appropriate as an initiating step in screening for biological responses. The study by 
Davis et al. (2016) screened biological relevance of detected contaminants by 
shortening lists of contaminants potentially affecting these sites (i.e. prioritisation) 
(Davis et al. 2016). Moreover, the metabolomic in situ approaches allows to detect 
alterations in relative short duration (approximately two days) which makes it suitable 
for screenings (Davis et al. 2013, 2016). Moreover, metabolomic studies appear to be 
promising as this approach can easily be measured in biofluids. This may reduce the 
variability as the organisms can be sampled several times, and thereby serves as its own 
control and providing effects over time (Simmons et al. 2015). Further development of 
the metabolomic approach will enhance the use of non-model species as metabolites is 
not species-specific (Martyniuk and Simmons 2016). It is reasonable that  proteomics 
and metabolomics will receive increased regulatory acceptance as it measures impacts 
on a higher level. Thus it is of importance for future studies to develop and increase the 
usability of proteomics and metabolomics. 
 
One challenge with omics is to discriminate changes associated with toxicity from those 
that correspond to a normal adaptive response not linked to impacts at higher levels. 
This limits the capability of omics to address complex ecological issues (Leung 2018).  
In order to overcome this problem it is necessary to define the normal range of omics 
responses in organisms (baseline-data) also considering natural variability. Moreover, 
more research is necessary in order to develop critical effect sizes to measure impacts in 
the environment as reliable indicators of biological effects. 
 
Both omics and the AOP concept is still limited to information available in associated 
databases. Therefore, future research is needed to identify biological and functional 
processes in organisms that can be linked with effects at higher levels across several 
species.  
 
7.2.2 Frameworks and standardisation for omics and increased communication 
Since omics methods are novel, it is essential to develop frameworks for consistency 
and to reduce methodological and technical uncertainties e.g. by standardisation. Doing 
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so, omics data can be reliably verified and integrated into regulatory frameworks across 
borders. Many researchers stress the necessity to develop and define quality standards 
and best practice on the design and performance of omics based studies. Therefore, it is 
necessary to develop frameworks for data generation and storage such as good-
laboratory practice acquisition (e.g. standardisation). Furthermore, there is also a need 
for frameworks for data processing and analysis of data (e.g. selection of raw data, 
normalisation, statistical analysis) that allows consistency (Buesen et al. 2017). 
Frameworks for transcriptomics seem to exist but similar initiative are necessary in 
order to enhance the use of the metabolomic and proteomic approach.  
 
Field studies are in general not conducted in a standardised manner but require deep 
understanding about how the reported effects should be interpreted with regards to 
variability (Connon et al. 2012). It is therefore important to set up frameworks for how 
omics studies in field should be designed to consider natural, temporal and seasonal 
variability. This could for example include minimum of replicates, appropriate reference 
sites, sampling approaches, organisms and statistical approaches to be used.  
 
Lastly, Leung (2018) stressed that there is a lack of expertise with omics technology. 
Hence, there is a great need for increased communication and exchange of knowledge 
and experiences between different countries and actors to enhance and improve the use 
of omics.   
 
7.2.3 The costs of using omics in water monitoring 
Considering that it is not possible to analyse, detect and quantify all contaminants 
present in water, effect-based monitoring are being advocated as useful in the 
development of more rational and cost-effective monitoring approaches. The 
technologies behind omics have become more affordable (Kumar and Denslow 2017). 
Still measures to improve omics in water monitoring such as increased sample size, 
replicates and multiple sampling times and reference sites, will probably be costly and 
time-consuming (Simmons et al. 2015). This could make omics approaches less cost-
effective. Future studies need to evaluate the benefits with omics contrary to other 
effect-based monitoring approaches in order to develop cost -and environmental-
effective approaches for regulatory purposes.  
 

 Limitations with this study 7.3
The literature search in this thesis was limited to studies using omics-terminology (see 
Appendix A). Hence, studies using different terminology was not captured in this 
literature search. For instance, the search word transcriptomics was used in the literature 
search which may have excluded studies using terminology such as gene-expression 
analysis. It is therefore likely that the results would have been different if broader 
terminology had been used. Moreover, this study was partly built on a narrative 
synthesis, meaning that results from studies have been described. One disadvantage 
with such approach is that it is considered very subjective with limited transparency, 
thus different persons may see and describe the results differently (CRD 2009). 
 
This study was limited to freshwater systems only. Traditionally, limnology and 
oceanography have been considered different disciplines and such divisions remain in 
the research field. By including studies from all aquatic environments a larger 
knowledge base would have been provided, possible giving rise to additional findings 
and conclusions. For instance, the proteomic approach has been widely applied in 
bivalves which are most frequently studied in the marine environment (Campos et al. 
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2012). A comprehensive review is called for in this regard including all types of aquatic 
environments, to compile and transfer knowledge between different disciplines. 
 

8 Conclusion  

The current thesis highlights the potential use of omics in water monitoring. This review 
addressed five main questions and came to the following conclusions:  

1. What organisms (and species) are most commonly investigated?  
The most common organisms to study was fish, predominantly using the model-
species P. promelas. Approximately half of the studies found in the literature search 
collected wild organism from the environment while other used in situ set ups.  

 
2. What omics  (transcriptomics, metabolomics and proteomics) are most commonly 

investigated?  
The most common omics to be study was the transcriptomics. This study found 
advantages and disadvantaged with all omics approaches. Proteomics and 
metabolomics are lagging behind the transcriptomics due to the lack of 
comprehensive databases and difficulties in interpretation of data respectively. 
Proteomics and metabolomics draws benefits as both are closer to the phenotype 
compared to transcriptomics. The results from metabolomics studies were, however, 
limited in terms of effect-based monitoring as the studies only identified different 
metabolomic profiles without information about possible ecotoxicological effects. 

 
3. What scenarios are typically investigated? 

The recipient of known sources was the most often investigated, specifically 
WWTPs and agriculture activates, by comparing a reference or upstream site along 
a gradient or at a polluted site. The results can be used in site management and 
prioritisation of waterbodies. Other studies conducted broad surveillance monitoring 
including multiple reference sites without a local source. This approach can be used 
as an informative approach where early warnings of pollution can be detected. 
Thirdly, studies were also used in order to investigate omics effects at sites with 
known pollution (e.g. PFAS or metals) in order to confirm or dismiss biological 
responses.  

 
4. How are omics-results interpreted? Have results been translated into possible 

effects on higher levels (individual, population or ecosystem)?  
Studies were either conducted in conjunction with chemical analysis to draw 
conclusion about what contaminates that were responsible for the omics response. 
Other studies were more effect-based orientated investigating omics and traditional 
biomarkers in order to follow biological effects at several levels of the organisms. 
The most common approach to study omics was to identify the functional or 
biological pathways of omics alteration, and a few of these studies also derived the 
effects to possible adverse outcomes at higher levels (e.g. reproduction, impaired 
growth) a so called predictive approach. One study used the AOP concept in order 
to predict effects at higher levels. Yet, the  metabolomic and proteomic approach 
seem to have limited ability to deal with the prediction of impacts at higher level of 
organisms, populations or ecosystem. 

 
5. What are the challenges and barriers with omics in water monitoring? 
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The challenges and barriers with omics includes the lack of characterisation and 
quantification of natural variability and difficulties in the interpretation of data. In 
this regards  improvement and further research of certain aspects is called for in 
order to increase the regulatory acceptance: 
- Establishment of baseline data for normal range of omics also considering 

natural variability.  
- Definition of critical effect sizes in order used as reliable indicators of biological 

effects. 
- Development of frameworks and standardisation to reduce methodological and 

technical uncertainties. 
- Development of databases and linkage to impacts at higher levels considering 

the proteomic and metabolomic approach.  
- Establishment of further biological and functional pathways for the 

identification of clearer linkage to impacts at higher levels (e.g. AOPs). 
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11  Appendices 
 
Appendix A: Combination of search word and study selection 1   

Database 
(date 2018-11-07 
to 2018-11-09) 

Search word(s) No of hits 
Studies saved to

Mendelay1 

Scopus 
Omics and water quality 

42 3

Web of Science 34 3

Scopus 
Omics and water monitoring 

50 5

Web of Science 29 2

Scopus 
Omics and water pollution 

49 3

Web of Science 10 3

Scopus 
Ecotoxicogenomics and water and in situ 

0 0

Web of Science 0 0

Scopus 
Ecotoxicogenomic and water and field 

8 3

Web of Science 4 3

Scopus 
Toxicogenomics and water and field 

8 4

Web of Science 5 1

Scopus 
Toxicogenomics and in situ 

25 2

Web of Science 9 2

Scopus 
Toxicogenomics and effect-based monitoring 

19 3

Web of Science 1 1

Scopus 
Toxicoproteomic 

61 2

Web of Science 44 1

Scopus 
Ecotoxicoproteomic 

11 1

Web of Science 5 0

Scopus 
Ecotoxicogenomics and effect-based monitoring 

5 4

Web of Science 1 1

Scopus 
Transcriptomic and water and in situ 

28 8

Web of Science 22 2

Scopus 
Transcriptomic and water and field 

84 12

Web of Science 93 6

Scopus Transcriptomic and effect based monitoring 42 9

Web of Science 21 3

Scopus 
Transcriptomic and surface water 

62 3

Web of Science 56 4

Scopus 
Trancriptomic and river 

61 17

Web of Science 33 4

Scopus 
Transcriptomic and biomarker and in situ 

3 1

Web of Science 12 0

Scopus 
Trancriptomic and caged 

9 2

Web of Science 19 3

Scopus Transcriptomic and chemical pollution and in 14 6
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Web of Science situ 0 0

Scopus 
Proteomic and water and in situ 

42 1

Web of Science 33 3

Scopus 
Proteomic and water and field 

125 3

Web of Science 93 4

Scopus 
Proteomic and biomarker and in situ and water 

3 1

Web of Science 1 0

Scopus 
Proteomic and water pollution and field 

18 5

Web of Science 2 1

Scopus 
Proteomic and surface water 

157 4

Web of Science 145 4

Scopus 
Proteomic and river 

58 5

Web of Science 52 3

Scopus 
Proteomic and caged 

6 1

Web of Science 40 3

Scopus 
Proteomic and chemical pollution and in situ 

2 0

Web of Science 0 0

Scopus 
Metabolomic and water and in situ 

12 1

Web of Science 10 6

Scopus 
Metabolomic and water and field 

87 6

Web of Science 44 5

Scopus Metabolomic and biomarker and in situ and 
water 

1 0

Web of Science 0 0

Scopus 
Metabolomic and water pollution 

77 10

Web of Science 7 4

Scopus 
Metabolomic and surface water 

39 4

Web of Science 27 4

Scopus 
Metabolomic and river 

28 3

Web of Science 18 2

Scopus 
Metabolomic and chemical pollution and in situ 

9 1

Web of Science 1 1

Scopus Metabolomic and caged 2 0

Web of Science 15 4

Scopus 
Omics and adverse outcome pathway  

57 8

Web of Science 55 3

Total  2245 227

Total after removal of duplicates - 126
1= The first study selection was based on title and abstract. Studies not determined to fulfil the 
requirements for the research question(s) were not saved to Mendeley. 
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